
 

 

ABSTRACT 
 
SKOOG, SHELBY AMANDA. In Vitro Biocompatibility Assessment of Microstructured and Nanostructured 
Surfaces for Medical Device Applications. (Under the direction of Dr. Roger Narayan.) 
 
Cellular responses are highly influenced by the surrounding physiological environment through complex 

interactions with mechanical forces, biochemical stimuli, and structural components of the extracellular matrix 

(ECM). Due to the impact of the ECM architecture on cellular responses, significant research has been 

dedicated towards developing biomaterials that mimic the physiological environment for design of improved 

medical devices. Surface topographies with microscale and nanoscale features have demonstrated an effect on 

numerous cellular responses; however, determining relationships between biological responses and surface 

topographies are difficult to establish due to differences in cell types and biomaterial surface properties. 

Therefore, it is important to optimize implant surface feature characteristics to elicit desirable biological 

responses for specific applications. The goal of this work was to evaluate the effects of microstructured and 

nanostructured biomaterials on in vitro biological responses through reproducible fabrication of microscale and 

nanoscale surface topographies, comprehensive physico-chemical characterization of material surface 

properties, and systematic evaluation of biological responses for specific biomedical applications. Several 

methods for reproducible fabrication of uniform microstructured and nanostructured implant coatings with 

random and patterned surface topographies were investigated. Fabrication processes included physical vapor 

deposition (PVD), chemical vapor deposition (CVD), atomic layer deposition (ALD), and two-photon 

polymerization (2PP). PVD and CVD processes were used to fabricate nanocrystalline diamond (NCD), 

titanium dioxide (TiO2), and tantalum coatings with varying microscale and nanoscale surface topographies. 

ALD was used to surface modify commercial nanoporous membranes with well-defined pore sizes using 

ceramic coatings, including TiO2 and zinc oxide (ZnO). 2PP was used to create zirconium oxide-based 3-D 

tissue engineering scaffolds with precise, patterned structures. Physico-chemical characterization of the 

fabricated implant surfaces demonstrated a variety of microscale and nanoscale surface topographies with 

different surface chemistries. The effects of microscale and nanoscale surface topography on biological 

responses (e.g., protein adsorption, cell adhesion, cell morphology, cell proliferation, cell differentiation, 

antimicrobial activity, hemocompatibility) were evaluated using various application-specific cell types (e.g., 

human bone marrow-derived mesenchymal stem cells, vascular endothelial cells, blood cells/platelets, and 

epithelial cells). Biological responses were surface feature size-dependent for some biomaterials and cells, 

while other studies demonstrated no effects of surface topography on cellular responses. NCD coatings with 

small nanoscale surface features promoted improved endothelialization for vascular stent applications. In 

contrast, nanostructured TiO2 coatings with large surface feature sizes promoted enhanced osteogenic 

differentiation of mesenchymal stem cells for improved osseointegration of orthopaedic devices. ALD ceramic 

thin films altered the surface chemistry of nanoporous materials for enhanced biological properties, including 

antimicrobial activity (ZnO) and bioactivity (TiO2). The fabrication, physico-chemical characterization, and 

biological evaluation of microstructured and nanostructured implant surfaces described here have contributed to 



 

 

a better understanding of the effects of microscale and nanoscale structures on biological responses for 

biomedical applications. 
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1. Introduction 
 

1.1 Cellular Responses to Microscale and Nanoscale Structures 
 

Microscale and Nanoscale Structures of the Extracellular Matrix 

Cellular response is strongly influenced by the surrounding physiological environment through complex 

interactions with mechanical forces, biochemical stimuli, and structural components of the extracellular matrix 

(ECM).1-6 The 3D architecture of the ECM includes interwoven fibrillar proteins (e.g., collagens, elastins, 

fibronectins, and laminins) embedded within a network of proteoglycans.1, 7 Collagens are a family of triple 

helical proteins and are the primary fibrous component of the extracellular matrix in bone, tendons, cartilage, 

skin and ligaments.8 Collagen proteins contribute to a variety of biological functions, including angiogenesis, 

cell adhesion, cell migration, and tissue repair. Fibril-forming collagens, such as type I collagen, can range in 

diameter from 12 nm to greater than 500 nm.8 The proteins of the ECM and basement membrane as well as 

their interconnecting pores exhibit microscale and nanoscale dimensions.9 Collectively, these proteins create a 

complex environment with hierarchically structured microscale and nanoscale pores, grooves, ridges, and 

fibers.2, 3 In addition to the complex interactions of matrix molecules, the ECM also includes non-matrix 

proteins, such as soluble growth factors. Together these features of the ECM provide mechanical, chemical, and 

physical cues that modulate cell behavior and functionality. The biochemical, biomechanical, and 

structural/organizational properties of the ECM are tissue-specific, creating diverse networks of biomolecular 

interactions throughout the physiological environment.9, 10 Cellular interactions with the ECM are critical for a 

number of biological functions including cell migration, proliferation, differentiation, wound healing, and 

homeostasis.11 

 

Cell-Material Interactions: Protein Adsorption and Cell Adhesion  

The first event that occurs upon implantation of a biomaterial is quick plasma protein adsorption, followed by 

cellular interactions with the adsorbed protein layers.12 The amount and type of proteins adsorbed onto the 

biomaterial surface is affected by chemical surface properties (e.g., surface charge, surface energy, wettability, 

functional groups), protein properties (e.g., charge, hydrophobicity, functional groups, stability), and surface 

topography.13-17 These biomaterial surface characteristics modulate the type, amount, and configuration of 

protein adsorption which influences subsequent interaction of the biomaterial with cells.  

 

Cell-surface interactions are influenced by the adsorbed protein layer as cells adhere to implant surfaces via 

integrin proteins.18 Integrins are the family of cell transmembrane receptor proteins that mediate cell-matrix 

adhesion, connecting the intracellular and extracellular environments. Integrins are heterodimeric glycoproteins 
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with alpha and beta subunits that bind to ECM proteins including collagens, fibronectins, and laminins.19 

Specificity of integrin binding to the ECM is related to the integrin subunits which bind to specific domains, 

such as the amino acid sequence, arginine-glycine-aspartic acid (RGD).20-22 The integrin receptors bind to these 

motifs via globular head domains. Upon ligand binding, cellular signaling pathways initiate integrin receptor 

clustering at the plasma membrane and integrins undergo conformational changes that affect the binding of 

cytoplasmic proteins, thus influencing the cytoskeletal organization of the cell.13, 23 Integrin clustering promotes 

cytoplasmic proteins to move to the adhesion site, increasing the size, adhesion strength, and biochemical 

signaling activity of the adhesion. These large structures of integrins and cytoplasmic proteins are referred to as 

focal adhesions, which are typically 0.25-0.5 m wide and 2-10 m long.24, 25 The transmembrane integrins 

serve as linker proteins that facilitate cellular adhesion by connecting the extracellular substrates, such as the 

extracellular matrix or biomaterial surface, to actin stress fibers within the cell.11 Actin binds to the focal 

adhesions via anchoring proteins, such as talin and vinculin, biomechanically linking the cytoskeleton to the 

ECM.26 A schematic of the molecular interactions of focal adhesions is shown in Figure 1.27 The dynamic link 

between the ECM and intracellular actin filaments facilitates cellular processes such as cell migration and cell 

spreading.27 Furthermore, intermediate filaments of the cytoskeleton can interact with the lamin filaments of the 

nucleoskeleton, resulting in mechanotransductive processes that may affect gene transcription.26, 28  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 1. A simplified overview of the molecular interactions occurring at the focal adhesion. Focal adhesions are macromolecular 
structures that serve as mechanical linkages of the cell cytoskeleton (F-actin) to the extracellular matrix (ECM), and as biochemical 
signaling hubs involved with the transmission of external mechanical forces to changes in cell function through the regulated interactions of 
focal adhesion associated signaling molecules. Reprinted from Biggs et al., Nanomedicine: Nanotechnology, Biology, and Medicine, 2010, 
6, 619-633, with permission from Elsevier.27  
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In addition to biomechanical signaling, integrin-based adhesions contain various signaling proteins which 

biochemically initiate intracellular signaling pathways.13, 29 Small G proteins, including Rho and Rac, affect 

actin polymerization and cytoskeletal contractility, regulating actin cytoskeletal dynamics.30 Rho promotes 

assembly of actin contractile stress fibers as well as cytoskeletal organization, and Rac induces lamellipodium 

formation in addition to cell spreading. Both proteins play essential roles in cell locomotion.20, 31 Another key 

intermediate protein in integrin-related signaling pathways is focal adhesion kinase (FAK), a Tyr kinase that is 

localized to focal adhesions. Integrin-mediated focal adhesions regulate FAK phosphorylation, resulting in 

formation of FAK signaling complexes.31 FAK contributes to regulation of the mechanosensory function of 

focal adhesions.30  

 

Due to these biomechanical and biomolecular signaling pathways of adhesive complexes, cellular adhesion to 

extracellular substrates can influence a variety of cellular processes, including cell anchoring, locomotion, 

matrix remodeling, proliferation, and differentiation.30, 32  

 

Effects of Microscale and Nanoscale Structures on Biological Response 

Due to the impact of the ECM architecture on cellular response, significant research has been dedicated towards 

developing biomaterials that mimic the physiological environment for design of improved medical devices and 

tissue engineering scaffolds. Upon implantation, the first interactions occur at the interface of the implant 

surface and the biological environment, with cell-material interactions affected by surface properties including 

chemistry, charge, energy, and topography.4 The complex cell-material interactions at the tissue-implant 

interface affect a variety of biological processes; Therefore, it is essential to develop advanced biomaterials to 

modulate cellular interactions to illicit desired responses. Materials that mimic the microscale and nanoscale 

topography of the native tissues may be used to improve biological responses, such as improved tissue 

integration or prevention of biofouling.2  

 

Microstructured and nanostructured surfaces have been developed to increase understanding of complex cell-

material interactions and to identify key implant surface topographies specific to particular applications/tissues. 

The effects of surface topography on cell adhesion,33, 34 morphology/alignment,35, 36 migration,37 proliferation,38 

gene expression,39, 40 protein production,41 and differentiation39 have been evaluated using numerous model 

biomaterials and cell types.  

 

A variety of cell types have been evaluated for their response to micro- and nanostructured topographies 

including blood cells and platelets,42 endothelial cells,43 smooth muscle cells,35 epithelial cells,44 fibroblasts,45 

osteoblasts,46 stem cells,47 and neural cells.48 Relationships between cell responses and surface 

micro/nanotopography are difficult to establish due to variable results from differences in cell types, substrate 
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materials, and surface feature orientation, geometry, and dimensions.3 Furthermore, optimal biological 

responses for a surface engineered biomaterial may vary depending on the desired application, such as increased 

cell proliferation and matrix synthesis for implant tissue integration and wound healing, minimized protein and 

cell adhesion for prevention of biofouling, and stimulated cell differentiation for tissue engineering;2 therefore it 

is important to identify specific surface feature characteristics to optimize biological response for a particular 

application and tissue type. 

 

Cell Type-Specific Responses to Microstructured and Nanostructured Topographies 

 

Blood and Platelets 

For cardiovascular devices, thrombogenicity may be caused by unfavorable blood-material interactions in 

which the surface of a device induces blood coagulation and/or platelet activation, potentially reducing device 

functionality and/or leading to life-threatening thrombogenic complications such as stroke, pulmonary 

embolism, and myocardial infarction.49-51 For such devices, reduced platelet adhesion is desired to prevent 

activation and subsequent thrombosis. In contrast, increased platelet adhesion and activation may be desirable 

for wound healing applications or bone implants. For orthopaedic and dental implants, increased platelet 

activation may cause increased osteogenic responses during bone healing and could enhance 

osteoconductivity.52 Therefore, biomaterial surface nanotopographies should be optimized to modulate blood 

cell and platelet responses for specific applications.  

 

Blood cell and platelet responses to microstructured and nanostructured surfaces are dependent on the size,53-55 

geometry,54 and roughness of the biomaterial topography.52-54 Platelet adhesion and activation were 

systematically evaluated on nanoscale and microscale patterns of titanium dioxide (TiO2). Periodic arrays of 

groove and pillar patterns with nanoscale and microscale features were fabricated by photolithography, reactive 

ion etching (RIE), and radio frequency (RF) sputtering. The TiO2 grooves (500 nm ridge width and 2.5 m 

depth) showed a significant increase in platelet adhesion and activation on grooves with nanometer spacing 

(500 nm) compared to the flat control; grooves with micrometer spacing (1.5 -7.5 m) inhibited platelet 

activation. For pillar patterns, platelet adhesion increased as pillar diameter increased from 500 nm to 4 m, 

though larger pillars (16 m) showed decreased platelet adhesion. Furthermore, this study demonstrated that 

surface feature geometry affects platelet adhesion, as groove patterns exhibited significantly higher levels of 

platelet adhesion and activation compared to pillar patterns with similar nanoscale and microscale dimensions.54  

 

Blood cell and platelet responses to surfaces with random, non-patterned topographies have also shown surface 

feature size-dependency. Multiple studies have shown that the addition of nanoscale topographies with features 

and/or roughness of less than 100 nm has minimal to no effect on blood responses compared to flat control 
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surfaces.42, 53 For example, human blood cells and platelets exhibited similar responses on polymer demixed 

nanoislands with 95 nm height as on the flat control substrates.42 Evaluation of diamond-like carbon-coated 

polycarbonate substrates with different degrees of nanoscale roughness (4 nm to 97 nm) showed no significant 

differences in platelet adhesion and platelet activation.53 Surfaces with random nanotopographies of larger 

feature sizes and greater roughness, however, have resulted in increased platelet adhesion and activation 

compared to smooth surfaces. In one study, platelet activation was evaluated on different nanostructured 

topographies of commercially pure titanium (cpTi) implants obtained using four surface modifications, 

including dual acid-etched (DAE) (Ra ~490 nm), grit abraded (Ra ~320 nm), machined (Ra ~309 nm), and 

polished (Ra ~ 26 nm). After incubation in platelet rich plasma (PRP), higher platelet adhesion and activation 

were observed on surfaces with higher roughness (dual acid-etched and grit abraded) compared to the machined 

and polished surfaces (Figure 2).52  

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. SEM micrographs of platelets interacting with cpTi surfaces after 30 min of PRP contact with surfaces at 37°C. (A) DAE cpTi; 
(B) 320 grit abraded cpTi; (C) machined cpTi; (D) polished cpTi. Extensive multi-layering of platelets could be seen on DAE surfaces. Bar 
= 6 m. Reprinted from Park et al., Biomaterials, 2001, 22, 2671-2682, with permission from Elsevier.52 
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Endothelial Cells 

Endothelial cells constitute the inner lining of vasculature, forming the main barrier between blood and tissues. 

The natural endothelium provides a non-thrombogenic surface, mediates angiogenesis and inflammation, and 

prevents over proliferation of smooth muscle cells.56, 57 One approach to significantly enhance the 

hemocompatibility of implanted cardiovascular stents and vascular scaffolds is to augment rapid surface 

endothelialization, reducing restenosis and thrombotic events.56, 58, 59  

 

Biomaterials with surface features in the micrometer and nanometer range have been shown to influence 

various endothelial cell responses, including cell adhesion,38, 58, 60, 61 alignment/orientation,61-64 morphology,63, 64 

migration,61-64 proliferation,38, 58, 63 and gene expression.40 The effects of microstructures and nanostructures on 

endothelial cell responses are dependent on the size, orientation, and geometry of surface features as well as the 

anatomical origin of the endothelial cells.63 

 

The contact guidance capacity of endothelial cells has been confirmed in various studies using micro- and 

nanostructured grooved surfaces. Human coronary artery endothelial cell (HCAEC) response to 

polydimethylsiloxane (PDMS) grooved surfaces with lateral dimensions of 2-10 m and depths of 50-200 nm 

showed enhanced endothelial cell alignment on grooves with 2 m spacing and 200 nm depth. No significant 

alignment was seen along grooves with 50 nm or 100 nm depths. Endothelial cells also demonstrated distinct 

migration in the groove direction compared to the flat surface.62 An additional study of bovine endothelial cell 

adhesion, alignment, and migration on PDMS grooved substrates under static and dynamic flow conditions 

showed increased cell migration on grooves with 2 m width.61 Further evaluation of integrated topographical 

and shear flow effects on endothelial cell alignment and migration showed that human aortic endothelial cells 

aligned on grooved and porous surfaces with pitches of 400 nm to 4 m. Furthermore, flow-induced migration 

of HCAECs is sensitive to the spacing of the topographical surface features.64 Further evaluation of contact 

guidance of endothelial cells on polymeric grooved substrates was conducted using four different human 

vascular endothelial cell types: human umbilical vein endothelial cells (HUVEC), human dermal microvascular 

endothelial cells (hmVEC-d), human aortic endothelial cells (HAEC), and human saphenous vein endothelial 

cells (HSaVEC-c).63 Endothelial cell orientation, alignment, proliferation, and migration were evaluated on 

PDMS grooved structures with nanometer to micrometer dimensions (400 nm to 4 m pitch). All cell types 

exhibited enhanced orientation and alignment on parallel grooves greater than 800 nm. HUVECs were the only 

cell type to exhibit decreased proliferation on surface patterns with the smaller, nanoscale surface 

topographies.63 In addition, grooved nanotopographies have elicited enhanced cell retention under vascular flow 

conditions. Vascular grafts with grooves of ~330 nm and 650 nm widths exhibited increased cell retention 

under fluid flow compared to non-patterned surfaces, with higher cell retention on the larger groove 

nanopatterns.65 Groove topographies have also been used to demonstrate the effects of microstructured and 
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nanostructured surfaces on endothelial cell gene expression. Gasiorowski et al. demonstrated significant 

changes in gene expression of HUVEC cells after 12-hour growth on nanoscale grooves compared to the flat 

controls. HUVECs on nanogroove surfaces with 400 nm pitch exhibited a two-fold change in gene expression 

for 3171 genes (out of 47,000) compared to the flat control. The greatest increase in expression was seen in 

gene groups related to protein modification and maintenance, while the greatest decrease in expression was seen 

in gene groups related to cell cycle proteins and extracellular matrix proteins.40 

 

Endothelial cell responses to other nanoscale topographies, such as pillars and pits, have also shown surface 

feature size-dependency. Human endothelial cells (HGTFN) were able to distinguish between island heights of 

13, 35, and 92 nm on polymer demixed nanotopography. The greatest response was observed on islands with 13 

nm height, with endothelial cells exhibiting significant cell spreading and cytoskeletal organization.43 

Endothelial cells demonstrated arcuate, or curved morphology, similar to cells in vivo in the vasculature lining 

(Figure 3). In a separate study, endothelial cells were not able to distinguish between different stainless steel 

surfaces with different nanopit diameters (120 nm vs. 180 nm) fabricated by focused ion beam (FIB) milling. 

Cells grown on the nanopatterned stainless steel surfaces showed similar cell adhesion and proliferation on both 

topographies.66 

  

Several studies have investigated endothelial cell responses to topographies with different geometries (groove 

vs. pit, groove vs. pore) as well as different orientations (random vs. patterned).60, 64, 67 In one study, HUVECs 

exhibited enhanced cell adhesion, characterized by prominent focal adhesions, on nanopit surface topographies 

compared to microgroove surfaces of polycarbonate urea urethane (PCU) and polyhedral oligomeric 

silsesquioxane (POSS) nanocomposite polymer. The microgroove surfaces consisted of 12.5 m wide grooves 

with 25 m spacing and 700 nm depths. The nanopit surfaces contained 120 nm diameter pits with 300 nm 

pitch in a square lattice.60  

 

Titanium surfaces with patterned and random nanoscale and microscale surface topographies have demonstrated 

enhanced endothelial cell adhesion compared to flat controls.58, 67, 68 Anodized titanium with nanoscale surface 

features exhibited increased attachment of endothelial progenitor cells compared to the smooth, unanodized 

titanium.58 Further studies with titanium grooved patterns ranging from 750 nm to 100 m pitch showed 

enhanced endothelialization on patterned nanostructured surfaces compared to microstructured surfaces and 

randomly ordered nanostructured surfaces.67 

 

Endothelial cell responses to three-dimensional (3D) scaffolds fabricated by electrospinning of polymer 

nanofibers have also been investigated. Several studies have shown endothelial cell adhesion and proliferation 

on nanofiber-based vascular scaffolds.69-71  
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Figure 3. Scanning electron microscipal images of HGTFNs cultured on the control and test materials. Small, rounded morphology typical 
of cells cultured on the PS control (a).Well spread, normal, HGTFN morphology of cells cultured on PBrS (b). Arcuate cells at low and high 
magnifications observed on 13 nm islands (c and d), 35 nm islands (e and f) and 95 nm islands (g and h). Filopodia interaction was apparent 
for many cells cultured on the 95 nm islands (h, see arrowheads). Reprinted from Dalby et al., Biomaterials, 2002, 23, 2945-2954, with 
permission from Elsevier.43 

 
 
 
Muscle Cells 

Surface topography-mediated modulation of muscle cell responses have been investigated for regenerative 

medicine (e.g., bladder, vascular) and device applications. Several studies aim to promote myoblast cell 

migration and orientation/alignment to direct differentiation and formation of myotubes, characteristic muscle 

fibers for tissue engineering.72 

  

Myoblasts have demonstrated cellular adhesion, alignment, and migration on both patterned and random 

nanostructured surfaces.35, 72-74 Myoblast response to polymer nanopillars of 200-700 nm diameter and heights 

of 700-1000 nm fabricated using nanosphere lithography and nanomolding were investigated.73 Myoblasts 

exhibited a slight increase in apoptosis and decrease in average focal adhesion size with decreasing pillar 

diameter, with the exception of cells cultured on the 200 nm and 300 nm nanopillars on which larger focal 

adhesions were visible.73 In another study, rat myoblasts and human myoblasts both exhibited size-dependent 

alignment on nanoscale grooves laser irradiated in polystyrene;74 however, the sensitivity of the cells to the 

nanostructured surfaces varied between cells of different origin. Rat myoblasts aligned along the direction of the 

groove for grooves with 430 nm periodicity and exhibited random orientation on all other surfaces with smaller 

periodicities (270 nm and 340 nm). In contrast, human myoblasts demonstrated significant sensitivity to the 
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nanogroove topography, with cellular alignment visible on all grooved surfaces, though weakly aligned on those 

with 270 nm periodicity.74 Myoblasts have also demonstrated significant sensitivity to nanostructured 

topography, with alignment observed on nanoscale features of less than 20 nm. Murine myoblast cells oriented 

to 10-15 nm diameter cellulose rod-like nanoparticle surfaces of different spatial organizations. Myoblasts 

showed greater orientation on aligned particles compared to randomly oriented particles, demonstrating 

elongated morphologies.72 Smooth muscle cells (MSC) also exhibited elongation and cell alignment on 

nanoscale grooves of 350 nm width, 700 nm pitch, and 350 nm depth in poly(methyl methacrylate) (PMMA) 

and PDMS surfaces (Figure 4).35  

 

On surfaces with random topographical features, smooth muscle cell adhesion was enhanced on poly(lactic-co-

glycolic acid) (PLGA) and polyurethane (PU) coatings with surface topographies in the nanometer range (50-

100 nm). The original polymer microscale and nanoscale topographies were fabricated using sodium hydroxide 

(NaOH) treatment; however, elastomer cast molding was applied to eliminate differences in surface chemistry 

to isolate effects of topography on SMC responses.75 Their results showed increased cell adhesion with 

decreasing feature size of the polymer coatings. The greatest cell attachment was observed on polymer coatings 

with nanoscale surface topographies compared to sub-micron (100-1000 nm) and micron (5-10 m) size 

features.75, 76  

 

As with endothelial cells, SMC responses to 3D scaffolds fabricated by electrospinning of polymer nanofibers 

have also been investigated for vascular tissue engineering. By incorporating nanostructured topographies to 

direct cell alignment, researchers aim to orient cells in physiologically relevant configurations for improved 

vascular grafts. For example, collagen scaffolds with nanopatterned surfaces showed circumferential orientation 

of SMCs, similar to those in healthy vasculature.77 Furthermore, SMC adhesion, migration, and proliferation on 

nanofiber scaffolds have been demonstrated. Human coronary artery SMCs exhibited increased cell adhesion 

and proliferation on poly-L-lactide and polycaprolactone (PLLA-PCL) (75:25) copolymer nanofiber scaffolds 

with 500 nm fiber diameters compared to flat polymer films. These cells exhibited cell migration and 

cytoskeletal organization along the fiber axes.78  
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Figure 4. Confocal micrographs of F-actin stained SMC on (A) nanoimprinted PMMA at low cell density, (B) nano-imprinted PMMA at 
high cell density, (C) nanopatterned PDMS at low cell density, (D) nano-patterned PDMS at high cell density, (E) non-patterned PMMA 
and (F) glass cover slip. Scanning electron micrographs of SMC cultured on (G) nano-imprinted gratings on PMMA coated on SiO2 wafer 
and (H) non-patterned PMMA coated on SiO2 wafer. Bar = 50 m for all except (B) Bar = 100 m. Reprinted from Yim et al., Biomaterials, 
2005, 26, 5405-5413, with permission from Elsevier.35  
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Epithelial Cells 

Epithelial tissues form a protective barrier that protects the body from physical, chemical, and biological 

hazards and is found on all external body surfaces and inner linings of organs. Epithelium provides the 

protective layer for external tissues such as the skin, respiratory tract, cornea, and digestive system.79 

Regeneration of epithelial tissues is desirable for tissue engineering and wound healing applications. 

Furthermore, it is desirable to design biomaterials for percutaneous implants (e.g., dental implants, bone-

anchored hearing aids, glucose sensors) to promote establishment of a strong skin-device interface to prevent 

infection.  

 

Significant research has been conducted to evaluate corneal epithelial cell (CEC) interactions with 

nanostructured and microstructured topographies for development of enhanced corneal prostheses. In order to 

identify optimal surface features for epithelial cell responses, highly ordered, patterned surfaces with well-

defined features have been investigated. Nanopores with 100 nm diameters significantly enhanced human CEC 

responses on polyelectrolyte multilayers compared to larger nanopores (600 nm diameter) and flat control 

substrates. Though human CECs adhered to coatings with both porosities, proliferation, migration speed, 

cytoskeletal organization, and focal adhesions were increased on surfaces with 100 nm pores.80 In a separate 

study, CEC responses to polyurethane grooved substrates with feature sizes of 400 nm to 4 m showed 

epithelial cell-type specific responses. Two types of corneal epithelial cells demonstrated a significant decrease 

in cell proliferation with decreased groove sizes down to 400 nm. Primary human corneal epithelial cells 

showed decreased cell proliferation on grooved patterns with features less than or equal to 1200 nm. Similarly, 

SV40-transformed corneal epithelial cells exhibited decreased cell proliferation on groove patterns with features 

of 400 nm.81  

 

Investigations of CEC responses to microscale and nanoscale grooved surfaces have demonstrated effects of 

groove depth, ridge width, and pitch.36, 44, 82, 83 Multiple studies have shown that contact guidance of CECs is 

more affected by groove depth than groove pitch.44, 82, 83 Increased CEC alignment on increasing groove depths 

was observed on microscale, sub-microscale, and nanoscale groove patterns regardless of cell culture medium 

serum composition.83 Contact guidance was observed in epithelial cells, with cell elongation and alignment on 

grooved patterns with 265 nm depths or greater.83 In another study, CEC and lens epithelial cell (LEC) 

alignment on nanogrooves of widths 1-4 m and depths of 14-1100 nm were evaluated. CECs exhibited 

significant alignment on nanogrooves of 40-100 nm depth regardless of groove pitch, suggesting groove depth 

is more important than width in regulating CEC epithelial responses. Minimal alignment of CECs was evident 

on features with depths of 14 nm, demonstrating CEC sensitivity to detect small nanoscale topographies. LECs 

also oriented to nanogrooves but were less sensitive than the CECs, exhibiting alignment on grooves with 130 

nm or 320 nm depth. The study also highlights the role of rho and CDC-42 mediation of intracellular signals for 
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cell alignment of epithelial cells.82 Teixiera et al. also demonstrated a greater influence of groove depth on CEC 

response compared to groove pitch. Human CECs exhibited significant alignment on grooves with 600 nm 

depth regardless of pitch (400-2000 nm) while cells on grooves with 150 nm depths at all pitches showed cell 

orientation similar to the flat control. They also demonstrated that CEC focal adhesion size is dependent on the 

groove ridge width, with decreased focal adhesion sizes on decreased ridge widths.44 In a subsequent study, they 

showed that CECs in serum-free medium preferentially aligned perpendicular to grooves of 400 nm size but 

aligned parallel to grooves of 4 m pitch (Figure 5). This is in contrast to the previous study, in which cells in 

serum-containing medium (10%) showed parallel alignment on all grooves, regardless of groove pitch. These 

results suggest that CEC sensitivity to topographical cues is dependent on environmental factors, affecting 

responses to nanoscale features but not microscale features.36 Tocce et al. further investigated the effects of 

serum on the sensitivity of CECs to topographical cues and found similar results on groove wave-like 

nanostructures with 60-140 nm pitch and 200 nm depth. They determined the lower limit in surface feature 

dimension at which CECs respond to topographic cues, known as contact acuity, to be 60 nm pitch for cells in 

serum-free medium and 90 nm pitch for cells in medium containing 2.5% serum. These results highlight the 

significance of environmental factors associated with cell-topography interactions, particularly the importance 

of adsorbed proteins. Furthermore, they demonstrated enhanced epithelial cell alignment on hierarchical 

nano/microgroove substrates, fabricated by overlaying 70 nm pitch structures on 800-4000 nm pitch structures, 

compared to nanogroove, microgroove, and flat surfaces.84  

 

In addition to grooved surfaces, patterned surfaces with well-defined nanopillars have been used to study 

epithelial cell responses to surface topography. Evaluation of epithelial cell responses to polymer nanopillars of 

200-700 nm diameter and 700-1000 nm height was conducted using Chinese Hamster Ovary (CHO) and 

Madin-Darby canine kidney (MDCK) epithelial cells. Both epithelial cell types demonstrated nanopillar size-

dependent responses, with a slight increase in apoptosis with decreasing pillar diameter for MDCK cells and 

highest levels of apoptosis on pillars with 400-500 nm diameters for CHO cells. Both epithelial cell types 

demonstrated similar cell adhesion to the nanopillars, with a decrease in average focal adhesion size with 

decreasing pillar diameter, with the exception of cells cultured on the 200 nm and 300 nm nanopillars on which 

larger focal adhesions were visible.73 Nanopillars have also been applied for evaluation of bladder epithelial 

cells for bladder tissue engineering. Bladder epithelial cells exhibited decreased interleukin 6 (IL-6) and 

interleukin 8 (IL-8) cytokine production on nanoscale hemispherical nanopillars (170 nm diameter, 100 nm 

height, and 250 nm spacing) compared to the flat control. In contrast, cells on grooved surfaces (15 m width 

and 185 nm depth) produced similar levels of cytokines as cells cultured on the flat control. The epithelial cells 

demonstrated contact guidance on the grooves, with alignment along the groove direction.85 
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The effects of nanotopography of titanium-based implants on epithelial cell responses are of interest for 

percutaneous devices, such as dental implants. Nanostructured titanium surfaces with different scales of 

roughness fabricated by reactive magnetron sputtering showed epithelial-like cell attachment and proliferation. 

Surfaces with lower nanoscale roughness (Root-mean-square, RMS 5-12 nm) and increased hydrophobicity 

promoted increased cell proliferation compared to the coating with higher roughness (RMS 19 nm) and greater 

hydrophilicity.86 Furthermore, nanorough (RMS 11 nm) and nanotubular (70-80 nm diameter; RMS 12.5 nm) 

titanium surfaces fabricated by electron beam evaporation and anodization promoted keratinocyte adhesion 

compared to conventional, unmodified titanium surfaces (RMS 6 nm). Nanorough titanium surfaces promoted 

increased cell spreading and cell density compared to nanotubular titanium and unmodified titanium after 3 and 

5 days.87  

 
 
 

 
Figure 5. SEM images of cells cultured on patterned substrates. (A) Perpendicularly aligned cell on 70 nm wide ridges on a 400 nm pitch. 
(B) Detail of previous cell. Filopodia were aligned perpendicularly to the patterns. We also observed filopodia aligned along the patterns. 
(C) Parallel aligned cell on 1900 nm ridges on a 4000 nm pitch. (D) Filopodia were guided by the topographic pattern. Reprinted from 
Teixeria et al., Biomaterials, 2006, 27, 3945-3954, with permission from Elsevier.36 
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Fibroblasts 

Fibroblasts synthesize and deposit extracellular matrix, forming the structural network for connective tissue.88 

These cells play a critical role in wound healing and are the most common cells in connective tissues. 

Fibroblasts are commonly used for evaluation of cell-material interactions with nanostructured surfaces for 

enhanced tissue engineering (e.g., dermal replacements) and reduced implant-induced fibrosis.88, 89  

 

Dalby et al. has conducted significant research on the responses of fibroblasts to nanostructured surfaces of 

well-defined features produced using a variety of nanofabrication techniques including polymer demixing, 

colloidal lithography, and electron beam (e-beam) lithography. Using nanotopography fabricated by polymer 

demixing, they demonstrated significant sensitivity of fibroblasts to nanoscale surface features and showed 

cellular responses are dependent on feature size. Fibroblasts are able to detect nanotopographic features as small 

as 10 nm in height via filopodial sensing.90 Polymer nanoislands with varying heights (13 nm, 35 nm, and 95 

nm) were fabricated and used to evaluate fibroblast spreading and proliferation. Fibroblasts exhibited increased 

cell spreading and proliferation on features with 13 nm height compared to the flat control, though decreased 

cell spreading and proliferation were observed on features with 95 nm height.91 Further investigations into the 

mechanisms of these responses showed the 13 nm nanoislands stimulated short-term and long-term fibroblast 

cytoskeletal organization and promoted up-regulation of genes associated with cell signaling, DNA 

transcription, and ECM proteins.89 In an effort to further optimize the surface feature dimensions to control 

fibroblastic response, nanoislands with 27 nm heights were evaluated. Increased cell spreading and enhanced 

short-term adhesion were observed, though long-term adhesion and cytoskeletal organization were decreased 

compared to the flat control.92 Evaluation of the 95 nm nanoislands showed poor cell adhesion and less 

organized cytoskeleton of fibroblasts, which was attributed to the formation of abnormal stellate 

morphologies.45 Additional studies on nanoscale surface features on the order of ~100 nm with different 

geometries, such as cylindrical nanocolumns and hexagonal pits, also showed decreased fibroblast adhesion, 

suggesting size-dependent, rather than geometry-dependent responses.93, 94   

 

Surfaces with different types of topographies (e.g., nanogrooves, nanopillars) with varying dimensions showed 

fibroblastic responses are dependent on topographical pattern as well as the density, width, and depth of the 

surface features.88, 95, 96 Nanogrooves with 400 nm depth, 1 m ridge width, and 1-9.1 m groove pitch were 

fabricated using ultraviolet (UV) capillary force lithography. Mouse fibroblasts exhibited differential cell 

responses to the ridge densities, with increased cell alignment, elongation, and migration speed observed on 

nanogrooves with the smallest groove pitch (Figure 6).37 In another study, nanopost and nanograte patterns with 

50-600 nm height, 230 nm pitch, and less than 10 nm tips were fabricated using interference lithography and 

deep reactive ion etching (DRIE). Human foreskin fibroblasts exhibited reduced cell spreading and decreased 
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proliferation on nanopost surfaces as well as enhanced elongation and alignment on nanograte patterns. For both 

patterns, decreased cell adhesion and spreading were observed with increasing pattern height.95 

 

 A fibroblast contact guidance threshold feature size of 35 nm was experimentally determined using 

nanogrooves patterned in polystyrene. Nanogroove patterns with 5-350 nm depth and 20-200 nm pitch (1:1 

ratio) were fabricated using e-beam lithography and solvent casting. Rat dermal fibroblasts showed variation in 

cell morphology within 4 hours on nanogrooves down to 100 nm width and 75 nm depth. After 24 hours, 

cellular alignment was observed on groove depths as shallow as 35 nm, though increased alignment was 

observed with increasing pitch width.96 In a subsequent study, experimental results on nanogroove substrates 

were used to calculate a minimum groove barrier size of 70-80 nm for contact guidance of fibroblasts.97 

 

In a recent study, polymeric nanostructured patterns fabricated by nanoimprint lithography demonstrated that 

nanopillar aspect ratio (AR) influences fibroblast morphology, proliferation, and gene expression.88 Nanopillar 

patterns were fabricated in polypropylene (PP) and polystyrene (PS) with different aspect ratios and roughness. 

PS surfaces with 200 nm diameter and heights of 175 nm (AR 0.88), 680 nm (AR 3.4), and 1 m (AR 5) were 

fabricated as well as PP surfaces with 800 nm diameter and 16 m height (AR 20). Fibroblast proliferation and 

cytoskeletal organization was decreased on surfaces with high aspect ratio features (PP20) and (PS5) compared 

to flat controls and surfaces with lower aspect ratio features. Furthermore, cells on PP20 exhibited down-

regulation of genes associated with collagen production (Collagen 12 and collagen 31) and proliferation 

(connective tissue growth factor, integrin linked kinase, transforming growth factor 1, and epidermal growth 

factor).88 
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Figure 6. The morphological response of fibroblasts to the local density of topographic pattern arrays with graded spacing. (a) A phase-
contrast micrograph of NIH 3T3 fibroblasts shows the differential morphology associated with the density variation of the underlying 
topographic pattern arrays. (b–c) SEM images of critical point dried NIH 3T3 fibroblasts plated for 14 h (b) on variable ridge pattern arrays 
with graded spacing and (c) on regularly spaced topographic pattern arrays with 1 m wide ridges and 1 m wide grooves. The white arrow 
indicates membrane protrusion extending toward the more densely spaced ridges. Reprinted from Kim et al., Biomaterials, 2009, 30, 5433-
5444, with permission from Elsevier.37  
 
 
  

Osteoblasts  

Human bone is composed of nanoscale organic and mineral phases which are hierarchically organized into 

larger microstructures and macrostructures.98, 99 Cortical bone consists of approximately 30% organic matrix 

(composed primarily of collagen) and 70% mineral.100 Type I collagen is the primary ECM fibrillary protein of 

the organic constituent of bone and ranges in diameter from 12 nm to greater than 500 nm.8 The inorganic 

mineral of bone consists of calcium-phosphate apatite crystals similar in composition to hydroxyapatite 

[Ca10(PO4)6(OH)2]. These needle-like crystals exhibit dimensions of 20-40 nm in length with diameters of 1.5-3 

nm.100 Due to the nanoscale features of bone tissue, biologically-inspired nanostructured coatings have been 

investigated for orthopaedic and dental implants to enhance bone regeneration and implant integration in vivo. 
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Studies of polymeric surfaces with well-defined surface nanotopographies have demonstrated osteoblast 

responses are dependent on surface feature dimension and orientation. Surfaces with randomly oriented and 

patterned nanoscale pits of 120 nm diameter and 100 nm height were fabricated using e-beam lithography. 

Human osteoblasts exhibited decreased cell adhesion on the nanostructured topographies compared to the flat 

control, and increased cell spreading was observed on randomly oriented pits compared to the patterned 

surface.46 Using polymer demixing, polystyrene nanopits with varying depths were fabricated. Osteoblasts 

demonstrated enhanced functionality on poly-L-lactide/polystyrene (PLLA/PS) (50:50) demixed features of 14 

nm and 29 nm depth compared to the 45 nm and flat control surface (Figure 7). On these surfaces, osteoblasts 

exhibited increased cell adhesion, cell spreading, integrin expression, paxillin, FAK, and phosphorylated 

FAK.23 Since integrin-mediated cell adhesion plays an essential role in several cellular processes (e.g., 

migration, proliferation, differentiation, matrix production, apoptosis), optimization of nanostructured surfaces 

to promote osteoblast adhesion may enhance implant integration.  

  

Anodization is widely used to fabricate well-defined nanoporous and nanotubular surfaces in metal implant 

biomaterials to evaluate osteoblast responses to topographies of different feature sizes.101, 102 Anodized 

nanotubular titanium surfaces with vertically aligned nanotubes of 70 nm diameter stimulated osteoblast 

adhesion and proliferation compared to control surfaces.102 Further evaluation of the effects of nanotube 

diameter revealed size-dependent osteoblast activity, with enhanced osteoblast adhesion on 30 nm nanotubes 

compared to 70-100 nm. Osteoblasts on the 70-100 nm titania nanotubes exhibited elongated morphology and 

higher alkaline phosphatase (ALP), suggesting increased bone-forming ability.101 Nanoporous alumina 

substrates have also been evaluated as a robust, biocompatible platform to evaluate cellular responses to 

nanotopographies for orthopaedic/dental implants and bone tissue engineering. Titanium and titanium alloy 

substrates with highly adherent nanoporous alumina coatings of 160-200 nm pore sizes supported human 

osteoblast-like cell growth for up to 21 days, maintaining osteoblast spread morphology with filopodia 

extending into the nanopores.103 Nanoporous alumina membranes with pore sizes of ~89 nm also supported 

human osteoblast adhesion with normal morphology and matrix production.104 Short-term and long-term human 

osteoblast responses were evaluated using nanoporous alumina membranes with 70-80 nm pore size compared 

to flat controls. Osteoblasts exhibited enhanced cell adhesion, proliferation, protein synthesis, and mineral 

matrix deposition on nanoporous alumina membranes compared to non-porous, amorphous alumina surfaces.41 

 

 

 



 

 

18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Paxillin and vinculin (both green) immunofluorescent staining double-labeled with actin (red) for hFOB cells cultured for 24 h on 
PLLA/PS (50/50 w/w)-demixed nanopit-textured films and flat PLLA films. Reprinted from Lim et al., Biomaterials, 2007, 28, 1787-1797, 
with permission from Elsevier.23 

 
 
 

Further studies have investigated the effects of nanostructured topographies compared to flat, microstructured, 

and hybrid micro/nanostructured topographies on osteoblast responses. Increased osteoblast adhesion was 

observed on nanophase surfaces compared to conventional surfaces of ceramics (alumina, titania, and 

hydroxyapatite) and metals (Ti, Ti6Al4V, CoCrMo).105, 106 The increased osteoblast adhesion on the nanophase 

ceramics was attributed to increased victronectin adsorption.105 Surfaces with silicon nanowires promoted 

increased osteoblast adhesion, proliferation, and matrix production compared to the non-nanostructured 

control.107 Human osteoblasts demonstrated enhanced cellular adhesion on nanorough titanium (RMS 20 nm) 

vs. microrough titanium (RMS 57 nm) fabricated by chemical etching.108 In another study, osteoblasts on 

nanostructured and microstructured hydroxyapatite/titania composites exhibited similar cell adhesion, though 

increased cell proliferation was observed on the nanostructured surface.109 Osteoblast maturation, characterized 

by production of osteoblast differentiation markers and osteogenesis-promoting growth factors, was enhanced 

on hierarchical micro/nanorough titanium surfaces compared to microrough and smooth controls.110  
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Stem Cells 

Effective tissue integration and long-term success of orthopaedic and dental devices depend on stable fixation 

of the implant by development of a strong bone-implant interface. Implant biomaterials may enhance 

osseointegration in vivo by promoting attachment of osteoprogenitor cells, stimulating osteogenesis, and 

facilitating bone formation at the implant site. Numerous studies have investigated surface topographical 

modifications to promote osteogenic differentiation of mesenchymal stem cells (MSC) for enhanced 

osseointegration.  

 

Dalby et al. evaluated MSC responses to well-defined topographies with microscale and nanoscale surface 

features using photolithography, e-beam lithography, embossing, polymer demixing, and colloidal 

lithography.26, 111, 112 They demonstrated significant sensitivity of MSCs to detect nanotopographies, responding 

to surface features as small as 10 nm in height.111 MSCs exhibited contact guidance and filopodia extension on 

grooves with 5-50 m width and 300-500 nm depth. Increased MSC cell spreading was observed on microscale 

pits (30-40 m diameter, 300-400 nm depth), though decreased on grooves.112 Microscale and nanoscale surface 

topographies of various geometries (pits, grooves, pillars, hemispheres) stimulated osteogenic differentiation of 

MSCs, as demonstrated by increased levels of osteocalcin (OCN) and osteopontin (OPN). They reported on the 

formation of bone-nodules on nanoislands with 33 nm height and 1.7 m diameter (Figure 8).111 Subsequent 

studies showed MSC activity is dependent on surface topography height, with increased focal adhesion 

formation, osteogenic transcription factor expression, OCN production, and differentiation-inducing metabolites 

observed on anodized titanium with surface features of 15 nm height compared to 55 nm and 90 nm heights.113 

Furthermore, MSC osteogenic differentiation is enhanced on random, disordered nanotopographies compared to 

highly ordered, patterned topographies.26 

 

Anodization of metal biomaterials to produce well-defined nanostructures has been used to evaluate MSC 

activity on different nanoscale features. Both short-term and long-term mouse bone marrow stromal cell 

responses were evaluated using nanoporous alumina membranes with 70-80 nm pore size. MSCs exhibited 

enhanced adhesion, proliferation, protein synthesis, and mineral matrix deposition on nanoporous alumina 

membranes compared to non-porous, amorphous alumina surfaces.41, 99 Multiple studies have demonstrated 

feature size-dependent responses of MSCs using anodized nanotopographies. MSC cell adhesion, spreading, 

and proliferation increased on nanotubes with 15-30 nm diameter. MSC activity was significantly decreased on 

nanotubes with feature sizes greater than 50 nm, with impaired cell adhesion, decreased proliferation, and 

increased apoptosis.114-116 Recent studies further demonstrated a surface feature size-dependent response on 

MSC osteogenic differentiation. Song et al. evaluated MSCs grown on smooth alumina substrates and 

nanoporous alumina membranes with pore sizes of 20 nm and 100 nm. They demonstrated improved cellular 

responses on nanostructured surfaces compared to the smooth alumina and found a significant relationship 
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between cellular response and nanopore size. MSCs exhibited reduced adhesion, increased cell elongation, 

enhanced filopodia extensions, and greater osteogenic differentiation on 100 nm membranes compared to 20 nm 

membranes.117, 118 Oh et al. evaluated MSCs on anodized titanium surfaces with different nanotube diameters 

(30, 50, 70, and 100 nm) and demonstrated up-regulation of osteoblast gene expression in MSCs on larger 

nanotubes (70 nm and 100 nm) compared to smaller nanotubes. The smaller nanotube surfaces promoted MSC 

adhesion, though minimal osteogenic differentiation was observed.47 

 

A number of studies have also shown that random nanostructured surfaces improve osteogenic differentiation of 

MSCs. Deposition of sol-gel derived TiO2 and ZrO2 nanostructured topographical features on titanium implants 

resulted in greater osteogenic differentiation of MSCs and demonstrated higher bone-to-implant contact upon 

implantation compared to the machined titanium surfaces.39, 119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. Osteocalcin (OC) and osteopontin (OPN) fluorescent images for HMSC’s cultured on control and test materials (Note: red = 
actin, green = OP/OPN). Cells on the planar controls formed confluent layers, but by 21 days of culture, very little OC or OPN stain was 
noted. The intensity of stain increased as the cells were cultured on the topographies. Of particular interest was the results for 3:1000 where 
bone nodule formation could be observed (F). Reprinted from Dalby et al., Biomaterials, 2006, 27, 2980-2987, with permission from 
Elsevier.111 
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Furthermore, hybrid micro/nanostructured surfaces have demonstrated enhanced osseoinductivity compared to 

nanostructured surfaces alone. Zhao et al. fabricated osseoinductive TiO2 surfaces by anodization and acid 

etching. Nanotubular surfaces with 25 nm and 80 nm diameter as well as hierarchical hybrid 

micropitted/nanotubular topographies were evaluated. All of the structured topographies promoted osteogenic 

differentiation of MSCs in the absence of osteogenic supplements, with enhanced osteogenesis observed in 

MSCs on hybrid micropitted/nanotubular topographies.120 Chen et al. also demonstrated enhanced osteogenic 

differentiation of MSCs on micro/nanostructured titanium implants fabricated by anodic oxidation and acid 

etching. Surfaces with micro/nanotopographies promoted enhanced ALP activity, mineralization, OPN 

expression, and OCN expression compared to the nanostructured and microstructured substrates.121 

 

MSC responses to nanostructured topographies for osteogenic differentiation have been widely evaluated for 

orthopaedic/dental devices and bone tissue engineering; however, nanoscale features have also been 

investigated to promote stem cell differentiation into other cell lineages. Yim et al. demonstrated enhanced up-

regulation of neuronal markers in MSCs on nanostructured gratings compared to non-patterned and 

micropatterned surfaces.122 Additional studies further confirmed use of nanostructured grooves to promote 

differentiation into neuronal lineage in the absence of biochemical inducing agents.123  

 

Neural Cells 

Effects of surface topography on neural cell responses have been investigated for neural electrode design and 

neural tissue engineering. Neural cell responses, such as adhesion, alignment, axon polarization, and 

differentiation are dependent on surface feature dimensions.  

 

Studies have shown that neural cells exhibit contact guidance on well-defined nanoscale and microscale 

grooves.48, 124, 125 Some studies have demonstrated that contact guidance is dependent on groove feature size,48, 

125 though others have shown contact guidance independent of feature size.124 Nanoscale grooves of 70-1900 nm 

ridge width and 600 nm depth stimulated contact guidance of PC12 cells regardless of feature size, though 

neuritogenesis was decreased on grooves with ridge widths of 70-250 nm.124 Comparison of grooves vs. pores 

(2 m width and 300 nm depth) showed no effect of feature geometry on hippocampal neuron cell adhesion; 

however, axon polarization was increased on grooved substrates.126 Baranes et al. demonstrated significant 

sensitivity of neurons to nanoscale topographies, with neuronal processes interacting with ridges with heights as 

low as 10 nm.48 They showed that contact guidance is dependent on ridge height, with moderate cell alignment 

on ridges of 25 nm height and significant cell alignment on ridges of 100 nm height.48 Ereifej et al. showed 

decreased astrocyte responses on groove patterns with 277 nm groove width and 200 nm depth compared to 

groove patterns with 555 nm groove width (200 nm depth) and non-patterned surfaces. The smaller grooves 

exhibited decreased cell adhesion, inhibition of glial fibrillary acidic protein gene expression, and mitogen-
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activated protein kinase kinase 1 (MAP2k1) gene expression.125 Qi et al. evaluated adult neural stem cell 

(ANSC) response to microscale grooves and pillars. Results showed up-regulation of ANSC differentiation on 

groove and pillar patterns compared to the flat control. Furthermore, differentiation into neurons was enhanced 

on small features (2 m width, 2 m spacing, 4 m depth) compared to large features (10 m width, 10 m 

spacing, 4 m depth).127 

 

Enhanced neural activity on small surface features was also observed on microscale pillars. Hippocampal 

neurons exhibited process outgrowth on nanopillar patterns of 10-100 m diameter and 10-200 m spacing, 

though neuron alignment was increased on nanopillars of small sizes.128 

 

Evaluation of neuron response to nanoroughness (RMS 3.5-80 nm) showed an optimal roughness of 32 nm for 

PC12 differentiation. Furthermore, astrocytes exhibited an increased migratory phenotype on the 32 nm rough 

surfaces. Neuronal cell death was observed on surfaces with roughness greater than 60 nm.129 

 

Comparison of Different Cell Types on Microstructured and Nanostructured Materials 

Cellular response to microstructured and nanostructured topographies is highly variable, depending on cell type 

as well as surface feature geometry, organization, and dimensions. Several studies have evaluated responses of 

different cell types to the same surface topographies, providing insight into the effects of nanostructure on cells 

of diverse origins. In some cases, different cell types exhibited similar behavior while others have shown 

drastically different responses to topography. In some studies, similar responses were observed but specific cell 

types exhibited greater sensitivity to the nanostructures than other cell types, either exhibiting responses to 

features of smaller dimensions, demonstrating more pronounced responses, or displaying expedited responses.  

 

Fibroblasts have shown significant sensitivity to surface topography, and exhibited enhanced cellular functions 

on smooth surfaces compared to rougher topographies.42, 62, 74, 81, 105 They have demonstrated higher sensitivity 

to nanostructured surfaces compared to epithelial cells,83 endothelial cells,62 and smooth muscle cells.62  

 

Osteoblasts, unlike fibroblasts, demonstrate enhanced cellular activity on topographies with nanorough and/or 

microrough topographies compared to flat surfaces. Studies have shown osteoblast responses to nanostructures 

are similar to mesenchymal stem cell response115 but different than fibroblast;105 furthermore, osteoblast 

responses were similar to epithelial cell and endothelial cell responses, but dependent on surface topography 

characteristics.105, 130 Comparisons of epithelial cells, endothelial cells, and myoblasts have shown similar 

responses to different topographies, including pillars and grooves.62, 73  
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Multiple studies have evaluated responses of different cell types to a variety of surface topographies (pillars, 

grooves, texture) on model biomaterials. Dalby et al. evaluated cellular responses to 95 nm diameter islands 

fabricated by polymer demixing and showed significant variability between different cell types. Compared to 

the flat control substrate, the nanoscale islands ellicited no effects on blood cells and platelets, increased 

responses of endothelial cells, and reduced responses of fibroblasts. Endothelial cells exhibited increased cell 

spreading and cytoskeletal organization, while fibroblasts demonstrated inhibited cell spreading with less, more 

diffuse actin stress fibers.42 Prevention of fibrous encapsulation while promoting endothelialization and 

hemocompatibility using nanostructured surfaces has significant potential for cardiovascular devices and 

vascular tissue engineering. 

 

Well-defined, groove patterns of microscale and nanoscale dimensions have been used to evaluate responses of 

different cell types.62 Biela et al. evaluated grooved substrates using human fibroblasts, endothelial cells, and 

smooth muscle cells. They showed that all cell types demonstrated similar contact guidance alignment and 

migration, though fibroblasts exhibited enhanced sensitivity to the groove patterns. Fibroblasts showed 

alignment and cell shape change on minimum groove depths of 50 nm. The less sensitive endothelial cells and 

SMCs required groove depths of 200 nm for significant alignment. Furthermore, the endothelial cells and SMCs 

showed no significant elongation on any grooved surface, while fibroblasts showed increased elongation with 

increased groove depths. Fibroblasts also exhibited increased migration directionality compared to the 

endothelial cells and SMCs.62 In another study, evaluation of various cell types on nanoscale grooves laser 

irradiated in polystyrene showed cell-specific sensitivities to the groove dimensions. Human embryonic kidney 

cells (HEK-293), Chinese hamster ovary (CHO-K1) cells, and skeletal myoblasts were investigated. All cell 

types exhibited size-dependent alignment on nanoscale grooves. Cellular alignment of CHO cells was observed 

weakly on 270 nm periodicity grooves, and strongly on 340 nm and 430 nm periodicity grooves. HEK cells 

only exhibited cell alignment on 340 nm and 430 nm periodicity grooves, with random orientation on features 

with smaller dimensions. Furthermore, the source of the cell also seemed to play a role in the sensitivity to the 

nanogroove feature dimensions, as human myoblasts exhibited greater sensitivity to smaller groove dimensions 

compared to rat myoblasts.74 Fraser et al. compared cellular responses of corneal epithelial cell and stromal 

fibroblast responses to microscale and nanoscale grooves. Cell alignment was greater with fibroblasts on 

grooves with smaller depths compared to epithelial cells, suggesting greater sensitivity. Fibroblasts also 

demonstrated enhanced cell alignment in serum-rich conditions compared to corneal epithelial cells.83 Further 

investigations of cell responses of corneal epithelial cells and primary coronary fibroblasts on polyurethane 

molded grooved substrates was conducted by Liliensek et al. At Day 5 after seeding, the epithelial cells 

demonstrated decreased cell proliferation with decreased groove size down to 200 nm while corneal fibroblasts 

showed no variation in cell proliferation on the grooved nanotopographies compared to the flat control. By Day 

14, however, fibroblast proliferation was decreased on grooves with the smallest feature sizes (400 nm). These 
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results suggest that both corneal epithelial cells and corneal fibroblasts exhibit reduced proliferation on 

nanostructured grooves of small feature sizes, though the timing of the response varies depending on cell type.81  

 

Random, non-patterned surfaces with nanoscale roughness have also been used to evaluate responses of 

different cell types. Webster et al. evaluated the effects of nanophase vs. conventional ceramics (titania, 

alumina, hydroxyapatite) on osteoblasts, fibroblasts, and endothelial cells. Osteoblast adhesion was significantly 

higher on nanophase vs. conventional surfaces, though fibroblast adhesion was significantly decreased. 

Endothelial cell adhesion was less on nanophase alumina and titania but similar on hydroxyapatite.105  

 

Studies have also shown that cellular response to surface topographies is dependent on the cell origin.63, 74, 82 

Rajnicek et al. demonstrated cell-type specific differences in sensitivity to nanostructured surface topography, 

as corneal epithelial cells were more sensitive than lens epithelial cells in response to groove depths. CECs 

exhibited slight alignment on groove depths as small as 14 nm, while LECs only exhibited alignment on 

grooves with 130-320 nm depth.82 In a study by Liliensek et al. two corneal epithelial cell lines were evaluated, 

human corneal epithelial cells (HCECs) and SV40-transformed HCECs. The primary HCECs appeared more 

sensitive to the groove topography, exhibiting decreased cell number on features of 800 nm and 1200 nm, 

compared to SV40-HCECs which show decreased adhesion only at 400 nm groove size.81 Further evaluation of 

contact guidance of endothelial cells on polymeric grooved substrates was conducted using four different 

human vascular endothelial cell types: human umbilical vein endothelial cells (HUVEC), human dermal 

microvascular endothelial cells (hmVEC-d), human aortic endothelial cells (HAEC), and human saphenous vein 

endothelial cells (HSaVEC-c).63 Sensitivity to the nanostructured and microstructured surface features depended 

on the anatomical origin of the cell. HUVECs demonstrated a higher sensitivity to smaller nanoscale features, 

exhibiting reduced cell proliferation.63 Rebollar et al. evaluated nanoscale grooves using both human skeletal 

myoblasts and rat myoblasts. Both myoblasts exhibited contact guidance, though human myoblasts exhibited 

greater sensitivity to smaller groove dimensions compared to rat myoblasts.74 
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Abstract 

Atomic layer deposition is being used for deposition of conformal thin films on a variety of materials, including 

medical device materials and biologically-derived materials. This review describes thin film deposition on materials 

using atomic layer deposition for bioelectronic device, implantable device, biosensor, drug delivery device, tissue 

engineering scaffold, and bioassay device applications. Recent advances in atomic layer deposition technology, 

including low temperature atomic layer deposition of thin films on temperature-sensitive substrates, are considered. 

Finally, translation of atomic layer deposition to commercial use, including use of atomic layer deposition by the 

medical device industry, is described.  
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1. Introduction   

Atomic layer deposition (ALD) is a thin film deposition technique that was originally introduced by Suntola for 

growth of zinc sulfide from H2S and ZnCl2 precursors.1 In 1977, Suntola and Antson patented the use of atomic 

layer deposition for growth of highly-oriented compound thin films.2 This technique was initially utilized for 

production of electroluminescent devices on large substrates (e.g., thin film electroluminescent flat-panel displays).1 

Over the past forty years, research advances have expanded the use of atomic layer deposition technology to include 

deposition of films on materials for microelectronics applications (e.g., large area silicon substrates), materials for 

medical device applications, and biologically-derived materials.3, 4 A variety of materials, including metal oxides, 

metal nitrides, metal sulfides, metals, polymers, and inorganic-organic hybrid materials, have been successfully 

grown using atomic layer deposition.5 

 

In atomic layer deposition, alternating chemical reactions between two gaseous precursor molecules and a solid 

substrate surface are used for depositing thin films in a layer-by-layer manner.4, 5 Under optimized processing 

conditions, one monolayer of precursor gas “a” (e.g., a halide or metal-organic compound) is chemisorbed on the 

surface of the substrate. Precursor gas “b” (e.g., an oxygen source such as water or a metal alkoxide) reacts with the 

chemisorbed precursor “a” at surface of the substrate in order to produce a layer of the thin film material. An inert 

purging gas (e.g., argon) is introduced into the processing environment to minimize interactions between precursor 

gas “a” and precursor gas “b” beyond the substrate surface. Such chemical vapor deposition-type gas phase reactions 

are referred to as “parasitic” reactions; these reactions can result in granular film morphologies.5 In addition, the 

inert purging gas removes excess precursor molecules and reaction by-products from the reaction chamber. Most 

atomic layer deposition processes utilize two surface reactions to deposit a binary compound film (Figure 1). Due to 

the limited number of reaction sites on the substrate surface, each reaction is able to deposit a finite number of 

surface species.5 Due to the self-limiting and sequential nature of the chemical reactions, atomic layer deposition 

provides atomic level control over film thickness. Under ideal conditions, one atomic layer is deposited per cycle; 

reaction cycles are repeated until a desired film thickness is achieved. Extremely smooth, continuous, pinhole-free 

films may be obtained when reactions are driven to completion during each reaction cycle; in such cases, no surface 

sites are left unreacted.5 The continuous nature of atomic layer deposition-grown films is important for 

microelectronic applications (e.g., use as dielectric coatings or insulator coatings) and biomedical applications. 

Deposition of conformal films on high aspect ratio surfaces, including high aspect ratio nanoscale structures such as 

nanopores, nanotubes, and nanowires, as well as other surfaces with complex morphologies may be achieved 

through use of appropriate precursor exposure times and processing parameters.3 Since the gaseous precursors may 

react with all unreacted surfaces under appropriate processing parameters, conformal films with high densities and 

uniform thicknesses may be grown within nanoscale pores, cavities, and geometric features.6 Due to its ability to 

conformally deposit films on substrates with a variety of surface morphologies, atomic layer deposition has become 

a popular approach for depositing thin films on the surfaces of nanostructured materials.3 
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Figure 1. Schematic showing the atomic layer deposition growth process. Reprinted from Thin Solid Films, 517(8), Kim H, Lee HBR, Maeng 
WJ, Applications of atomic layer deposition to nanofabrication and emerging nanodevices, 2563-2580, Copyright (2009), with permission from 
Elsevier.5 
 

 

 

Films with tailored chemistries may be obtained using atomic layer deposition.7 Since film growth takes place in a 

digital manner, multilayered thin films may be grown by sequential deposition of the constituent layers.5 Atomic 

layer deposition also provides a high degree of scalability.5 Since atomic layer deposition precursors are in gaseous 

form, they fill the entire reaction chamber regardless of the substrate geometry; the dimensions of the substrate are 

only limited by the size of the reaction chamber.5 Simultaneous deposition of films on multiple substrates is also 

possible.5 Atomic layer deposition is compatible with a wide range of coating materials and substrate materials, 

including temperature-sensitive substrate materials; high processing temperatures are typically not compatible with 

atomic layer deposition due to precursor decomposition. While atomic layer deposition has numerous advantages 

over other deposition techniques, commercial translation of the process is currently limited by low processing rates 

(between 0.1 Angstrom and several Angstroms per pair of chemical exposures), high precursor material costs, and 

poor precursor utilization efficiencies.6, 8 Furthermore, atomic layer deposition processes require defect-free 

substrates in order to obtain smooth thin films.7, 8  
 

Since its initial use in manufacturing thin film electroluminescent flat-panel displays, atomic layer deposition has 

been used to prepare conformal thin films with low thicknesses as well as atomically-precise thicknesses for a 

variety of semiconductor device applications.6 One industrial use of atomic layer deposition involves fabrication of 

capacitor dielectrics; for example, growth of aluminum oxide coatings in high aspect ratio cylinder/stack structures 

is performed on a commercial basis. In addition, atomic layer deposition is being considered for use in 

complimentary metal-oxide silicon gates and interconnects. Future applications include use in metal fills and 
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barriers for stack/cylinder DRAM capacitors; thin film head sensors for data storage; and tunnel dielectric layers for 

magnetic RAM devices.  

 

Thin films prepared by means of atomic layer deposition or other thin film deposition methods may impart 

biologically-relevant surface properties, including biocompatibility, chemical reactivity, electrical properties, 

mechanical robustness, optical properties, photovoltaic properties, physical properties, sensing properties, and 

surface wettability, to materials used in medical applications.9 This review will provide an overview of the recent 

efforts that involve the use of atomic layer deposition for developing materials, particularly nanostructured 

materials, with medical and biological applications.   

 

2. Atomic Layer Deposition to Fine-Tune Surface Properties and Pore Dimensions of 

Nanoporous Materials 

Nanoporous materials are being evaluated for use to detect, filter, separate, size sort, and/or release biological 

molecules for medical and biological applications.4 Nanoporous structures are frequently observed in biological 

systems; for example, the nanometer-scale protein pores on cell membranes and glomerular basement membranes 

control the movement of biological molecules. Synthetic nanoporous materials have been developed for use in 

implantable drug delivery systems, bioartificial organs, biosensors, tissue engineering scaffolds, molecular 

separation devices, immunoisolation devices, microdialysis systems, and other medical devices. Due to the 

conformal nature of atomic layer deposition-grown thin films, atomic layer deposition may be used to alter the pore 

size in a digital manner while retaining the pore geometry. Furthermore, atomic layer deposition-grown thin films 

may be used to tailor the biological, chemical, and/or electrical properties of the nanoporous material for a given 

application. 

 

For example, Chen et al. grew alumina thin films on nanoporous silicon nitride membranes using atomic layer 

deposition; the surface properties of the atomic layer deposition-grown coating facilitated detection of DNA.10 

Aluminum oxide was selected as the thin film material since it exhibits a nominal isoelectric point at pH 9.0 and 

does not repel a negatively-charged biological molecule at lower pH values. The dimensions of the focused ion 

beam-generated pores were shown to diminish in size after atomic layer deposition; in addition, the pores retrained 

their original shapes. By reducing pore size, translocation of the biological molecule is retained; however, 

undesirable interactions are minimized. They demonstrated that the atomic layer deposition-modified membranes 

reduced unwanted selectivity and provided a higher yield of functional nanopore sensors. 

 

More recently, Ahmadi et al. demonstrated use of high-resolution e-beam lithography and atomic layer deposition 

for reproducibly creating nanopore arrays in a highly scalable manner.11 They created arrays of 825 nanopores 

across 4 inch wafers, which contained 16-to 50-nm thick silicon nitride films; atomic layer deposition of aluminum 
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oxide was subsequently used to reduce pore size to 20 nm. A high device survival rate (96%) was obtained with a 

wafer containing 50-nm silicon nitride thin films. Potential use of these materials for single molecule sensing of 

DNA, proteins, or other molecules was described. 

 

Im et al. deposited thin alumina dielectric layers to controllably modify the optical transmission properties of 

plasmonic nanostructures.12 They fabricated 16 x 16 nanohole arrays (pore diameter = 180 nm) in 200-nm-thick gold 

or silver films on glass substrates and subsequently coated these arrays with ~20 nm alumina overlayers by means of 

atomic layer deposition. The alumina layer served to red-shift the resonance wavelength of the metallic films. 

Furthermore, the alumina overlayer did not reduce the detection sensitivity of the metallic films. The alumina 

overlayer was shown to serve as a passivation layer and protect the reactive silver film against unwanted oxidation. 

Use of these membranes in fluorescence imaging and biosensing was described. 

 

Venkatesan et al. developed a solid-state nanopore sensor for single-molecule sensing, particularly DNA analysis.13 

In their work, atomic layer deposition was used to deposit a 700 Angstrom layer of alumina on silicon; plasma-

enhanced chemical vapor deposition was subsequently used to deposit a 500 nm layer of silicon nitride, which 

served to reduce capacitance. Optical lithography, reactive ion etching, deep reactive ion etching, and focused 

electron beam etching were used in sensor fabrication. The final aluminum oxide film exhibited a thickness of 60 

nm and contained 1-16 nm diameter pores; the pore size was selected to facilitate entry of unfolded DNA. These 

structures exhibited an order of magnitude reduction in high-frequency noise in comparison with silicon nitride 

structures. In addition, detection of single biological molecules (e.g., 5 kbp dsDNA) was demonstrated. Potential 

bionanotechnology applications, including use for examining cell signaling, protein secretion, RNA translation, and 

viral infection, were described. 

 

Merchant et al. demonstrated modification of graphene nanopores using atomic layer deposition.14 They created 

graphene membranes with 1-5 nm thickness and 5-10 nm diameter nanopores. The large ionic blocked currents for 

these materials were attributed to the low membrane thickness. The as-prepared materials exhibited high ionic 

current noise levels. Membranes coated with a 5 nm thick titanium dioxide film using atomic layer deposition 

demonstrated lower noise levels and exhibited hydrophilic surface properties. Use of these nanopore devices for 

sensing DNA molecules was described. 

 

Chen et al. described tuning of pore size and alteration of pore chemistry using atomic layer deposition.15 'Kinked' 

silica nanopores were created using evaporation induced self-assembly; a non-ionic surfactant (Brij 56) was utilized 

as a structure-directing agent. Atomic layer deposition was subsequently used to reduce the pore diameter from 2.6 

to 1.4 nm; atomic layer deposition-grown titania or an aminosilane thin film provided an appropriate surface 

chemistry. The kinked nanopores demonstrated up to a fivefold decrease in translocation velocity in comparison 
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with conventional “straight through” nanopores. These “kinked nanopore” structures enabled transport of ssDNA 

and rejected transport of dsDNA. Synthetic solid-state nanopores may be used for detecting and characterizing 

single molecules of DNA, proteins, and RNA.  

 

Atomic Layer Deposition for Surface Engineering of Anodized Aluminum Oxide Membranes 

Atomic layer deposition may also be used for functionalization of anodized aluminum oxide membranes. This 

material exhibits several beneficial properties for medical applications, including high porosities, straight pores, 

uniform pore sizes, and well-defined pore geometries. In addition, anodized aluminum oxide membranes possess a 

narrow pore size distribution as well as stability at high temperatures. As previously mentioned, alumina exhibits 

chemical stability and resistance to oxidation. Atomic layer deposition has been used by several investigators to 

deposit conformal thin films on the surfaces of anodized aluminum oxide membranes. The benefits of this approach 

include improving the biological and chemical properties of the membrane as well as decreasing the pore size.4, 16  

 

Velleman et al. demonstrated structural and chemical modification of porous anodized aluminum oxide membranes 

using a two-step process, which is shown in Figure 2.17 In the first step, anodized aluminum oxide membranes with 

20, 100 and 200 nm pore sizes were coated with silica using atomic layer deposition; this approach enabled a 

reduction in the pore size to the desired value (<10 nm). In the second step, the surfaces were hydroxylated and 

coated with perfluorodecyldimethylchlorosilane, a hydrophobic silane, by means of a self-assembly process. The 

perfluorodecyldimethylchlorosilane surface provided selective transport functionality; enhanced transport of the 

hydrophobic molecule tris(2,2'-bipyridyl)dichlororuthenium(II) hexahydrate over the hydrophilic molecule Rose 

Bengal was provided by the hydrophobic membrane. Their work indicates that anodized aluminum oxide 

membranes with optimized surface chemistry and pore size may be used for biosensing, cell culture, drug delivery, 

molecular separation, and tissue engineering. 
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Figure 2. Schematic of structural and chemical modification of AAO membranes, which includes (a) bare membrane, (b) atomic layer deposition 
(ALD) of silica, (c) hydroxylation step by water plasma, and (d) functionalization of silica-modified AAO membranes by 
perfluorodecyldimethylchlorosilane (PFDS). The top of the pores is presented. Reprinted from Microporous and Mesoporous Materials, 126, 
Velleman L, Triani G, Evans PJ, Shapter JG, Losic D, Structural and chemical modification of porous alumina membranes, 87-94, Copyright 
(2009), with permission from Elsevier.17 

 
 
 
Moon et al. used atomic layer deposition to modify anodized aluminum oxide surfaces for interaction with 

bacteriophage phi29 virus nanoparticles. They used atomic layer deposition to coat anodized aluminum oxide 

membranes with alumina thin films. As shown in Figure 3, the atomic layer deposition-grown alumina thin films 

reduced membrane pore size from 70 nm to 15 nm.18 In one series of experiments, bifunctional modifier (3-

(trimethoxysilyl)propyl aldehyde) was used to functionalize a membrane with a pore diameter of 39 nm; silane 

groups on 3-(trimethoxysilyl)propyl aldehyde formed covalent bonds with aluminum oxide. The amine groups of 

procapsid attached to the aldehyde-silanized membrane; attachment of the procapsids on the top surfaces of the 

membrane as well as in the pores was demonstrated. In another series of experiments, a centrifuge was used for 

isolation and alignment of bacteriophage phi29 viral nanoparticles; fluorescence microscopy revealed that the DNA-

packaged phi29 viral nanoparticles were largely located on the top surface of the 38 nm pore size membranes. On 

the other hand, empty phi29 viral nanoparticles penetrated through the 38 nm pore size membranes. Use of atomic 

layer deposition-modified anodized aluminum oxide membranes for creating viral nanoparticle-membrane 

composites as well as for concentration and purification of virus particles was noted. 
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Figure 3. Field emission scanning electron microscopy images of the anodic aluminum oxide (AAO) membranes, which are reduced in size by 
atomic layer deposition (ALD). The images show: (a) and (b) 75±5 nm as-prepared nanoporous membranes, (c) and (d) 39±4 nm ALD-modified 
nanoporous membranes, (e) and (f) 25±3 nm ALD-modified nanoporous membranes, and (g) and (h) 15±1 nm ALD-modified nanoporous 
membranes. With kind permission from Springer Science+Business Media: Biomedical Microdevices, Capture and alignment of phi29 viral 
particles in sub-40 nanometer porous alumina membranes, 11, 2009, 135-142, Moon JM, Akin D, Zuan Y, Te PD, Guo PX, Bashir T, Figure 2.18 
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Narayan et al. used atomic layer deposition to deposit titanium oxide coatings on anodized aluminum oxide 

membranes with pore sizes of 20 nm and 100 nm.19 Scanning electron microscopy indicated that the titanium oxide 

coating contained nanocrystals with lateral dimensions of ~20 nm; in addition, these nanocrystals extended to the 

middle of the 60 m thick pores. Raman spectra of the titanium oxide-coated membranes showed distinct bands, 

which corresponded to the anatase phase of titanium oxide. Both the 20 nm and 100 nm pore size titanium oxide-

coated anodized aluminum oxide membranes did not exhibit statistically lower viability as compared with uncoated 

membranes. During in vitro assays, the 20 nm pore size titanium oxide-coated anodized aluminum oxide membranes 

under exposure to a Woods Light ultraviolet source showed a decrease in the amount of Staphylococcus aureus and 

Escherichia coli attachment as compared with the uncoated membrane. Use of these materials in self-sterilizing 

medical devices or "smart" drug delivery devices was described. 

 

Narayan et al. used atomic layer deposition to deposit partially continuous platinum coatings on anodized aluminum 

oxide membranes containing 20 nm diameter pores.16 Self-assembly of 1-mercaptoundec-11-yl hexa(ethylene 

glycol) monolayers was subsequently performed on the platinum-coated anodized aluminum oxide membranes. The 

pores of these modified membranes remained free of fibrin networks, protein adsorption, platelet aggregation, and 

other fouling after exposure to human platelet rich plasma. Zinc oxide thin films were deposited using atomic layer 

deposition on anodized aluminum oxide membranes that contained 100 nm diameter pores. Scanning electron 

microscopy and energy-dispersive X-ray analysis indicated that the zinc oxide thin films were continuous and 

uniform within the pores. X-ray diffraction showed that the thin film contained hexagonal zincite; using the Scherrer 

formula, the crystal size was estimated as 8 nm. MTT viability assay data for the uncoated 100 nm pore size 

nanoporous alumina membranes and the zinc oxide-coated 100 nm pore size nanoporous alumina membranes 

showed that zinc oxide-coated anodized aluminum oxide membranes supported higher human epidermal 

keratinocyte cell viability than uncoated anodized aluminum oxide membranes. They attributed this result to 

interactions between keratinocytes and released zinc ions; enhanced keratinocyte proliferation has been associated 

with zinc-based activation of mitogen-activated protein kinase and promotion of DNA synthesis. In vitro agar 

plating assays showed that the zinc oxide-coated nanoporous alumina membranes inhibited the growth of 

Escherichia coli and Staphylococcus aureus under either continuous light or dark exposure. In a subsequent study, 

Narayan et al. deposited 5-6 nm thick zinc oxide thin films on 20 nm pore size nanoporous alumina membranes 

(Figure 4). The zinc oxide coated membranes showed higher viability for human epidermal keratinocytes than the 

uncoated membranes. The coated membranes were shown to inhibit the growth of Escherichia coli and 

Staphylococcus aureus using a liquid broth assay and an agar plating assay (Figure 5).20 These functionalized 

anodized aluminum oxide membranes have a variety of potential medical and biological applications, including in 

drug delivery, biosensing, and hemodialysis. 
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Figure 4. Plan-view scanning electron micrograph obtained from the large pore side of a zinc oxide-coated 20 nm pore size nanoporous alumina 
membrane. Reprinted from Materials Today, 13, Narayan RJ, Adiga SP, Pellin MJ, Curtiss LA, Stafslien S, Chisholm B, Monteiro-Riviere NA, 
Brigmon RL, Elam JW, Atomic layer deposition of nanoporous biomaterials, 60-64, Copyright (2011), with permission from Elsevier.20 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Light microscopy images of agar plating assay results. Images were obtained after twenty-four hours of incubation. Zinc oxide-coated 
20 nm pore size nanoporous alumina membranes and uncoated 20 nm pore size nanoporous alumina membranes were examined on Luria-Bertani 
agar plates, which were inoculated with Escherichia coli. (a) Uncoated 20 nm pore size nanoporous alumina membrane under continuous light 
exposure. (b) Zinc oxide-coated 20 nm pore size nanoporous alumina membrane under continuous light exposure. (c) Uncoated 20 nm pore size 
nanoporous alumina membrane without light exposure. (d) Zinc oxide-coated 20 nm pore size nanoporous alumina membrane without light 
exposure. An absence of microbial growth was observed on the surfaces of the zinc oxide-coated nanoporous alumina membranes without light 
exposure and under continuous light exposure. Small zones of inhibition were observed surrounding the zinc oxide-coated nanoporous alumina 
membranes, indicating release of zinc oxide. Reprinted from Materials Today, 13, Narayan RJ, Adiga SP, Pellin MJ, Curtiss LA, Stafslien S, 
Chisholm B, Monteiro-Riviere NA, Brigmon RL, Elam JW, Atomic layer deposition of nanoporous biomaterials, 60-64, Copyright (2011), with 
permission from Elsevier.20 
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Abstract 

Several recent research efforts have focused on use of computer-aided additive fabrication technologies, 

commonly referred to as additive manufacturing, rapid prototyping, solid freeform fabrication, or three-

dimensional printing technologies, to create structures for tissue engineering. For example, scaffolds for tissue 

engineering may be processed using rapid prototyping technologies, which serve as matrices for cell ingrowth, 

vascularization, as well as transport of nutrients and waste. Stereolithography is a photopolymerization-based 

rapid prototyping technology that involves computer-driven and spatially-controlled irradiation of liquid resin. 

This technology enables structures with precise microscale features to be prepared directly from a computer 

model. In this review, use of stereolithography for processing trimethylene carbonate, polycaprolactone, and 

poly(D,L-lactide) poly(propylene fumarate)-based materials is considered. In addition, incorporation of 

bioceramic fillers for fabrication of bioceramic scaffolds is reviewed. Use of stereolithography for processing of 

patient-specific implantable scaffolds is also discussed. In addition, use of photopolymerization-based rapid 

prototyping technology, known as two-photon polymerization, for production of tissue engineering scaffolds 

with smaller features than conventional stereolithography technology is considered. 
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1. Introduction 

Stereolithography has become a valuable tool for fabrication of biocompatible tissue engineering scaffolds due 

to its ability to fabricate precise internal architectures and external geometries, which match those of human 

tissue. This rapid prototyping technique produces complex structures using a layer-by-layer approach that is 

based on spatially controlled solidification of liquid-based resins by photopolymerization. During fabrication by 

stereolithography, ultraviolet (UV) light is irradiated on the photosensitive resin surface in a precise pattern, 

which is defined by computer-aided design (CAD) files. Free radicals and other reactive species are formed 

upon excitation of photoinitiator molecules by UV light, causing polymerization of the resin and formation of a 

solid phase of the material. The first layer of photopolymerized polymer is adhered to a build platform, which 

provides support for structures as they are fabricated. Once this layer is polymerized, the platform is moved a 

defined step height for polymerization of the subsequent layer. The process of moving the support platform and 

curing each layer individually is repeated until the three-dimensional structure is complete. 

 

Two different methods of irradiation may be applied to stereolithography, laser-based stereolithography and 

digital light projection stereolithography. The laser-based method is a direct write approach in which a 

computer-manipulated laser beam fabricates structures in a vector-by-vector, bottom-up manner. In digital light 

projection, the UV light source is projected on a transparent surface at the bottom of a vat, which holds the 

photosensitive resin; an entire layer of material is simultaneously polymerized upon light exposure. In initial 

attempts involving this approach, a physical mask was applied to define the specific pattern to be illuminated 

during light projection stereolithography.1 Resolution and design flexibility of projection stereolithography was 

greatly enhanced with the application of a liquid crystal display (LCD) to prepare specific irradiation patterns.2 

The projection system further evolved when digital micromirror devices (DMD) were applied as a dynamic 

pattern generator, which enabled high resolution stereolithography. DMDs employ several microscale mirrors 

that are arranged in an array, in which each mirror is capable of being independently rotated. An illustration and 

a photograph of a stereolithography apparatus (SLA) employing a DMD pattern generator is shown in Figure 1. 

LCD and DMD pattern generators have significantly enhanced the efficiency and resolution of projection 

stereolithography.  
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Figure 1. Schematic drawing (left) and photograph (right) of the microstereolithography apparatus. Reprinted from Microelectronic 
Engineering, Volume 86, Kang HW, Rhie JW, Cho DW, Development of a bi-pore scaffold using indirect solid freeform fabrication based 
on microstereolithography technology, Pages 941-944, Copyright (2009), with permission from Elsevier. 

 
 

 

Stereolithography enables significant freedom of design and is capable of fabricating minimum features sizes on 

the micrometer scale; although some stereolithography systems are capable of preparing structures with ≤5 μm 

features, most commercial systems prepare structures with ≥ 50 μm features.3 The versatility in design and 

precise nature of stereolithography enables fabrication of complex scaffolds with physiologically-relevant 

microstructures. Scaffolds with well-defined pore sizes, porosities, pore distributions, pore interconnectivity, 

and pore gradients have been fabricated using stereolithography. These scaffolds exhibit structural and 

mechanical properties that mimic that of native tissue and may permit cellular ingrowth and vascularization as 

well as transport of nutrients and waste. The ability to fabricate patient-specific scaffold implants using clinical 

medical imaging modalities, including computed tomography (CT) and magnetic resonance imaging (MRI), has 

further enhanced the utility of stereolithography in scaffold production for tissue regeneration. Advancements in 

resin materials as well as incorporation of bioactive materials and fillers have also improved the applicability of 

stereolithography in tissue engineering. This review focuses on stereolithography of novel materials, which 

exhibit a broad range of mechanical properties and biological functionalities.  

 

2. Two-Photon Polymerization of Tissue Engineering Scaffolds 

Two-photon polymerization (2PP) is a stereolithography approach in which the photosensitive resin is 

polymerized upon nearly simultaneous absorption of two photons using a femtosecond laser.55 The confined 
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energy causes a localized chemical reaction, which enables fabrication of features as small as 100 nm. Since the 

2PP approach cures a three-dimensional unit volume (voxel) of material, 2PP does not involve movement of a 

platform in order to create a three-dimensional structure.55 Instead, the laser focus is commonly moved along a 

two-dimensional scanning path; beam spot translation in the Z-axis allows three-dimensional structures to be 

created. The development of two-photon polymerization has permitted fabrication of scaffolds with nanoscale 

features similar to those within the natural extracellular matrix of natural tissue. The small-scale features 

obtained with 2PP enables further evaluation of the effects of scaffold structure and morphology on cell 

behavior and biological mechanisms. Additional details on the use of two photon polymerization to create 

scaffolds for tissue engineering are described in a recent review by Gittard et al.56 

 

Ovsianikov et al. utilized 2PP to fabricate methacrylamide-modified gelatin (GelMOD) scaffolds with 1.5 m 

topographic features.57 The scaffolds contained 250 m x 250 m rectangular pores. These pores were filled 

with a mesh-like polymeric network, possibly due to diffusion-driven polymerization. In vitro cell studies using 

porcine mesenchymal stem cells demonstrated that this network functions to entrap cells and promote cellular 

integration within the scaffold; treatment in collagenase solution for up to two hours resulted in partial or 

complete degradation of the mesh, causing poor cell adhesion upon seeding.57 

 

Psycharakis et al. evaluated 2PP-fabricated scaffolds with various organic-inorganic compositions, geometries, 

and pore sizes.58 Hybrid materials of methacyrloxypropyl trimethoxysilane (MAPTMS) and methacrylic acid 

(MAA) with various ratios of zirconium n-propide, titanium, or alkoxysilane groups were fabricated into cubic 

and porous scaffolds with 2PP; a Ti sapphire femtosecond laser operating at 800 nm was used in this study. 

NIH/3T3 mouse fibroblasts were seeded up to 7 days on the scaffolds. The results indicated that that the 

organic-inorganic ratio of the scaffold material and the scaffold features affected cell growth; an increase in cell 

proliferation was associated with decreasing MAA content. Cellular attachment was not significantly different 

between cubic scaffolds of various sizes. The woodpile porous scaffolds had highest cell densities and the 

rectangular porous scaffolds with 20 m pore sides had the lowest cell densities.58 

 

Recently, Kapyla et al. used 2PP to fabricate unique scaffolds with hollow sphere repeating units for 

geometrical analysis of scaffold precision and cellular response.59 The commercial polymer-ceramic material 

Ormocomp® was used to make scaffolds of various pore diameters and unit cell dimensions. Scaffolds with the 

highest interconnectivity contained 60 m diameter hollow spheres and 54 m pore openings and were used for 

in vitro analysis involving human adipose stem cells. Live/dead staining demonstrated that the majority of cells 

remained viable for the entire culture duration; cells expressed normal mesenchymal stem cell biomarkers such 

as CD73, CD90, and CD105.59   
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3. Conclusions 

Stereolithography is a rapid prototyping technique that permits fabrication of intricate designs with exceptional 

accuracy. This approach has been used to fabricate scaffolds with well-defined pore sizes, porosities, pore 

distributions, pore interconnectivity, and pore gradients out of a variety of biocompatible materials. 

Optimization of stereolithography processing parameters, novel photopolymerizable resins, and developments 

in the processing equipment have allowed precise fabrication of structures on the micrometer and sub-

micrometer scale. The high resolution and freedom of design provided by stereolithography hold significant 

potential in biomedical engineering. Recently developed biodegradable and biocompatible materials exhibit 

mechanical, chemical, and biological characteristics that are more suitable for use in implants than previous 

materials. The control over feature size provided by stereolithography enables production of scaffolds with 

narrow variations in pore geometry and pore sizes; such structures may be used to evaluate the effects of 

scaffold structure on cellular response and tissue integration. Fillers and bioactive compounds may be used to 

enhance the mechanical integrity and biological functionality of stereolithography-fabricated scaffolds, 

respectively. Stereolithography combined with a medical imaging modality (e.g., MRI or CT) enables advances 

in personalized medicine through rapid fabrication of patient-specific tissue engineering scaffolds. Numerous 

studies have shown the potential of these structures and materials as implants through in vitro analysis and in 

vivo animal studies; however, very few scaffolds fabricated by stereolithography have been used in clinical 

trials involving human subjects. Although the materials and procedures discussed in this review hold significant 

promise for tissue engineering scaffold fabrication, additional studies such as long-term toxicological studies 

and long-term mechanical studies are necessary in order to facilitate translation and widespread clinical use. 
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Abstract 

Nanostructured biomaterials have been investigated for medical device applications to achieve desired tissue-

material interactions. One such material is nanocrystalline diamond (NCD), a synthetic diamond thin film with 

nanoscale grain sizes that exhibits material properties similar to those of natural diamond. NCD is mechanically 

robust, chemically inert, biocompatible, and exhibits excellent tribological properties, which make it an ideal 

implant coating material. Recently, NCD has been investigated for ophthalmic, cardiovascular, dental, and 

orthopaedic device applications. The aim of this study was to evaluate the in vitro biocompatibility of 

nanocrystalline diamond coatings for orthopaedic applications and to determine if surface topography affects 

cellular response. NCD coatings with varying nanoscale topographies (grain sizes 5-400 nm) were deposited on 

silicon substrates using microwave plasma chemical vapor deposition. Scanning electron microscopy and 

atomic force microscopy characterization revealed uniform films with different scales of surface topography; 

Raman spectroscopy confirmed the presence of carbon bonding typical of diamond thin films. Cell viability, 

proliferation, and morphology responses of human bone marrow-derived mesenchymal stem cells (hBMSCs) to 

NCD surfaces were evaluated. hBMSCs on NCD coatings exhibited similar cell viability, proliferation, and 

morphology as those on the control tissue culture polystyrene. No significant differences in cellular response 

were observed on NCD coatings of different nanostructured topographies. Our data shows that NCD coatings 

demonstrate in vitro biocompatibility irrespective of their surface topography, making them desirable for use in 

implantable medical devices. 

 

Keywords: Nanocrystalline diamond, nanostructured surfaces, orthopaedic implants, mesenchymal stem cells 
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1. Introduction 

Nanocrystalline diamond (NCD) coatings are synthetic diamond films containing nanoscale diamond grains 

embedded in an amorphous carbon matrix with material properties similar to natural diamond. NCD is 

mechanically robust, chemically inert, biocompatible, and exhibits excellent tribological properties, which make 

it an ideal orthopaedic implant coating material. These coatings have shown promise in a variety of medical 

implants including dental implants,1, 2 orthopaedic fixation devices,3 temporomandibular joint prostheses,4, 5 and 

hip joint prostheses.6  

 

The high hardness (56-80 GPa)7 and low coefficient of friction (0.1-0.15)8 of NCD coatings provide significant 

wear resistance for articulating surfaces of joint implants. Wear debris particles from orthopaedic implants may 

cause osteolysis and aseptic loosening which can lead to implant failure. Studies have shown that NCD coatings 

provide improved wear resistance compared to metal-on-metal and metal-on-polymer implants, reducing the 

size and number of wear particles produced.6 Furthermore, diamond particles have demonstrated less 

inflammatory responses compared to ultra-high molecular weight polyethylene (UHMWPE) and cobalt-

chromium (Co-Cr) particles.9 By providing significant wear resistance and biocompatible wear products, NCD 

coatings have potential to improve implant function and extend device lifetimes. 

  

In addition to superior tribological properties, NCD exhibits chemical stability and inertness, enabling long-

term in vivo applications. NCD coatings have high corrosion resistance which can reduce biocorrosion 

associated with conventional metallic implants.10 Furthermore, NCD coatings prevent leaching of harmful metal 

ions which cause local and systemic hypersensitivity, reduced cellular activity, and inflammation.11 Advances in 

thin film technologies have enabled deposition of NCD coatings on a variety of implant biomaterials, such as 

cobalt chromium alloys,12 titanium,13 titanium alloys,1, 4, 10, 14 stainless steel,15 and tungsten carbide (WC-Co).16 

Incorporating NCD coatings on conventional metallic implants may significantly improve long-term stability of 

the implant and reduce adverse biological responses associated with metal/metal alloy biomaterials.  

 

NCD has significant potential as an orthopaedic implant coating due to its excellent biological properties. NCD 

coatings have demonstrated improved resistance to bacterial colonization and similar biocompatibility 

compared to conventional orthopaedic biomaterials, stainless steel and titanium.13-15, 17 Furthermore, NCD 

provides a tunable biomolecular interface for simple surface functionalization, a stable template for 

immobilization of bioactive molecules, and an excellent substrate for cell integration.18-20 In vitro studies on 

NCD coatings for hard-tissue applications have demonstrated excellent biocompatibility. Osteoblasts and 

human mesenchymal stem cells have exhibited enhanced cell adhesion, proliferation, metabolic activity, and 

osteogenic differentiation on NCD coatings compared to control materials. Clem et al. demonstrated higher 

human mesenchymal stem cell adhesion and proliferation on NCD coatings compared to Co-Cr substrates, 
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though less mineral deposition compared to cells grown on Ti-6Al-4V.14 Pareta et al. showed higher human 

osteoblast adhesion on NCD surfaces compared to titanium.13 In vivo studies of NCD coatings have also 

demonstrated acceptable biocompatibility for implant applications with minimal to no adverse responses.21 

 

NCD coatings exhibit surface topographies on the nanoscale, mimicking the structural components of the 

extracellular matrix which plays a critical role in regulating cell behavior. Human bone is composed of 

nanoscale organic and mineral phases arranged hierarchically. Constituents in bone tissue include 

hydroxyapatite with features between 2-5 nm width and 50 nm length as well as Type I collagen which has 0.5 

nm width and 300 nm length.22 Biologically-inspired nanoscale surface topographies have been evaluated for 

orthopaedic implants to enhance cellular response to the device, potentially improving implant integration.  

 

The nanostructured topography of NCD coatings may be modified by altering the substrate roughness or by 

controlling the grain size through optimization of nucleation density and growth conditions during deposition. 

Several studies have investigated the role of NCD micro- and nanoscale surface features on human bone-

derived cell responses, showing an effect of topography on cell adhesion, morphology, metabolic activity, 

proliferation, protein production, and osteogenic differentiation.23-25 The general consensus is that NCD surface 

properties may be altered to control cellular responses, although the correlation between NCD surface 

topography and cellular responses is complex and not fully understood.25 By understanding the effect of 

different coating nanotopographies on bone-derived cells, NCD coatings can be optimized for orthopaedic 

applications for improved tissue integration or prevention of biofouling. 

 

In this study, we investigated the effects of NCD coating nanotopography on biological response through 

reproducible fabrication of NCD coatings with uniform nanoscale surface topographies, physico-chemical 

characterization of NCD coatings, and evaluation of in vitro biological response to NCD coatings using human 

bone marrow-derived mesenchymal stem cells (hBMSCs). The goal of the study was to identify the effects of 

NCD surface topography on cellular responses and to optimize the biological response for orthopaedic implant 

applications. 

 

2. Materials & Methods 

 

2.1 Deposition of Ultrananocrystalline and Nanocrystalline Diamond Coatings 

Microwave plasma chemical vapor deposition (MPCVD) was used to deposit ultrananocrystalline and 

nanocrystalline diamond coatings with varying nanoscale topographies on polished silicon substrates. 

Nanocrystalline diamond coatings with different grain sizes in the range of 5-400 nm were synthesized, 

including ultrananocrystalline diamond (UNCD), nanocrystalline diamond with small grain sizes (NCD-S), 
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nanocrystalline diamond with medium grain sizes (NCD-M), and nanocrystalline diamond with large grain sizes 

(NCD-L). Nucleation pretreatment was carried out in an ultrasonic bath prior to deposition. Sample 

pretreatment involved sonication of the polished silicon substrate in nanodiamond suspension in methanol for 3 

minutes with subsequent rinsing in methanol, acetone, and isopropanol. A Lambda Technologies microwave 

plasma chemical vapor deposition system (Lambda Technologies, Raleigh, NC) in the clean room at the Center 

for Nanoscale Materials (Argonne National Laboratory, Argonne, IL) was used for ultrananocrystalline and 

nanocrystalline diamond deposition. By varying the deposition parameters during MPCVD deposition, 

ultrananocrystalline and nanocrystalline diamond thin films with varying grain sizes were deposited.  

 

Depositions were conducted using a gas mixture of argon (Ar), methane (CH4), and hydrogen (H2). The CH4 

concentration (1.2 sccm) was kept constant between samples. The term sccm denotes standard cubic centimeters 

per minute at standard temperature and pressure. The argon/hydrogen gas ratio was varied to control the 

diamond grain size, thereby controlling the surface topography. Argon concentrations ranging from 350-400 

sccm and hydrogen concentrations ranging from 8-20 sccm were applied. Depositions were performed at a 

substrate temperature of 800-850°C, a working pressure of 120 mbar, and an input power of 2100 W. The 

duration of the deposition process was 1-3 hours.  

 

Chemical-mechanical polishing of UNCD was used to produce nearly atomically smooth diamond coatings. 

The chemical-mechanical polishing of ultrananocrystalline diamond (CMP-UNCD) was conducted by a 

commercial source (Sinmat Inc., Gainesville, FL).  

 

2.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to evaluate surface morphologies of the NCD coatings and to 

characterize grain size and uniformity of each coating. Secondary electron images (SEI) of the NCD coatings 

were obtained using a Raith 150 SEM (Raith GmbH, Dortmund, Germany). An acceleration voltage of 20 kV 

was applied for image acquisition. ImageJ software (NIH, Bethesda, MD) was used to measure approximate 

grain sizes for all samples using the SEM micrographs.  

 

2.3 Atomic Force Microscopy 

Atomic force microscopy (AFM) imaging was performed on a MFP-3D-Bio AFM (Asylum Research, Santa 

Barbara, CA). Silicon probes (model #TAP150A) with resonant frequency of 150 kHz (Bruker, Santa Barbara, 

CA) were used for tapping mode AFM imaging in air. The samples were sequentially washed with acetone, 

ethanol and deionized (DI) water to remove any organic contaminations or particulates, and then blown dry 

with high purity nitrogen gas. An area of 3 μm x 3 μm was scanned and roughness analysis was performed by 
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averaging the data from at least three images acquired from different areas. The root mean square (RMS) values 

were reported to demonstrate the difference of surface roughness among different surfaces.  

 

2.4 Raman Spectroscopy 

The chemical bonding character of different types of carbon in the UNCD and NCD coatings was characterized 

by Raman spectroscopy. Confocal Raman spectroscopy was performed on the UNCD and NCD films with a 

Renishaw InVia Raman Microscope (Renishaw, Gloucestershire, UK). Raman spectra were obtained using two 

different wavelengths. An He-Ne laser with a wavelength of 633 nm and a 1800 l/mm grating was applied in 

extended mode. The laser was applied to the sample through a 50X objective lens. In addition, a 325 nm UV 

laser with a 3600 l/mm grating was applied in extended mode. The laser was applied to the sample through a 

40X UV objective lens.  

 

2.5 Sample Preparation and Cell Culture 

Uncoated and diamond-coated silicon substrates were diced to 3.5 mm x 3.5 mm squares using a Tcar® 864-1 

programmable dicing saw with smart grafix (Thermocarbon, Inc., Casselberry, FL). These dimensions were 

chosen to fit in 96-well tissue culture polystyrene (TCPS) plates. After dicing, diamond samples and uncoated 

silicon substrate materials were rinsed in acetone and DI water. Samples were subsequently blown dry with 

nitrogen to remove any residual contaminants or particulates. 

  

Silicon, CMP-UNCD, UNCD, NCD-S, NCD-M, and NCD-L samples were placed in 96-well TCPS plates for 

cell culture experiments. TCPS samples were punched out and used as controls for all assays. All samples were 

then sterilized under UV light for 30 minutes in a cell culture hood. Samples were then incubated at room 

temperature in 1X GibcoTM Penicillin-Streptomycin-Neomycin (PSN) Antibiotic Mixture (50 g/mL Penicillin, 

50 g/mL Streptomycin, 100 g/mL Neomycin) for 30 minutes. Samples were washed with sterile 1X 

phosphate buffered saline (PBS) twice and dried prior to cell seeding. 

 

Primary human bone marrow-derived mesenchymal stem cells (hBMSCs) (Lonza) were cultured at 37°C with 

5% by volume CO2 in mesenchymal stem cell basal medium (Lonza) supplemented with 10% mesenchymal 

cell growth supplement (MCGS), 2% L-glutamine, and 0.1% gentamicin sulfate amphotericin-B (GA-1000). 

For seeding coatings, hBMSCs were dissociated with 0.25% mass fraction trypsin (containing 1 mmol/L 

ethylenediaminetetraacetic acid (EDTA)) and resuspended in medium prior to cell counting. Passage 5 cells 

were used for all experiments. hBMSCs were added to each sample at a cell density of 30,000 cells/mL for cell 

morphology experiments and 250,000 cells/mL for cell viability and proliferation experiments. To ensure the 

cells were seeded directly on the sample with minimal cells on the 96-well plate, a 10 L droplet of cell 
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suspension was carefully pipetted onto each sample and allowed to adhere for 3 hours before adding 200 L of 

medium to each well. Cells were incubated at cell culture conditions and medium was changed twice per week.  

 

2.6 Cell Viability: MTT Assay  

Cell viability on the NCD coatings was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) (MTT) assay (CellTiter 96® Non-Radioactive Cell Proliferation Assay, Promega, Madison, WI). A 

cell concentration of 250,000 cells/mL was seeded on the samples. After a 24-hour incubation, 15 L of MTT 

dye was added to each well with 100 L media. The 96-well plate was then incubated at 37°C and 5% CO2 for 

2 hours. After incubation, 100 L of Solubilization Solution/Stop Solution was added and the plate was 

incubated an additional 1 hour. Each well was carefully mixed and samples were removed. Absorbance was 

measured at a wavelength of 570 nm with a reference wavelength of 650 nm using a 96-well OPTIMax Plate 

Reader (Molecular Devices, Sunnyvale, CA). Cells grown on the TCPS chips were used as controls. The data 

was normalized to the TCPS controls and MTT reduction was expressed as percent viability of the TCPS 

controls. No cell controls were also included for each sample type to identify any interactions between the MTT 

dye and the carbon-based coatings which could result in assay interference.  

 

2.7 Cell Proliferation: Picogreen® DNA Assay 

Quant-iTTM PicoGreen® dsDNA quantitation assay (Life Technologies, Grand Island, NY) was used to 

determine cell proliferation up to one week after initial cell seeding. Samples were washed with sterile 1X PBS 

and then incubated for 18 hours at 60°C in a papain enzyme digestion buffer containing 0.175 U/ml Papain and 

14.5 mmol/L L-cysteine. After incubation, 50 L of cell lysate was transferred to a 96-well plate and diluted 

with 50 L of Quant-iT Picogreen reagent (5 l stock in 1 ml 1X TE buffer). A Molecular Devices (Sunnyvale, 

CA) SpectraMax® GeminiTM EM microplate reader was used to measure fluorescence at an excitation 

wavelength of 485 nm and an emission wavelength of 538 nm. Cell total DNA was calibrated using a DNA 

standard curve with known DNA concentrations. 

 

2.8 Cell Morphology: Fluorescent Staining & Morphometric Analysis 

For fluorescent staining of cells, a low seeding density (300 cells/sample) was used so that individual cells 

could be imaged on the sample surface after a 24-hour incubation. Samples were washed with sterile 1X PBS 

twice. Cells were fixed with 3.7% (m/v) formaldehyde in PBS buffer for 30 minutes. Samples were washed 

twice with 1X PBS and permeabilized with 0.2% Triton X-100 for 3 minutes. Samples were washed twice with 

1X PBS and stained for 1 hour with Alexa Fluor® 594 Phalloidin (20 nmol/L in PBS) and SYTOX® Green 

Nucleic Acid Stain (100 nmol/L in PBS) (Life Technologies, Grand Island, NY) to stain for f-actin and nuclei. 

Cells were then washed twice with 1X PBS to remove excess dye. Cells were imaged at 10X magnification 

using a Zeiss Axioskop2plus microscope with a Zeiss AxioCam (Zeiss, Jena, Germany).  
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Cell morphology analysis was performed using ImageJ software (NIH, Bethesda, MD). Merged fluorescence 

images with Alexa Fluor® Phalloidin-stained actin and SYTOX® green-stained nuclei were used to ensure that 

cell morphology was assessed for single cells only (one nucleus). Alexa Fluor® 546 Phalloidin-stained actin 

images were used to assess cell morphology. After threshold adjustments were made to create binary images, 

cell outlines were produced and morphometric analysis was performed. Cell area, perimeter, circularity, feret’s 

diameter, aspect ratio, and solidity were measured. Circularity is measured on a scale of 0-1, with one indicating 

a perfect circle and increasing elongated shape as the value approaches zero. Feret’s diameter is the longest 

distance between any two points on the cell perimeter. Aspect ratio is a measurement of the cell’s fitted ellipse 

with the major axis divided by the minor axis. Solidity is a measurement of the cell’s convex/concave nature, 

measured by total area divided by the convex area. A graphic representation of the morphometric analysis 

procedure is shown in Figure 1. A total of n=100 cells were analyzed for each sample, except CMP-UNCD 

which had n=55 cells evaluated due to limited sample numbers. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Cell morphometric evaluation using fluorescent images and ImageJ analysis.  

 
 
 
2.9 Cell Morphology: SEM 

Cell adhesion and cell morphology on UNCD and NCD-L coatings were evaluated using SEM. Samples for 

SEM were rinsed with warm PBS to remove non-adherent cells and fixed using filtered 2% glutaraldehyde 

(Tousimis Research Corp. Inc., Rockville, MD) in PBS for 18-24 hours at room temperature. After two 10 

minute rinses with PBS, adhered cells were dehydrated using a graded ethanol series. Samples were immersed 

in increasing ethanol concentrations (0%, 25%, 50%, 70%, 95%, and 100%) for 10 minute increments. Samples 

were then incubated in hexamethyldisilane (HMDS) (Acros Organics, Geel, Belgium) for 10 minutes at room 

temperature. After removal of HMDS, samples were left to dry overnight. Samples were sputter coated with 

gold and examined using a JEOL JSM-6390LV SEM microscope (JEOL, Tokyo, Japan). 

 

2.10 Statistical Analysis 

The results from each data set were analyzed using Prism statistical software (GraphPad Inc., La Jolla, CA). 

Results were expressed as mean ± standard deviation. Statistical differences between control and NCD coatings 
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were assessed using one-way ANOVA, with a Bonferroni post hoc test. Each experiment was repeated at least 3 

times with each assay in duplicate. A p-value of less than 0.05 was considered significantly different. 

 

3. Results  

 

3.1 Fabrication and Characterization of Ultrananocrystalline and Nanocrystalline Diamond Coatings  

Ultrananocrystalline and nanocrystalline diamond coatings with controllable grain sizes were deposited on 

silicon substrates using MPCVD. By varying the argon/hydrogen gas ratio, substrate temperature, and 

deposition time, ultrananocrystalline and nanocrystalline diamond coatings with varying surface 

nanotopographies were fabricated in a reproducible manner. Five different nanocrystalline diamond coatings 

were fabricated including chemically-mechanically polished ultrananocrystalline diamond (CMP-UNCD), 

ultrananocrystalline diamond (UNCD), nanocrystalline diamond with small grain sizes (NCD-S), 

nanocrystalline diamond with medium grain sizes (NCD-M), and nanocrystalline diamond with large grain sizes 

(NCD-L). Deposition parameters used for each type of ultrananocrystalline diamond and nanocrystalline 

diamond coating is shown in Table 1. 

 
 
 
Table 1. Deposition parameters for fabrication of ultrananocrystalline and nanocrystalline diamond coatings with different surface 
topographies using MPCVD. 

 
 
 
SEM micrographs of the UNCD and NCD coatings (Figure 2) show homogeneous, conformal films with grain 

sizes on the nanoscale for all as-deposited coatings. The polished silicon substrate material (Figure 2A) was flat, 

with no visible imperfections. The chemically-mechanically polished UNCD (Figure 2B) exhibited no 

discernable grain sizes, though some non-polished areas, or pits, were visible. As-deposited UNCD coatings had 

small crystallite gain sizes less than 20 nm with average grain sizes less than 10 nm. NCD-S and NCD-M 

(Figure 2C & 2D) coatings contained clusters with spherical grains with an average grain size of 50-80 nm 

Diamond Coating Type Abbreviation 
Substrate 

Temperature 
[°C] 

Gas Ratio [sccm] 
Pressure 
[mbar] 

Power 
[W] 

Time 
[hr] 

Ar CH4 H2 

Chemically-mechanically 
polished ultrananocrystalline 

diamond 
CMP-UNCD 850 400 1.2 8 120 2100 4 

Ultrananocrystalline 
diamond 

UNCD 850 400 1.2 8 120 2100 1 

Nanocrystalline diamond 
with small grain sizes 

NCD-S 850 380 1.2 20 120 2100 2 

Nanocrystalline diamond 
with medium grain sizes 

NCD-M 800 350 1.2 50 120 2100 3 

Nanocrystalline diamond 
with large grain sizes 

NCD-L 800 400 1.2 30 120 2100 3 
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(NCD-S) and 80-150 nm (NCD-M). The NCD-L coatings (Figure 2E) exhibited more geometrically-shaped, 

faceted grains with an average grain size of 200-280 nm. The range of grain sizes and average grain sizes for 

each UNCD and NCD coating are shown in Table 2. 

 
 
 

Table 2. Analysis of surface nanotopography by SEM and AFM, including grain size and roughness measurements. 

 

Coating 
Grain Size [nm] RMS 

[nm] Grain Size Range Avg. Grain Size 

Silicon - - 0.0002 

CMP-UNCD - - 6.58 

UNCD < 10 2-5 9.20 

NCD-S 20-150 50-80 15.18 

NCD-M 50-250 80-150 22.73 

NCD-L 80-400 200-280 26.45 

 
 
 
 
AFM micrographs (Figure 3) further demonstrated the variations in surface feature geometry and surface 

roughness of the diamond coatings. Root-mean-square (RMS) values ranging from 6 nm (UNCD) to 27 nm 

(NCD-L) were measured. Quantitative roughness analysis, including RMS measurements, is shown in Table 2.  

 

Confocal Raman spectra of the UNCD and NCD coatings are shown in Figure 4. The carbon-carbon bonding of 

the coatings was evaluated using Raman spectra acquired at 325 nm (UV). All samples exhibited similar Raman 

spectra with dominant peaks at approximately 1332 cm-1 and 1570 cm-1 as well as a broad peak at 1360 cm-1. 

The peak at 1332 cm-1 is attributed to sp3-hybridized carbon, typical of diamond.26 A slight shoulder observed at 

1360 cm-1 (D-band) and the peak at 1570 cm-1 (G-band) are attributed to sp2-hybridized amorphous carbon.27 

The ratio of the intensity of the 1332 cm-1 peak and the 1570 cm-1 peak varied between the samples. A sharp 

diamond peak at 1332 cm-1 was visible in the NCD-L spectra with less pronounced D- and G-peaks. The 1332 

cm-1 peak was broader, with lower intensity for the other diamond coatings, such as UNCD and NCD-S. The 

Raman spectra for the UNCD coatings (CMP-UNCD and UNCD) showed a significantly lower intensity 1332 

cm-1 diamond peak, and the spectrum was dominated by the graphitic carbon D- and G-bands at 1360 cm-1 and 

1570 cm-1. 
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Figure 2. SEM micrographs of uncoated silicon (A), CMP-UNCD (B), UNCD (C), NCD-S (D), NCD-M (E), and NCD-L (F).  

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. AFM micrographs of uncoated silicon (A), CMP-UNCD (B), UNCD (C), NCD-S (D), NCD-M (E), and NCD-L (F).  
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Figure 4. Raman spectra of ultrananocrystalline and nanocrystalline diamond coatings. The prominent peak at 1332 cm-1 is attributed to sp3-
hybridized carbon, typical of diamond.  
 
 
 

 
3.2 Cell Viability and Proliferation on NCD Coatings 

hBMSCs were cultured for 24 hours on UNCD and NCD coatings with different nanotopographies and 

analyzed for metabolic activity using the MTT assay. The metabolic activity, representative of cell viability, is 

shown in Figure 5. All UNCD and NCD coatings demonstrated similar cell viability compared to the control 

TCPS, suggesting the NCD coatings are good substrates to support cell growth. No statistically significant 

differences in cell viability were observed on nanocrystalline diamond coatings of different nanostructured 

topographies.  

 

hBMSCs were cultured for up to 7 days on UNCD and NCD coatings and evaluated for cell proliferation at Day 

1 and Day 7 using the PicoGreen® DNA quantification assay. Similar to the cell viability results, hBMSC 

proliferation on UNCD and NCD coatings (Figure 6) was not affected by the coatings compared to the TCPS 

control. hBMSCs on the UNCD and NCD coatings showed similar cell proliferation at Day 1 and Day 7 after 

seeding compared to the TCPS control. hBMSC proliferation was observed for up to 7 days on all UNCD and 

NCD coatings. No statistically significant differences in cell proliferation were observed on UNCD and NCD 

coatings of different nanostructured topographies, indicating the diamond coatings are suitable for supporting 

hBMSC cell growth regardless of grain size.  
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Figure 5. MTT viability assay of hBMSCs on silicon, CMP-UNCD, UNCD, NCD-S, NCD-M, and NCD-L relative to the TCPS control. 
hBMSCs were grown on the surfaces for 24 hours and then assayed. *Statistical difference (p<0.05) in viability of hBMSCs on the test 
material relative to the TCPS control. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Picogreen® DNA cell proliferation assay of hBMSCs on TCPS, silicon, CMP-UNCD, UNCD, NCD-S, NCD-M, and NCD-L. 
hBMSCs were grown on the surfaces and assayed after 1 day and 7 days. No statistically significant differences (p<0.05) were observed 
between materials. 
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3.3 Cell Morphology on NCD coatings 

hBMSCs were seeded at a low density on UNCD and NCD coatings for evaluation of cell morphology after a 

24-hour growth period. Cells adhered to all UNCD and NCD coatings, as well as the uncoated silicon substrate 

and TCPS. Fluorescent microscopy images of hBMCs stained for actin (red) and nuclei (green) are shown in 

Figure 7. hBMSCs on all test materials exhibited significant variability in cell morphology. hBMSCs showed 

significant cell spreading with filopodia extensions, though some cells were less spread and more elongated. 

Due to the random nature of the surface topography, the hBMSCs did not exhibit any distinct cell 

orientation/alignment on any test surfaces. 

 

Morphometric analysis of individual cells performed by ImageJ software provided quantitative evaluation of 

hBMSC morphology on all test materials. Average measurements of cell area, perimeter, circularity, Feret’s 

diameter, aspect ratio, and solidity are shown in Figure 8. The large error bars show the significant variability in 

cell morphology of hBMSCs on each coating, as shown in the fluorescent images. hBMSCs on TCPS and all 

diamond coatings showed markedly higher cell area than on the silicon substrate material, indicating greater cell 

spreading. For all measurements, the UNCD and NCD coatings exhibited similar cell morphology as the control 

TCPS.  

 
 
 
 
 
 
 
 
 
  
 

 

 

 

 

 

Figure 7. Fluorescent images of hBMSCs growing on (A) CMP-UNCD, (B) UNCD, (C) NCD-S, (D) NCD-M, (E) NCD-L, (F) TCPS, and 
(G) silicon. Nuclei are stained green and actin filaments are stained red. hBMSCs were grown for 24 hours prior to cell staining.  
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Figure 8. Morphometric analysis of hBMSCs growing on TCPS, silicon, CMP-UNCD, UNCD, NCD-S, NCD-M, and NCD-L.  

 
 
 
 
SEM micrographs of hBMSCs on NCD coatings showed diverse cell morphology, confirming the results of the 

fluorescence image analysis. High magnification SEM micrographs of hBMSCs on the smooth UNCD and the 

rough NCD-L coatings are shown in Figure 9. Several long filopodia extensions are visible on hBMSCs on both 

diamond coatings, regardless of surface topography.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. SEM micrographs of hBMSC filopodia on UNCD (A) and NCD-L (B) diamond coatings after 24-hour growth. 
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4. Discussion 

The first event to occur upon implantation of a biomaterial is adsorption of proteins from the physiological 

environment. Surface properties of the biomaterial influence the amount and orientation of protein adsorption 

which then influences the cellular and tissue response.28 Protein and cell interactions with implant surfaces are 

dependent on several material properties, including surface chemistry, wettability, and topography.29-32 The 

complex interactions between these surface properties and the difficulty in controlling these properties 

independently make understanding cell-material interactions extremely challenging.  

 

This study focused on the fabrication of NCD coatings with gradual increases in grain size/surface topography. 

The surface and material properties of NCD films are dependent on the deposition parameters applied, including 

gas phase composition, pressure, substrate temperature, and duration. Hydrogen is a major component of the 

gas mixture used for diamond nucleation and growth by chemical vapor deposition, as it is related to several 

growth processes such as stabilization of the diamond lattice and removal of non-diamond constituents.33, 34 The 

hydrogen concentration and grain size of NCD films are influenced by the hydrogen concentration during 

deposition.33 Previous studies have shown significant variability in nanocrystalline diamond surface topography 

fabricated by chemical vapor deposition using different hydrogen gas ratios.13, 25 

 

In this study, the deposition parameters, including the hydrogen/argon gas ratio and deposition time, were 

varied to fabricate five different nanocrystalline diamond coatings of different surface topography, including 

ultrananocrystalline diamond. UNCD and NCD thin films are distinguished by their grain size with UNCD 

having 2-5 nm grain sizes and NCD with grain sizes of 10 nm and above (up to 500 nm). The different growth 

parameters applied resulted in diamond surface topographies ranging from UNCD with spherical grain sizes 

less than 10 nm to NCD-L coatings with geometrical, faceted grain sizes up to 400 nm. These coatings 

exhibited varying spatial topographies as well as roughness amplitudes, as indicated by the RMS values ranging 

from 6-27 nm.  

 

Raman spectroscopy confirmed the similar composition of the UNCD and NCD coatings, with primary peaks at 

approximately 1332 cm-1 (diamond peak), 1360 cm-1 (D-band), and 1570 cm-1 (G-band). The D-band and G-

band peaks are attributed to sp2-hybridized amorphous carbon. A difference in the ratio of intensity of the 1332 

cm-1 peak and the 1570 cm-1 peak was observed between the different diamond coatings. These differences are 

due to the strong relationship between the physical properties of the NCD coatings and the ratio of the sp2 

(graphite-like) to sp3 (diamond-like) bonds.26 Diamond films with columnar diamond grains of large grain sizes, 

such as NCD-L, exhibit a lower density of grain boundaries and a lower sp2-hybridized carbon content;27 

therefore, the Raman spectra for such coatings are dominated by the diamond peak at 1332 cm-1 with less 

pronounced D- and G-peaks. The broadened 1332 cm-1 peak observed is consistent with findings for NCD films 
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with smaller grain sizes.27 For coatings with grain sizes ~5 nm, such as the UNCD coatings, the intensity of the 

1332 cm-1 diamond peak decreases significantly and the spectrum is dominated by the graphitic carbon D- and 

G-peaks at 1360 cm-1 and 1570 cm-1. The structural differences between these materials are relative to the 

number of grain boundaries which contain sp2 carbon and hydrogen.  

 

The diamond coatings were evaluated in terms of hBMSC responses with regard to cell viability, proliferation, 

and morphology. The results of the hBMSC viability and proliferation assays indicated good biocompatibility 

of the UNCD and NCD coatings, with similar responses as the control TCPS. The diamond coatings 

demonstrated robust cell proliferation, supporting cell growth for up to 7 days. No statistically significant 

differences in cell viability or cell proliferation were observed between UNCD and NCD coatings with different 

surface topographies. Cell morphology of hBMSCs on UNCD and NCD coatings were evaluated, as cell 

morphology is closely linked to cell function. hBMSCs adhered to all diamond coatings and exhibited cell 

spreading and filopodia extensions. Morphometric analysis showed significant variability in hBMSC 

morphology on all coatings, with no significant differences observed between diamond coatings with different 

nanostructured topographies. 

 

Previous studies evaluating bone-cell responses to NCD coatings with different surface topographies have 

reported varied results.23-25 Kalbacova et al. demonstrated decreased metabolic activity of SAOS-2 human 

osteoblast-like cells on NCD coatings compared to the TCPS control regardless of surface topography (RMS 

11-39 nm). They showed enhanced cell spreading with thick actin stress fibers and strong focal adhesions on 

oxygen-terminated NCD compared to as-deposited diamond, but did not report any differences in cell 

morphology of osteoblasts on the different surface topographies.23, 35 In contrast, Yang et al. showed enhanced 

human fetal osteoblast adhesion, cell spreading, proliferation, protein synthesis, and differentiation on NCD 

coatings with less than 100 nm topographies compared to diamond coatings with submicron surface features. 

Further studies evaluating cell filopodia extension and cell spreading on nanostructured diamond coatings 

suggested that increased lateral or vertical dimensions in surface features may inhibit cell filopodia extension 

and decrease cell spreading.25, 36, 37 Grousova et al. observed higher metabolic activity but less cell spreading of 

human osteoblast-like MG 63 cells on nanostructured NCD compared to micro/nanostructured NCD.24 The 

coatings with higher degrees of roughness exhibited hierarchically micro- and nanoscale structures since the 

NCD was deposited on pre-roughened silicon substrates (RMS 300 nm); therefore, the comparison in 

topography was nanostructure alone vs. hybrid micro/nanostructure rather than nanostructure vs. microstructure. 

Furthermore, these coatings were oxygen-terminated after deposition to provide a more hydrophilic substrate 

than the as-deposited coatings. The variable cell responses observed in these studies are possibly due to 

differences in coating feature characteristics (geometry and size), variations in surface chemistry/wettability 

from post-processing, and/or differences in responses of different bone-derived cell types.  
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To our knowledge, there have not been any previous studies on the effects of nanostructure of NCD coatings on 

human bone marrow-derived mesenchymal stem cells; however, studies have shown that human mesenchymal 

stem cells are able to identify and respond to surface features at both the microscale and nanoscale.38 

Furthermore, studies have shown that NCD coatings provide a suitable substrate to support hBMSC cell growth. 

Amaral et al. demonstrated hBMSC cell proliferation and osteogenic differentiation on NCD-coated silicon 

nitride (RMS 68 nm).39 Clem et al. also showed that hydrogen-terminated nanostructured diamond coatings 

(RMS 5 nm) support mesenchymal stem cell adhesion, proliferation, and osteogenic differentiation.14 

 

5. Conclusions 

Nanocrystalline diamond has demonstrated significant potential as a biomaterial coating for orthopaedic 

implants due to its superior tribological properties, chemical inertness, and excellent biocompatibility. In this 

study, UNCD and NCD coatings with varying nanoscale topographies (grain sizes 5-400 nm) were deposited on 

silicon substrates in a reproducible manner using microwave plasma chemical vapor deposition. Scanning 

electron microscopy and atomic force microscopy characterization of the coatings demonstrated uniform, 

conformal coatings with different scales of surface features and roughness measurements; Raman spectroscopy 

confirmed sp3-hybridized carbon, typical of diamond thin films, in all coatings. Cell viability, proliferation, and 

morphology responses of human bone marrow-derived mesenchymal stem cells to UNCD and NCD surfaces 

were evaluated. hBMSCs on UNCD and NCD coatings exhibited similar cell viability, proliferation, and 

morphology as those on the control tissue culture polystyrene, indicating that UNCD and NCD are suitable 

platforms to support hBMSC adhesion and growth. No significant differences in cellular responses were 

observed on UNCD and NCD coatings with different nanostructured topographies. These results suggest UNCD 

and NCD coatings demonstrate in vitro biocompatibility regardless of their nanoscale surface topography, 

making them desirable for use in orthopaedic medical devices. 
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Abstract 

Surface modification of vascular stents to promote in situ endothelialization is a promising approach to reduce 

in-stent restenosis and thrombogenic complications. Nanocrystalline diamond (NCD) coatings are of interest for 

vascular stent applications due to their high corrosion resistance, mechanical robustness, high wear resistance, 

chemical stability, and biocompatibility. The aim of this study was to evaluate NCD as a stent coating using 

human coronary artery endothelial cells (hCAECs) and to optimize the surface topography of the NCD coatings 

to promote endothelialization. Two NCD coatings with varying grain sizes (<150 nm and < 400 nm) were 

deposited on silicon substrates using microwave plasma chemical vapor deposition (MPCVD). In vitro cell 

viability and proliferation data showed that NCD films are biocompatible, with cell viability and proliferation 

similar to the control tissue culture polystyrene. No significant differences in cell viability or cell proliferation 

for up to 5 days were noted among diamond films of different nanoscale topographies. Analysis of hCAEC cell 

morphology on NCD films showed that hCAECs adhered to all NCD coatings, with increased cell spreading on 

coatings with small grain sizes at Day 1. Immunofluorescent staining showed hCAECs grown on NCD 

maintained their phenotype and formed intercellular junctions typical of endothelial cells. Our results suggest 

NCD coatings promote attachment and growth of hCAECs, making them desirable for use in cardiovascular 

stents. Furthermore, surface optimization of NCD coatings with small grain sizes may contribute to enhanced in 

situ endothelialization of vascular stents.  

 

Keywords: Nanocrystalline diamond, nanostructured surfaces, cardiovascular device, stents, endothelialization 
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1. Introduction  

In-stent restenosis and thrombogenic complications are significant clinical concerns related to the 

biocompatibility of cardiovascular stents.1, 2 Injury to the vascular intima and removal of the endothelial lining 

during vascular stent implantation may result in thrombus formation, inflammation, and smooth muscle cell 

(SMC) migration and proliferation.1, 3, 4 A major cause of restenosis after stenting is neointimal hyperplasia, in 

which the vascular SMCs proliferate and migrate, resulting in thickening of the arterial walls and decreased 

lumen space.4, 5 In healthy vasculature, the native endothelial cell lining provides a natural, non-thrombogenic 

surface and prevents over-proliferation of the inner endothelium; therefore, one approach to significantly 

enhance the hemocompatibility of implanted cardiovascular stents is to augment rapid surface endothelialization 

at areas of stent-induced endothelial denudation, thus leading to fewer thrombotic events.6-8  

 

Since protein and cellular interactions are initiated at the tissue-device interface, surface modifications hold 

significant potential for improving device biocompatibility. Surface engineering of stents have been applied to 

minimize stent occlusion, to prevent thrombus formation, and to promote endothelialization of the device.9 To 

improve hemocompatibility and endothelial cell adhesion while preventing neointimal hyperplasia, various 

types of stent surface modifications have been investigated including drug eluting polymers, radioactive 

compounds, and bioactive coatings.9 Drug-eluting stents with localized immunosuppressive and 

antiproliferative drug delivery have significantly decreased neointimal hyperplasia; however, studies have 

shown that these devices demonstrate increased risk of late-stage thrombosis.10-12 Physical and chemical vapor 

deposition techniques have been used to coat stents with various inert and bioactive materials to reduce in-stent 

restenosis, including silicon carbide (SiC),8, 13 diamond-like carbon (DLC),14, 15 titanium-nitride-oxide 

(TiNOX),16, 17 iridium/titanium-oxide,18 and graphene.19  

 

Nanocrystalline diamond (NCD) coatings are of interest for vascular stent applications due to their high 

corrosion resistance, mechanical robustness, high wear resistance, chemical stability, and excellent 

biocompatibility.20-23 The chemical inertness of NCD enables use in long-term in vivo applications, providing a 

protective coating to reduce biocorrosion and to prevent release of harmful metal ions.24 NCD coatings have 

demonstrated superior blood compatibility with high resistance to platelet adhesion and low thrombogenicity 

compared to conventional cardiovascular device materials.24, 25 Furthermore, advancements in growth 

procedures have enabled deposition of NCD coatings on a variety of stent biomaterials, including cobalt 

chromium alloys,26 stainless steel,24 titanium,27, 28 and titanium alloys.21, 29, 30 A recent in vivo study of NCD-

coated coronary stents has shown a significant reduction in neointimal hyperplasia compared to uncoated 

stainless steel stents when implanted in porcine coronary arteries.31 
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The tunable nanostructured topography of NCD coatings enables optimization of surface properties to modulate 

cellular response. Variations in surface topographies of NCD coatings has demonstrated a significant effect on 

biological response, including cellular adhesion, proliferation, and differentiation;32-34 furthermore, biomaterials 

with surface structures in the micro- and nanometer range have been shown to influence various endothelial cell 

responses, including cell adhesion,7, 35-37 orientation,37-40 elongation,39, 40 migration,37, 39, 40 and proliferation.7, 35, 

39 The effects of micro- and nanostructures on endothelial cell responses are dependent on the size, order, and 

geometry of the surface structures;36-40 therefore, the effects of NCD surface nanotopography on vascular 

endothelial cell-material interactions should be investigated for stent applications to improve device 

endothelialization, thus enhancing hemocompatibility. 

 

The aim of this study was to evaluate the in vitro biocompatibility of nanocrystalline diamond as a stent coating 

using human coronary artery endothelial cells (hCAECs). The effects of NCD surface nanotopography on 

vascular endothelial cell responses were investigated to optimize the biological response for cardiovascular 

device applications. 

 

2. Materials & Methods 

 

2.1 Deposition of Nanocrystalline Diamond Coatings 

NCD thin films of varying surface topographies were deposited on polished silicon wafers using microwave 

plasma chemical vapor deposition (MPCVD) (Lambda Technologies, Raleigh, NC) at the Center for Nanoscale 

Materials at Argonne National Laboratory (Argonne, IL). Prior to deposition, the polished silicon substrates 

underwent nucleation pretreatment in an ultrasonic bath, including sonication in nanodiamond suspension in 

methanol for 20 minutes as well as subsequent rinsing in methanol, isopropanol, and acetone. Depositions were 

performed using a gas mixture of hydrogen, argon (400 sccm), and methane (1.2 sccm). The term sccm denotes 

standard cubic centimeter per minute at standard temperature and pressure. The hydrogen concentration was 

varied to fabricate NCD films with different grain sizes. A hydrogen concentration of 10 sccm was applied for 

fabrication of NCD coatings with small grain sizes (NCD-S) and 30 sccm for NCD coatings with large grain 

sizes (NCD-L). All depositions were conducted at a substrate temperature of 800-850°C, a working pressure of 

120 mbar, and an input power of 2100 W. MPCVD deposition durations of 2 hours (NCD-S) and 3 hours 

(NCD-L) were applied. 
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2.2 Physico-Chemical Characterization of NCD Coatings  

 

2.2.1 Scanning Electron Microscopy 

Prior to physico-chemical characterization, NCD samples were sequentially rinsed in acetone, ethanol and 

deionized (DI) water and then blown dry with high purity nitrogen gas to remove any organic contaminants or 

particulates. Surface morphology was evaluated using scanning electron microscopy (SEM). Secondary electron 

images (SEI) of the NCD coatings were acquired using a Raith 150 SEM (Raith GmbH, Dortmund, Germany). 

An acceleration voltage of 20 kV was applied for image acquisition. ImageJ software (NIH, Bethesda, MD) was 

used to measure approximate grain sizes for all samples using the SEM micrographs. 

 

2.2.2 Atomic Force Microscopy 

Atomic force microscopy (AFM) of the NCD coatings was performed using a MFP 3-D microscope (Asylum 

Research, Santa Barbara, CA) with tapping mode imaging in air. A scan area of 3 μm x 3 μm was evaluated on 

3 samples of each NCD coating type and roughness analysis was performed.  

 

2.2.3 Raman Spectroscopy 

Confocal Raman spectroscopy was conducted on the NCD films using a Renishaw (Gloucestershire, UK) InVia 

Raman Microscope. A 325 nm UV laser with a 3600 l/mm grating was applied in extended mode. The laser was 

applied to the sample through a 40X UV objective lens. 

 

2.3 In Vitro Biological Evaluation of NCD Coatings using hCAECs 

 

2.3.1 Sample Preparation and Cell Culture 

Diamond-coated silicon substrates were diced to 5 mm x 5 mm squares using a dicing saw. These dimensions 

were chosen to fit in 48-well tissue culture polystyrene (TCPS) plates. After dicing, diamond samples were 

sequentially sonicated in acetone, sonicated in isopropanol, and rinsed in running DI water. Samples were 

subsequently blown dry with nitrogen to remove residual contaminants and/or particulates. 

 

NCD-S and NCD-L samples were placed in 48-well TCPS plates for cell culture experiments. TCPS samples 

were cut to 5 mm x 5 mm squares and used as controls for all assays. All samples were sterilized under UV 

light for 30 minutes in a cell culture hood. Samples were then incubated at room temperature in 1X GibcoTM 

Penicillin-Streptomycin-Neomycin (PSN) Antibiotic Mixture (50 g/mL Penicillin, 50 g/mL Streptomycin, 

100 g/mL Neomycin) for 30 minutes. Samples were washed with sterile 1X phosphate buffered saline (PBS) 

twice and dried prior to cell seeding. 
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Human coronary artery endothelial cells (Lonza, Walkersville, MD) were cultured at 37°C with 5% by volume 

CO2 in endothelial cell basal medium-2 (EBM-2) supplemented with recombinant human epidermal growth 

factor (rhEGF), recombinant human fibroblast growth factor basic (rhFGFb), recombinant human long R3-

insulin-like growth factor-1 (R3-IGF-1), vascular endothelial growth factor (VEGF), gentamicin sulfate 

amphotericin-B (GA-1000), fetal bovine serum, hydrocortisone, and ascorbic acid. For cell seeding, hCAECs 

were dissociated with 0.25% mass fraction trypsin (containing 1 mmol/L ethylenediaminetetraacetic acid 

(EDTA)) and resuspended in medium prior to cell counting. hCAECs were added to each sample at a cell 

density of 125,000 cells/mL. To ensure the cells were seeded directly on the sample with minimal cells on the 

48-well plate, a 20 L droplet of cell suspension was carefully pipetted onto each sample and allowed to adhere 

for 2 hours before adding 180 L of medium to each well. Cells were incubated at cell culture conditions and 

medium was changed twice per week. Passage 3-4 cells were used for all experiments. 

 

2.3.2 Cell Adhesion: Fluorescent Staining of Paxillin 

hCAECs were seeded at a low seeding density (625 cells/sample) to evaluate adhesion molecules of individual 

cells on NCD coatings. One day after seeding, hCAECs were rinsed twice with 1X PBS for 2 minutes per wash 

and fixed with 3.7% (m/v) formaldehyde for 30 minutes. Samples were then rinsed three times with 1X PBS for 

2 minutes per wash. Samples were permeabilized with 0.2% Triton X-100 for 5 minutes, rinsed twice with 1X 

PBS, and blocked with 2% goat serum for 30 minutes. Samples were then incubated in primary antibodies 

(1:200 Monoclonal Anti-Paxillin, mouse) (Sigma-Aldrich, St. Louis, MO) for 1 hour at 37°C, incubated in 

secondary antibodies (1:200 Alexa Fluor® 488 Goat Anti-Mouse IgG) (Life Technologies, Grand Island, NY) 

for 1 hour at 37°C, incubated in Alexa Fluor® 594 Phalloidin (20 nmol/L in PBS) (Life Technologies, Grand 

Island, NY) for 1 hour at room temperature, and then stained with 1 g/mL Hoechst (Life Technologies, Grand 

Island, NY) for 1 minute. Samples were rinsed three times with 1X PBS between each staining step. Samples 

were then imaged at 10X and 20X magnifications using a Nikon Eclipse TE2000 Inverted Microscope with a 

Nikon DS-Qi1 monochrome digital camera (Nikon Corporation, Tokyo, Japan). 

 

2.3.3 Cell Morphology: Fluorescent Staining of Actin and Nuclei 

hCAEC morphology on NCD-S, NCD-L, and TCPS was evaluated at Day 1 and Day 5 after seeding using 

fluorescent staining of actin and nuclei. Samples were washed with sterile 1X PBS twice and fixed with 3.7% 

(m/v) formaldehyde in PBS buffer for 30 minutes. Samples were washed twice with 1X PBS and permeabilized 

with 0.2% Triton X-100 for 3 minutes. Samples were washed twice with 1X PBS and stained for 1 hour with 

Alexa Fluor® 594 Phalloidin (20 nmol/L in PBS) and SYTOX® Green Nucleic Acid Stain (100 nmol/L in 

PBS) (Life Technologies, Grand Island, NY) to stain for f-actin and nuclei. Cells were then washed twice with 

1X PBS to remove excess dye. Cells were imaged at 10X and 20X magnifications using a Nikon Eclipse 
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TE2000 Inverted Microscope with a Nikon DS-Qi1 monochrome digital camera (Nikon Corporation, Tokyo, 

Japan). 

 

2.3.4 Vascular Endothelial Markers: Fluorescent Staining of Von Willebrand Factor & Platelet Endothelial 

Cell Adhesion Molecule-1 

Vascular endothelial markers of hCAECs on NCD-S, NCD-L, and TCPS were evaluated at Day 1 and Day 5 

after seeding using immunofluorescent staining of Von Willebrand Factor (vWF) and platelet endothelial cell 

adhesion molecule-1 (PECAM-1/CD31). hCAECs were rinsed twice with 1X PBS for 5 minutes/wash and fixed 

with 3.7% (m/v) formaldehyde for 30 minutes. Samples were then rinsed three times with 1X PBS for 5 minutes 

per wash. Samples were permeabilized with 0.2% Triton X-100 for 5 minutes and incubated in 2% goat serum 

twice for 5 minutes per block. Samples were then incubated in primary antibodies (1:200 mouse anti-CD31 & 

1:400 rabbit anti-vWF) (Sigma-Aldrich, St. Louis, MO) for 1 hour at 37°C, incubated in secondary antibodies 

(1:200 Alexa Fluor® 488 Goat Anti-Mouse IgG & 1:200 Alexa Fluor® 594 goat anti-rabbit IgG) (Life 

Technologies, Grand Island, NY) for 1 hour at 37°C, and then stained with 1 g/mL Hoechst (Life 

Technologies, Grand Island, NY) for 1 minute. Samples were rinsed three times with 1X PBS between each 

staining step. Samples were then imaged at 10X and 20X magnifications using a Nikon Eclipse TE2000 

Inverted Microscope with a Nikon DS-Qi1 monochrome digital camera (Nikon Corporation, Tokyo, Japan). 

 

2.3.5 Cell Viability: MTT Assay 

Cell viability on the NCD coatings was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) (MTT) assay (CellTiter 96® Non-Radioactive Cell Proliferation Assay, Promega, Madison, WI). A 

cell concentration of 125,000 cells/mL was seeded on the samples. After a 24-hour incubation, 30 L of MTT 

dye was added to each well with 200 L media. The 48-well plate was then incubated at 37°C and 5% CO2 for 

2 hours. After incubation, 200 L of Solubilization Solution/Stop Solution was added and the plate was 

incubated an additional 1 hour at 37°C. Each well was carefully mixed and the solution was transferred to a 96-

well in duplicate (200 L/well) for each sample. Absorbance was measured at a wavelength of 570 nm with a 

reference wavelength of 650 nm using a 96-well OPTIMax Plate Reader (Molecular Devices, Sunnyvale, CA). 

Cells grown on the TCPS samples were used as controls. The data was normalized to the TCPS controls and 

MTT reduction was presented as percent viability of the TCPS controls. No-cell controls were included to 

evaluate any assay interference due to the diamond coatings.  

 

2.3.6 Cell Proliferation: Picogreen® DNA Assay 

Proliferation of hCAECs grown on NCD-S, NCD-L and TCPS were evaluated using Quant-iTTM PicoGreen® 

dsDNA assay kit (Life Technologies, Grand Island, NY). At Day 1 and Day 5 after seeding, samples were 

washed with sterile 1X PBS and then incubated for 18 hours at 60°C in a papain enzyme digestion buffer 
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containing 0.175 U/ml Papain and 14.5 mmol/L L-cysteine. After incubation, 50 L of cell lysate was 

transferred to a 96-well plate and diluted with 50 L of Quant-iT Picogreen reagent (5 l stock in 1 ml 1X TE 

buffer). A SpectraMax® GeminiTM EM microplate reader (Molecular Devices, Sunnyvale, CA) was used to 

measure fluorescence at an excitation wavelength of 485 nm and an emission wavelength of 538 nm. Cell total 

DNA was calibrated using a DNA standard curve with known DNA concentrations. Cell total DNA was 

analyzed at Day 1 and Day 5 after cell seeding.  

 

2.4 Statistics 

The results from each data set were expressed as mean ± standard deviation. Statistical differences between test 

samples were evaluated using Prism 6 statistical software (GraphPad Inc., La Jolla, CA). A p-value of less than 

0.05 was considered significantly different for all assays. Cell viability (MTT) was assessed using one-way 

ANOVA with a Tukey’s post hoc test. A two-way repeated measures ANOVA (two factor repetition) with a 

Tukey’s post hoc test was used for evaluation of cell proliferation (PicoGreen® assay). Three trials (n=3) were 

conducted for all assays with samples in duplicate.  

 

3. Results  

 

3.1 Deposition and Characterization of Nanocrystalline Diamond Coatings  

Nanocrystalline diamond coatings with small (NCD-S) and large (NCD-L) grain sizes on the nanoscale were 

deposited on silicon substrates using MPCVD. By varying the argon/hydrogen gas ratio and deposition time, 

NCD coatings with tunable surface nanotopographies were fabricated in a reproducible manner. SEM 

micrographs of the NCD-S and NCD-L coatings (Figure 1) show uniform, conformal films with grain sizes on 

the nanoscale. Two coatings were synthesized with grain sizes ranging from less than 150 nm (NCD-S) to up to 

400 nm (NCD-L). The NCD-S coatings contain grains with average grain sizes of 50-80 nm. The NCD-L 

coatings exhibit geometric, faceted grains with average grain sizes of 200-280 nm.  

 
AFM micrographs (Figure 2) further demonstrate the differences in surface topography and surface roughness 

of the diamond coatings with root-mean-square (RMS) values of 6.62±0.82 nm (NCD-S) and 26.49±0.53 nm 

(NCD-L). RMS (Rq) is the square root of the sum of the squares of the individual heights and depths from the 

mean line; therefore, RMS is a measure of the roughness amplitude that considers the peaks and valleys of the 

surface topography.  
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Figure 1. SEM micrographs of nanocrystalline diamond coatings with different grain sizes, NCD-S and NCD-L, at 10kX and 50kX 
magnifications.  

 
 
 

 
Figure 2. AFM micrographs of nanocrystalline diamond coatings, demonstrating the variation in surface roughness of NCD-S and NCD-L 
coatings.  

 
 
 
Confocal Raman spectra (Figure 3) of NCD-S and NCD-L coatings show similar spectra with dominant peaks 

at approximately 1332 cm-1 and 1570 cm-1 in addition to a slight, broad peak at 1360 cm-1. The Raman spectrum 

for the NCD-S coating exhibits a broader, lower intensity 1332 cm-1 peak and is dominated by the graphitic 
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carbon G-band at 1570 cm-1. The Raman spectrum for the NCD-L coating includes a sharp diamond peak at 

1332 cm-1 with less pronounced D- and G-peaks. 

 
 
 
 
 

 

 

 

 

 

 

 
 
 
 
 

 

 
 
 
 

Figure 3. Raman spectra of NCD-S and NCD-L coatings. The peak at 1332 cm-1 is attributed to to sp3-hybridized carbon, typical of 
diamond. 

 
 
 
3.2 In Vitro Biological Evaluation of NCD Coatings using hCAECs 

 

3.2.1 Cell Adhesion and Morphology of hCAECs on NCD Coatings 

hCAEC cell adhesion after 24-hour culture was evaluated using immunofluorescent staining of paxillin. 

Fluorescent images of paxillin (green), actin (red), and nuclei-stained (blue) hCAECs are shown in Figure 4. 

hCAECs adhered to NCD-S, NCD-L, and TCPS surfaces, though paxillin expression was not-well defined on 

all test materials. hCAECs on NCD-S showed the greatest amount of paxillin expression, though adhesions 

were small and not pronounced. For NCD-L, hCAECs exhibited less paxillin focal adhesions but the focal 

adhesions appeared larger. Negligible paxillin expression was observed on the control TCPS. hCAECs on all 

test materials showed minimal, poorly-defined paxillin expression.  

 
hCAEC morphology on NCD-S and NCD-L coatings at Day 1 and Day 5 after seeding was evaluated using 

fluorescent staining of f-actin (red) and nuclei (green) (Figure 5). At Day 1, hCAECs adhered to all test 

materials, including NCD-S, NCD-L, and control TCPS. Cells grown on NCD-S coatings exhibited significant 
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cell spreading in most cells by Day 1 after seeding with few round, non-spread cells, similar to the control 

TCPS. Cells grown on NCD-L coatings, however, demonstrated predominantly small, round morphologies with 

minimal spread cells at Day 1. At Day 5 after seeding, the majority of hCAECs on NCD-S, NCD-L, and TCPS 

exhibited fully spread, polygonal morphologies. Cell monolayers on NCD-S and TCPS were denser than those 

on NCD-L, though not fully conformal in most cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Fluorescent images of hCAEC cell adhesion on NCD-S, NCD-L, and TCPS surfaces at Day 1 after seeding. Paxillin focal 
adhesions are stained green, actin filaments are stained red, and nuclei are stained blue. 
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Figure 5. Fluorescent images of hCAECs grown on NCD-S, NCD-L, and TCPS surfaces at Day 1 and Day 5 after seeding. Fluorescent 
images at both low (10X) and high (20X) magnifications are shown. Nuclei are stained green and actin filaments are stained red. 
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3.2.2 Vascular Endothelial Markers 

Immunofluorescent staining of von Willebrand factor (vWF) and platelet endothelial cell adhesion molecule 

(PECAM-1/CD31) of hCAECs was performed to evaluate the presence of typical endothelial cell markers and 

to determine the ability of the hCAECs to form endothelial cell-specific intercellular junctions during cell 

proliferation on NCD films. Immunofluorescent staining showed the hCAECs grown on NCD-S and NCD-L 

coatings maintain their phenotype, exhibiting vWF at Day 1 and Day 5 after seeding, similar to those on the 

control TCPS (Figure 6). Furthermore, hCAECs were able to form intercellular junctions typical of endothelial 

cells, distinguished by the presence of PECAM-1, after 1 and 5 days of cell proliferation. There were no 

significant differences in expression of vWF or PECAM-1 in hCAECs grown on NCD-S compared to NCD-L.  

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Fluorescent images of vascular endothelial markers of hCAECs on NCD-S and NCD-L at 5 days after seeding at low (10X) and 
high (20X) magnifications. Immunofluorescent staining of Von Willebrand Factor (red), PECAM-1/CD31 (green), and nuclei (blue) are 
shown. Von Willebrand Factor is a glycoprotein characteristic of endothelial cells. PECAM-1/CD31 is an endothelial cell adhesion 
molecule found in endothelial cell-specific intercellular junctions.  
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3.2.3 Cell Viability and Cell Proliferation of hCAECs on NCD Coatings   

Cell viability of hCAECs cultured for 24 hours on NCD-S and NCD-L coatings was analyzed using the MTT 

assay (Figure 7). In vitro cell viability data showed that NCD coatings are biocompatible, with cell viability 

similar to that of the control TCPS. No statistically significant differences in cell viability of hCAECs were 

observed between any test materials, including NCD coatings of different nanostructured topographies. 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. MTT viability assay of hCAECs on TCPS, NCD-S, and NCD-L relative to the TCPS control. hCAECs were grown on the surface 
for 24 hours and then assayed. No statistical differences (p<0.05) in viability of hCAECs on different test materials were observed.  

 
 
 
hCAECs were cultured for up to 5 days on NCD-S and NCD-L coatings and evaluated for cell proliferation at 

Day 1 and Day 5 using the PicoGreen® DNA quantification assay (Figure 8). hCAECs proliferated for up to 5 

days on both NCD-S and NCD-L coatings as well as TCPS. The NCD-S and NCD-L coatings showed similar 

cell proliferation at Day 1 and Day 5 after seeding. No statistically significant differences in cell proliferation of 

hCAECs were observed between any test materials at either time point, suggesting the diamond coatings are 

suitable for supporting hCAEC proliferation regardless of surface nanotopography. 
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Figure 8. PicoGreen® DNA cell proliferation assay of hCAECs on TCPS, NCD-S, and NCD-L. hCAECs were grown on the surfaces and 
assayed after 1 day and 5 days. No statistically significant differences (p<0.05) were observed between test materials.  

 
 
 
4. Discussion 

Treatment of coronary artery diseases by stent implantation may result in restenosis and thrombus formation 

due to insufficient biocompatibility of the device and/or vascular injury evoked during stent implantation.6 

While drug-eluting stents provide local pharmacotherapy to prevent vascular SMC proliferation and to reduce 

restenosis, these devices have demonstrated delayed endothelialization and risk of late-stage thrombosis.6, 10 The 

presence of a confluent endothelial cell layer on the material surface is a widely accepted method for improved 

hemocompatibility of implanted cardiovascular materials, as the natural endothelium provides a non-

thrombogenic surface, mediates angiogenesis and inflammation, and inhibits SMC over proliferation.6, 41 

Several studies have used in vitro seeding of endothelial cells for endothelialization of artificial scaffolds prior 

to implantation for improved vascular grafts;42-44 however, clinical applicability of such procedures are of 

concern due to the risk of contamination, the long-term culture required for endothelialization, and the invasive 

procedure required to harvest autologous cells.36 Surface modification of cardiovascular biomaterials to promote 

in situ endothelialization is a promising approach to reduce in-stent restenosis and thrombogenic complications.  

 

Endothelial cell functions (e.g., adhesion, migration, viability and proliferation) are highly regulated by 

interactions with the biochemical and biophysical cues of the extracellular matrix, including microscale and 

nanoscale pores, ridges, grooves, and fibers. Biomaterials with patterned surface structures in the micro- and 

nanometer range have been shown to elicit various endothelial cell responses, including cell adhesion,37 
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orientation,37-40 elongation,39, 40 migration,37, 39, 40 and proliferation.7, 39 Endothelial cell responses are dependent 

on the surface feature characteristics; therefore, it is critical to evaluate the effects of microscale and nanoscale 

surface topographies of vascular stents for modulating the biological response of vascular endothelial cells.  

 

NCD is a synthetic diamond coating with nanoscale grain sizes that exhibits material properties similar to those 

of natural diamond. NCD is a versatile, biocompatible coating material which can be optimized to modulate 

desirable biological responses, such as enhanced cell adhesion and reduced thrombogenicity for cardiovascular 

devices. The material properties of NCD coatings, including surface properties, are dependent on the parameters 

used during synthesis, including the gas phase composition, substrate temperature, pressure, and deposition 

duration.45, 46 In this study, the deposition parameters, including the hydrogen/argon gas ratio and deposition 

time, were varied to fabricate NCD coatings with different nanoscale surface features. The different growth 

procedures used for MPCVD resulted in NCD coatings with surface features ranging from less than 150 nm 

(NCD-S) to up to 400 nm (NCD-L). The grain morphologies of the coatings also varied, with small polygonal 

grains on NCD-S and geometric, faceted grains on NCD-L. The different grain sizes of the NCD coatings 

resulted in dissimilar scales of roughness with RMS values of 15 nm (NCD-S) and 27 nm (NCD-L). Previous 

studies have also shown fabrication of NCD coatings with controllable surface topographies by chemical vapor 

deposition using different hydrogen concentrations.45, 47 

 

Raman spectroscopy confirmed similar carbon-carbon bonding of the NCD-S and NCD-L coatings, with 

prominent peaks at approximately 1332 cm-1 (diamond peak), 1360 cm-1 (D-band), and 1570 cm-1 (G-band). The 

sharp, prominent peak at 1332 cm-1 is attributed to sp3-hybridized carbon, typical of diamond.48, 49 The D-band 

and G-band peaks are attributed to sp2-hybridized amorphous carbon which is found at the grain boundaries of 

the NCD coatings.48, 50 The difference in the ratio of the sp2 (graphite-like) to sp3 (diamond-like) bonds between 

NCD-S and NCD-L, as evidenced by the difference in ratio of intensity of the 1332 cm-1 peak and the 1579 cm-1 

peak, is due to the structural properties of the NCD coatings which are relative to the number of grain 

boundaries that contain sp2-hybridized carbon and hydrogen.50 NCD coatings with large, columnar diamond 

grains exhibit a lower density of grain boundaries and thus a lower sp2-hybridized carbon content;49 therefore, 

the Raman spectra for NCD coatings with large grain sizes (NCD-L) are dominated by the diamond peak at 

1332 cm-1 with less pronounced D- and G-peaks.  

 

The NCD coatings were evaluated for cardiovascular stent applications to promote endothelialization by 

evaluating hCAEC responses in terms of cell adhesion, morphology, endothelial cell markers, cell-cell 

interactions, viability, and proliferation. Endothelialization rate and stability are dependent on in situ endothelial 

cell adhesion and migration on the biomaterial surface.6, 7 Our results show enhanced cell adhesion and cell 

spreading on NCD coatings with smaller grain sizes and lower roughness (NCD-S) compared to coatings with 
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large grain sizes and higher roughness (NCD-L). These results are in agreement with a previous study 

evaluating endothelial cell response to NCD coatings in which enhanced cell adhesion and proliferation of 

bovine pulmonary artery endothelial cells was observed on low roughness NCD coatings (RMS 8.2 nm) 

compared to high roughness NCD coatings (RMS 301 nm).51 It should be noted, however, that the NCD 

coatings with higher degrees of roughness exhibited hierarchically micro- and nanoscale structures due to NCD 

deposition on pre-roughened silicon substrates (RMS 301 nm); therefore, the comparison in NCD coating 

surface topography was nanostructure alone vs. hybrid micro/nanostructure. Furthermore, the NCD coatings 

were oxygen-terminated after deposition to provide a more hydrophilic substrate than the as-deposited 

coatings.51  

 

Nanostructured biomaterials have shown significant promise for promoting endothelial cell attachment. Moradi 

et al. demonstrated enhanced endothelial progenitor cell adhesion and proliferation on anodized titanium with 

nanoscale surface topographies compared to unanodized, smooth titanium surfaces.7 Chung et al. showed that 

variations in nanoscale surface roughness of peptide-grafted and ungrafted polymers (polyurethane and 

polyethylene glycol copolymers) promote cell adhesion and growth of human umbilical vascular endothelial 

cells (HUVECs) and may be applied for improved cardiovascular tissue engineering.35 Chong et al. combined 

nanofabrication techniques and plasma surface treatment to promote endothelialization of polycarbonate urea 

urethane coatings. Enhanced HUVEC adhesion was observed, indicated by a greater number of attached cells 

and more prominent focal adhesions, on surfaces with nanopit surface topographies with 120 nm pits and 300 

nm spacing compared to planar and microgrooved surfaces.36 These studies support our findings of enhanced 

endothelial cell adhesion on nanostructured surfaces. 

 

Endothelial cells constitute the vascular endothelium which forms the main barrier between blood and the 

tissues. Endothelial cell markers, such as PECAM-1 and vWF, are used to evaluate endothelial cell phenotype 

and vascular functions. vWF is a glycoprotein synthesized in endothelial cells and plays a major role in 

coagulation. vWF is stored in the endothelial cell-specific organelle known as the Weibel-Palade bodies and is 

commonly used as an endothelial phenotypic marker.52 PECAM-1 is a transmembrane glycoprotein that is a 

constituent of endothelial intercellular junctions.52 PECAM-1 plays a critical role in the adhesion cascade of 

endothelial cells, including adhesion to different cell types (leukocytes, monocytes, lymphocytes) during 

inflammatory responses as well as adhesion to adjacent endothelial cells during angiogenesis.52-54 

Immunofluorescent staining of hCAECs grown on diamond coatings showed the hCAECs maintain their 

phenotype, exhibiting vWF at Day 1 and Day 5 after seeding. Furthermore, hCAECs were able to form 

intercellular junctions typical of endothelial cells, distinguished by the presence of PECAM-1 at the cell-cell 

interfaces, after 1 and 5 days of cell proliferation. Development of robust cell junctions is critical for 

establishing the integrity and proper functionality of the endothelium.55 
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In order to promote in situ endothelialization, diamond coatings should support survival and growth of 

endothelial cells on the implant surface. The results of the hCAEC viability and proliferation assays indicated 

good biocompatibility of the NCD-S and NCD-L coatings, with similar responses as the control TCPS. 

hCAECs grown on the diamond coatings demonstrated significant cell proliferation, with NCD coatings 

supporting cell growth for up to 5 days. No statistically significant differences in cell viability or cell 

proliferation were observed in hCAECs grown on NCD-S vs. NCD-L coatings with different surface 

topographies. These results are in agreement with previous studies demonstrating endothelial cell viability and 

proliferation on NCD and other carbon-based coatings.51, 56 

 

Enhanced endothelial cell adhesion and proliferation on cardiovascular devices enables accelerated 

endothelialization, preventing neointimal hyperplasia and thrombus formation. As demonstrated in this study, 

NCD coatings promote endothelial cell adhesion, survival, and proliferation, with enhanced cell adhesion and 

cell spreading on low roughness coatings with nanoscale surface features less than 150 nm. These results 

suggest NCD is a promising coating material for vascular stent applications with tunable nanostructured 

topography to promote in situ endothelialization. A previous in vivo study demonstrated the potential of NCD as 

a stent coating to reduce neointimal hyperplasia.31 Our results suggest that optimization of the NCD coating 

topography may further contribute to in situ endothelialization, decreasing the risk of in-stent restenosis. In 

addition, the surface properties of NCD enable chemical functionalization for controlling surface wettability and 

attachment of functional biomolecules (e.g., heparin) which may contribute to optimization of NCD coatings for 

vascular stents.57 NCD has also exhibited excellent blood compatibility with high resistance to platelet adhesion 

and thrombogenicity,24, 25 further demonstrating its suitability for cardiovascular device applications. 

 

5. Conclusions 

Surface modification of cardiovascular biomaterials to promote in situ endothelialization is a promising 

approach to reduce in-stent restenosis and thrombogenic complications. NCD coatings are of particular interest 

for vascular stent applications due to their high corrosion resistance, mechanical robustness, high wear 

resistance, chemical stability, and excellent biocompatibility. Two NCD coatings with varying grain sizes (<150 

nm and up to 400 nm) were successfully fabricated in a reproducible manner using MPCVD. These NCD 

coatings demonstrated good biocompatibility, supporting cell viability and proliferation of hCAECs while 

maintaining cell phenotype and promoting intercellular interactions typical of endothelial cells. hCAEC cell 

adhesion and cell spreading was enhanced on NCD coatings with small grain sizes at early time points, 

indicating surface topography may be optimized to promote accelerated in situ endothelialization. Our results 

suggest NCD coatings promote attachment and growth of hCAECs, making them desirable for use in vascular 

stents. Furthermore, surface optimization of NCD coatings, such as modification of surface topography and/or 
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wettability, may contribute to enhanced in situ endothelialization of the device, reducing thrombogenicity and 

preventing in-stent restenosis.  
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Abstract 

Nanocrystalline diamond (NCD) is a relatively new biomaterial that exhibits mechanical robustness, chemical 

inertness, and biocompatibility. Due to these material properties, NCD thin films have been investigated for 

improved wear resistance and enhanced hemocompatibility of cardiovascular devices, such as artificial heart 

valves, stents, and ventricular assist devices. The goal of this study was to evaluate the in vitro 

hemocompatibility of NCD coatings in contact with human blood and to determine the effect of nanoscale 

surface topography on blood-material interactions. NCD coatings were deposited on silicon substrates using 

microwave plasma enhanced chemical vapor deposition. By varying the hydrogen/argon gas ratio and 

deposition time, NCD coatings with small grain sizes (<100 nm) and coatings with large grain sizes (up to 400 

nm) were synthesized in a reproducible manner. Physico-chemical characterization of the NCD surfaces was 

conducted using scanning electron microscopy, atomic force microscopy, contact angle testing, and Raman 

spectroscopy. In vitro hemocompatibility testing included evaluation of blood protein adsorption, hemolysis, 

non-activated partial thromboplastin time, platelet adhesion/aggregation, and activation of platelets on NCD 

surfaces compared to positive and negative control materials. The NCD coatings demonstrated low protein 

adsorption, a non-hemolytic response, and minimal activation of the plasma coagulation cascade. Furthermore, 

NCD coatings exhibited low thrombogenicity with minimal platelet adhesion and aggregation, as well as similar 

morphological changes to surface-bound platelets (e.g., activation) in comparison to the HDPE negative control 

material. No statistically significant differences were observed between the NCD coatings with different 

nanoscale surface topographies for all tests. The in vitro data presented here suggests that the two tested NCD 

coatings, regardless of nanostructured topography, had similar hemocompatibility profiles compared to the 

negative control material (HDPE) and should be further evaluated for use in blood-contacting medical devices.  
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1. Introduction  

Dangerous thrombosis-related complications associated with activation of blood coagulation pathways and 

platelets are significant clinical concerns that must be considered in the development of blood-contacting 

medical devices.1-3 In addition to thrombosis related to patient factors and inadequate anticoagulation therapy, 

thrombogenicity may be caused by unfavorable blood-material interactions in which the surface of a device 

induces coagulation or platelet activation of contacting blood, potentially impeding device functionality and/or 

leading to life-threatening thromboembolic events such as stroke, pulmonary embolism, and myocardial 

infarction.4-6  

  

Several techniques have been used to develop biomaterials that have the potential to reduce device-related 

thrombosis. Since thrombosis is initiated at the blood-material interface, surface engineering and surface 

coating methods are promising techniques for improving device blood compatibility. Surface engineering 

strategies such as chemical surface modification, photochemical surface modification, as well as immobilization 

of anticoagulant and/or antithrombotic molecules, have demonstrated improved biomaterial hemocompatibility; 

however, these processes can be complex and expensive. In addition, the long-term stability of such surface 

modifications is of concern.7, 8 

 

Chemical and physical deposition methods have been applied for simple, effective surface modifications on a 

variety of blood-contacting devices. Using these techniques, numerous coating materials have been evaluated 

for improved hemocompatibility such as gold, polytetrafluoroethylene (PTFE), poly(ether ether ketone) 

(PEEK), silicon carbide, titanium, titanium carbide, titanium carbonitride, titanium nitride, titanium-nitride-

oxide, titanium oxide, and zirconium.9-14 Recently, carbon-based materials such as pyrolytic carbon, diamond-

like carbon, graphene, graphite, and nanocrystalline diamond have been investigated as coatings for 

cardiovascular devices.15-22 Nanocrystalline diamond (NCD) coatings are of particular interest for blood-

contacting devices due to their high corrosion resistance, mechanical robustness, high wear resistance, and 

excellent biocompatibility.23-25 The mechanical and chemical resilience of nanocrystalline diamond coatings 

make them less susceptible to physical and chemical degradation in the physiological environment, permitting 

long-term implant applications. These carbon-based coatings have demonstrated superior blood compatibility 

compared to other biomaterials and have been considered for use in several cardiovascular medical devices, 

including artificial hearts, coronary artery stents, vascular grafts, ventricular assist devices, prosthetic valves, 

hemodialysis membranes, and artificial heart machines.16, 26-28 

 

Though optimization of growth procedures have enabled deposition of NCD coatings on a variety of implant 

biomaterials (e.g., cobalt chromium alloys,29 stainless steel,27 titanium,30, 31 titanium alloys16, 32-34), it is critical to 

understand the effect of different NCD properties on biological response, as the coating characteristics may vary 
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based on the synthesis process and the substrate material.35, 36 Different nanostructured topographies of NCD 

coatings have demonstrated a significant effect on biological response, including cellular adhesion, 

proliferation, and differentiation;37-39 therefore, the effect of NCD surface nanotopography on blood-material 

interactions should be investigated for cardiovascular device applications. 

 

To further evaluate the use of NCD coatings for cardiovascular devices, it is important to fully characterize the 

hemocompatibility of these coatings via various endpoints. The main focus of this research was to assess the 

hemocompatibility of NCD surfaces with varying nanostructured topographies by investigating blood protein 

adsorption, hemolysis, activation of the coagulation cascade, platelet adhesion/aggregation, and platelet 

activation.  

 

2. Materials & Methods 

 

2.1 Deposition of Nanocrystalline Diamond Films 

Nanocrystalline diamond thin films were deposited on silicon wafers using a 915 MHz microwave plasma 

chemical vapor deposition (MPCVD) system (Lambda Technologies, Raleigh, NC) at the Center for Nanoscale 

Materials at Argonne National Laboratory (Argonne, IL). Prior to deposition, silicon substrates underwent 

nucleation pretreatment in an ultrasonic bath. Silicon wafers were sonicated in nanodiamond suspension in 

methanol for 20 minutes followed by subsequent rinsing in methanol, isopropanol, and acetone. Depositions 

were performed using a gas mixture of argon, hydrogen, and methane. Argon (400 sccm) and methane (1.2 

sccm) concentrations were kept constant. The term sccm denotes standard cubic centimeter per minute at 

standard temperature and pressure. The hydrogen concentration was varied to synthesize NCD films with 

different grain sizes with a hydrogen concentration of 10 sccm applied for the synthesis of NCD films with 

small (<100 nm) grain sizes (NCD-S) and 30 sccm for NCD films with large (≤400 nm) grain sizes (NCD-L). 

All depositions were conducted at a substrate temperature of 800°C, a working pressure of 120 mbar, and an 

input power of 2100 W. Deposition times of 2 hours (NCD-S) and 3 hours (NCD-L) were applied. 

 

2.2 Physico-Chemical Characterization 

Prior to characterization, NCD samples were sequentially washed with acetone, ethanol and Milli-Q water to 

remove any organic contaminations or particulates, and then blown dry with high purity nitrogen gas. Surface 

morphology was evaluated using scanning electron microscopy (SEM) and atomic force microscopy (AFM). 

Secondary electron images (SEI) of the NCD films were obtained using a Raith 150 scanning electron 

microscope (Raith GmbH, Dortmund, Germany). An acceleration voltage of 20 kV was applied for image 

acquisition. AFM analysis of the NCD films was obtained using a MFP 3-D microscope (Asylum Research, 

Santa Barbara, CA) with tapping mode imaging in air. A scan area of 3 μm x 3 μm was evaluated and roughness 
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analysis was performed. ImageJ software (NIH, Bethesda, MD) was used to measure approximate grain sizes 

for all samples using the SEM micrographs.  

 

Confocal Raman spectroscopy was performed on the NCD films with a Renishaw (Gloucestershire, UK) InVia 

Raman Microscope. A 325 nm UV laser with a 3600 l/mm grating was applied in extended mode. The laser was 

applied to the sample through a 40X UV objective lens. 

 
The wettability of the NCD films was characterized by water contact angle testing. Contact angle measurements 

were acquired by the sessile drop method under ambient conditions using deionized (DI) water. A Ramé-Hart 

Model 250 Standard Goniometer/Tensiometer (Ramé-Hart Instrument Co., Succasunna, NJ) was used, and 

contact angles were analyzed with DROPimage Advanced software (Ramé-Hart Instrument Co., Succasunna, 

NJ). Contact angles on three different areas of three samples were measured.  

 

2.3 Sample Preparation and Control Materials 

NCD-coated silicon substrates and uncoated silicon wafers were diced to 14 mm x 14 mm squares using a 

dicing saw. These dimensions were chosen to fit into 12-well tissue-culture polystyrene (TCPS) plates, which 

were utilized as the testing platform for the in vitro hemocompatibility experiments. After dicing, NCD samples 

and uncoated silicon substrate materials were rinsed in acetone, isopropanol, and DI water. Samples were 

subsequently blown dry with nitrogen to remove any residual contaminants or particulates. 

 

Control materials used in the study included high density polyethylene (HDPE) (Read Plastics, Inc., Rockville, 

MD), nitrile rubber gloves (Ammex Corporation, Kent, WA), Buna-N rubber (Aero Rubber Co., Tinley Park, 

IL), uncoated silicon (Silicon Quest International, Inc., San Jose, CA), and TCPS (Becton Dickinson and 

Company, Franklin Lakes, NJ). HDPE was used as the negative control material for all experiments, as it has 

demonstrated superior blood compatibility and is commonly used for hemocompatibility testing.40-42 

Furthermore, HDPE is recommended as a negative control material for biocompatibility testing in an 

international testing standard, ISO 10993-12.43 Nitrile rubber and Buna-N rubber were tested in all assays since 

preliminary testing showed that these materials induce positive responses in various hemocompatibility assays, 

and Buna-N rubber is referenced as a positive control material in multiple hemocompatibility standards.40, 41, 44 

Uncoated silicon and TCPS were also included as controls to ensure that the components of the testing platform 

did not illicit an unfavorable blood response. All control material samples were similarly cut into 14 mm x 14 

mm squares, except the TCPS well-plate controls. It should be noted that all test materials were non-medical 

grade and not sterilized. 

 

TCPS 12-well plates were used as the experimental platform for protein adsorption and hemocompatibility 

testing. To minimize contact of the silicon substrate with blood components and to control the surface area to 
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volume ratio, all test materials were adhered to the 12-well plates using 3M-9965 double-sided tape (3M, St. 

Paul, MN). Preliminary testing of 3M-9965 tape showed no adverse blood response. After adhering to the 12-

well plate, samples were incubated in DI water at 37°C at 60 rpm for 1 hour, rinsed twice with DI water, and 

blown dry with nitrogen to remove any sample contaminants and debris.  

 

2.4 Quantification of Fibrinogen and Albumin Adsorption: BCA Assay 

Thermo Scientific® (Hampton, NH) Micro BCA™ (bicinchoninic acid) protein assay was used to determine 

adsorption of two human blood proteins, fibrinogen and albumin, to the NCD films. Standard calibration curves 

were prepared using protein standards of fibrinogen and human serum albumin with concentrations ranging 

from 0-200 g/mL. Each protein standard (150 L) was added in triplicate to a 96-well plate followed by 

addition of 150 L BCA reagent (prepared as instructed, 25 parts Micro BCA reagent MA: 24 parts Reagent 

MB: 1 part Reagent MC). The well-plate was incubated for 2 hours at 37°C on a Thermo Scientific (Hampton, 

NH) MaxQ 4450 orbital incubator (60 rpm). Following incubation, sample absorbance was measured at a 

wavelength of 540 nm using a Molecular Sciences® UV-Vis reader. Calibration experiments were repeated 

three times and absorbance measurements were averaged to determine the final linear relationship between 

protein concentration and absorbance for each protein.  

 

To evaluate protein adsorption on the test materials, stock proteins were prepared at 100% and 10% of the 

proteins’ approximate human plasma concentrations (Albumin 100% = 44 mg/mL; Fibrinogen 100% = 2.5 

mg/mL). An additional albumin concentration of 2.5 mg/mL was prepared to correlate with the 100% 

fibrinogen concentration. Samples of NCD-S, NCD-L, uncoated silicon, and TCPS test materials were added to 

12-well plates and prepared as described above, with two samples per protein dilution for each trial (n=3). Each 

sample was incubated in 1 mL of protein solution for 24 hours at 37°C. After incubation, samples were gently 

rinsed twice with phosphate buffered saline (PBS) to remove non-adsorbed proteins and 1 mL of micro-BCA 

reagent was added to each well. Samples were incubated for 2 hours at 37°C in an orbital incubator. Finally, 

300 L of reacted solution was transferred to a 96-well plate in duplicate and measured at an absorbance 

wavelength of 540 nm. Protein adsorption was calculated using the standard calibration curves for each protein.  

 

2.5 Human Blood Acquisition 

Human blood samples from healthy adult donors were collected from the National Institutes of Health (NIH) 

Blood Donor Research Program according to Institutional Review Board approved protocols at the NIH and 

FDA. Venous blood was drawn into polypropylene tubes containing either acid citrate dextrose (ACD) (1:6 

ACD:blood ratio) or heparin (10 U/mL) as an anticoagulant. Blood from a different donor was used in each trial 

and a complete blood count (CBC) was measured using a hematology analyzer (Drew Scientific, Ramsey, MN) 

for quality control. ACD-anticoagulated blood was maintained at room temperature after collection and used for 



 

 

99 

 

all platelet experiments, which were completed within 5 hours of blood collection. Heparinized blood was 

refrigerated overnight and used for hemolysis experiments within 24 hours of blood collection. 

 

2.6 Hemolysis 

Hemolysis testing was conducted using guidelines established in the ASTM F756-13 standard for evaluating 

hemolysis caused by direct contact with medical materials.41 Initial total hemoglobin concentration of 

heparinized human whole blood was measured using the cyanmethemoglobin reagent (Sigma-Aldrich, St. 

Louis, MO) and hemoglobin standards (Stanbio Laboratory, Boerne, TX), which were measured at an 

absorbance wavelength of 540 nm. The whole blood was then diluted to a hemoglobin concentration of 125 

mg/dL with calcium and magnesium-free phosphate buffered saline (CMF-PBS). The diluted blood sample was 

pipetted onto the test substrates and control materials at a surface area to volume ratio of approximately 2.6 

cm2/mL. Samples were incubated at 37°C for 3 hours with gentle mixing every 30 minutes. After incubation, 

blood was collected and centrifuged at 1300G for 10 minutes at room temperature. Supernatants were then 

mixed with cyanmethemoglobin reagent at a 1:1 ratio, transferred to a 96-well plate in triplicate, and analyzed 

at 540 nm on a Molecular Devices (Sunnyvale, CA) SpectraMax® 340PC384 microplate reader. The 

concentration of hemoglobin released from the red blood cells (RBCs) in each sample was determined by the 

hemoglobin standard calibration curve. Percent hemolysis was calculated by dividing the sample’s supernatant 

hemoglobin concentration by the measured control total hemoglobin concentration (~125 mg/dL). Three 

samples were analyzed using human blood from a different donor for each trial (n=4). HDPE was used as a 

negative control material. Buna-N rubber and nitrile rubber were used as positive control materials.  

 

2.7 Coagulation: Non-Activated Partial Thromboplastin Time  

The test method for the non-activated partial thromboplastin time (PTT) assay was adapted from the ASTM 

F2382 standard.40 Frozen pooled human plasma (Thermo Fisher Scientific, Inc., Pittsburgh, PA) was used for 

the assay and warmed to 37°C in a water bath prior to testing. Test and control materials in 12-well plates were 

also warmed to 37°C. Human plasma was added to each sample at a surface area to volume ratio of 4 cm2/mL 

and incubated at 37°C for 30 minutes in an agitated water bath. After incubation, plasma was collected and kept 

on ice prior to clotting time measurement. To measure the clotting time, plasma was transferred to a cuvette and 

incubated for 2 minutes at 37°C, and then mixed with pre-warmed non-activated partial thromboplastin time 

reagent (UPTTTM Reagent) (Bio/Data Corp., Horsham, PA). After a 3 minute incubation, pre-warmed calcium 

chloride (25 mM) was added and clotting time was determined using a ThromboScreenTM 400C 4-channel 

photo-optical anticoagulation analyzer. The average clotting time for each test sample was normalized to the 

clotting time of the untreated plasma. All of the tests were performed with two samples in quadruplicate for all 

of the trials (n=3). The negative control material for the test was HDPE, and the positive control material was 

Buna-N rubber.40  
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2.8 Platelet Evaluation: Incubation in Platelet Rich Plasma 

To prepare platelet rich plasma (PRP), fresh ACD-anticoagulated whole blood was centrifuged at 200G for 10 

minutes using an Eppendorf Centrifuge (Model 5702 R). The upper portion of the supernatant was carefully 

collected to obtain PRP, and the remaining blood sample was subsequently centrifuged at 3000G for 15 minutes 

to obtain platelet poor plasma (PPP). Platelet count for both PRP and PPP was measured using a Beckman 

Coulter® Z2 Cell and Particle Analyzer (Beckman Coulter, Inc., Brea, CA). The PRP platelet count was 

adjusted to 2 x 105 platelets/L by diluting with PPP. 

 

For platelet testing, PRP was dispensed onto the test substrates within the TCPS 12-well plates at a surface area 

to volume ratio of 3 cm2/mL. Samples were incubated for 1 hour on a Thermo Scientific (Hampton, NH) MaxQ 

4450 orbital incubator (37°C, 60 rpm). Four samples were incubated in human PRP from a different donor for 

each trial (n=4). Three methods of platelet testing were performed after PRP incubation, including plasma-phase 

platelet count, quantification of adhered platelets, and surface-bound platelet morphology evaluation.  

 

2.9 Plasma-Phase Platelet Count 

After one hour incubation of PRP on the test substrates, the plasma was carefully collected from each sample 

and diluted in Isoton® II Diluent (Beckman Coulter, Inc., Brea, CA). The plasma-phase platelet count was 

measured using a Beckman Coulter Z2 Cell and Particle Analyzer. Each sample was measured in duplicate for 

all of the trials (n=6). HDPE was used as a negative control material. Buna-N rubber and nitrile rubber were 

used as positive control materials. 

 

2.10 Quantification of Surface-Bound Platelets using Acid Phosphatase Assay 

Surface-bound platelets were quantified using acid phosphatase (ACP) release from lysed platelets using an 

Acid Phosphatase Assay Kit (Sigma-Aldrich, St. Louis, MO). After removal of PRP supernatant, samples were 

gently rinsed with CMF-PBS to remove any non-adhered platelets. Samples were then incubated with 650 µL of 

substrate solution (1 tablet of 4-nitrophenyl phosphate: 5 mL 1% Triton X-100 0.09M citrate buffer solution) 

for 30 minutes on a Thermo Scientific (Hampton, NH) MaxQ 4450 orbital incubator (37°C, 60 rpm). After 

incubation, 100 µL of reacted substrate solution was added to a 96-well plate. Two hundred (200) µL of 0.5 N 

sodium hydroxide solution was then added to each respective test well. The absorbance at a wavelength of 405 

nm was measured using a Molecular Devices (Sunnyvale, CA) SpectraMax® 190 microplate reader. A standard 

curve was generated using known platelet concentrations (platelets resuspended in CMF-PBS). A standard, 

positive control (acid phosphatase control enzyme), and blank were utilized, as suggested in the assay protocol 

provided by the ACP kit manufacturer. Three samples were completed for each trial (n=3). HDPE was used as a 

negative control material. Buna-N rubber and nitrile rubber were used as positive control materials. 
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2.11 Evaluation of Platelet Morphology and Aggregation using SEM 

Samples for SEM were rinsed with warm PBS to remove non-adherent cells/proteins and fixed using filtered 

2% glutaraldehyde (Tousimis Research Corp. Inc., Rockville, MD) in PBS for 18-24 hours at room temperature. 

After two 10 minute rinses with PBS, surface-bound platelets were dehydrated using a graded ethanol series. 

Samples were immersed in increasing ethanol concentrations (0%, 25%, 50%, 70%, 95%, and 100%) for 10 

minute increments. Hexamethyldisilane (HMDS) (Acros Organics, Geel, Belgium) was then added to all of the 

samples for 10 minutes. After removal of HMDS, samples were left to dry overnight. Samples were sputter 

coated with gold and examined using a JEOL JSM-6390LV SEM microscope (JEOL, Tokyo, Japan). SEM 

images were obtained from 5 different locations on each sample for all of the trials (n=3). HDPE was used as a 

negative control material, and nitrile rubber was used as a positive control material. 

 

2.12 Statistics 

The results from each data set were expressed as mean ± standard deviation. Statistical differences between test 

samples for most assays were assessed using one-way ANOVA with a Tukey’s post hoc test using Prism 

statistical software (GraphPad Inc., La Jolla, CA). A two-way repeated measures ANOVA (two factor 

repetition) with a Tukey’s post hoc test was used for evaluation of protein adsorption and platelet morphology 

distribution using SigmaPlot statistical software (Systat Software Inc., San Jose, CA). A p-value of less than 

0.05 was considered significantly different for all of the assays. 

 

3. Results & Discussion  

 

3.1 Nanocrystalline Diamond Film Fabrication and Characterization 

Nanocrystalline diamond (NCD) is a synthetic diamond thin film with nanoscale grain sizes that exhibits 

material properties similar to those of natural diamond. NCD is an ideal biomaterial coating for blood-

contacting devices due to its mechanical robustness, chemical inertness, high wear resistance, and 

biocompatibility.21, 22, 45 The chemical stability and inertness of diamond coatings facilitate its use in long-term 

in vivo applications, reducing biocorrosion and preventing release of harmful metal ions.27 The high strength 

and low coefficient of friction of NCD coatings permit use in cardiovascular devices which undergo significant 

cyclic fatigue and high stresses.16 The surface chemistry of nanocrystalline diamond enables functionalization to 

produce exceptionally tunable biomolecular interfaces, enabling attachment of functional biomolecules such as 

heparin.46, 47 Furthermore, advances in thin film technology have enabled deposition of nanocrystalline diamond 

thin films on a variety of implant biomaterials (e.g., cobalt chromium alloys, stainless steel, titanium, and 

titanium alloys) for improved tissue-material interactions.16, 27, 29, 30, 32, 33 

 



 

 

102 

 

Structural and material properties of NCD thin films depend on the deposition process and parameters used, 

including pressure, gas phase composition, and substrate temperature. During NCD growth, deposition 

parameters may be modified to produce NCD films with a variety of material properties, including grain size, 

grain boundary characteristics, hydrogen content, non-diamond phase content, as well as chemical and physical 

properties. Hydrogen is a major component of the gas mixture used for diamond nucleation and growth by CVD 

as it is related to numerous growth processes, including stabilization of the diamond lattice and removal of non-

diamond constituents.48, 49 Studies investigating the effects of hydrogen deposition concentration on NCD films 

have demonstrated a relationship between hydrogen concentration and grain size.48       

 

In this study, nanocrystalline diamond coatings with controllable grain size were deposited on silicon substrates 

using MPCVD. By varying the hydrogen concentration and the deposition time, nanocrystalline diamond films 

with small grain sizes (NCD-S) and large grain sizes (NCD-L) were fabricated in a reproducible manner. SEM 

micrographs of the NCD coatings show uniform, conformal films with varying grain sizes (Figure 1). NCD-S 

films exhibit grain sizes of 20-150 nm, with average grain sizes of 50-80 nm, and NCD-L films demonstrate 

grain sizes of 80-400 nm, with average grain sizes of 200-280 nm. AFM micrographs further demonstrate the 

nanostructured topography of the NCD films, exhibiting root-mean-square (RMS) surface roughness values of 

5.8 nm (NCD-S) and 23.1 nm (NCD-L).  

 

Confocal Raman spectra of the NCD coatings are shown in Figure 2. The carbon-carbon (C-C) bonding of the 

coatings was evaluated using Raman spectra obtained at 325 nm (UV). Raman spectra of both films exhibit the 

same primary peaks at 1150, 1332, and 1570 cm-1, indicating similar chemical C-C bonding of both films. The 

broad band observed at 1150 cm-1 is attributed to transpolyacetylene at the grain boundaries of the 

nanocrystalline diamond film.50, 51 The peak at 1332 cm-1 is attributed to sp3-hybridized carbon typical of 

diamond.52 The intensity of the 1332 cm-1 peak is significantly higher for the NCD-L films compared to NCD-S 

films; this finding is consistent with the literature for NCD films with larger grain sizes.53, 54 A slight shoulder 

observed at 1360 cm-1 (D-band) and the peak at 1570 cm-1 (G-band) are attributed to sp2-bonded amorphous 

carbon. Diamond films with columnar diamond grains of large grain sizes exhibit a lower density of grain 

boundaries and a lower sp2-hybridized carbon content. 

 

Water contact angles (Table 1) were measured to determine the wettability of the diamond films since 

hydrophobicity may affect protein adsorption and blood-material interactions. Contact angle measured using the 

sessile drop method with DI water was statistically higher for NCD-L (77.3 degrees) than for NCD-S (67.8 

degrees), indicating greater hydrophobicity. The increased hydrophobicity is expected due to the increased 

surface roughness of the NCD-L coatings. 
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Figure 1. Surface characterization of nanocrystalline diamond coatings. (A-B) SEM micrographs of nanocrystalline diamond coatings with 
different grain sizes, NCD-S (A) and NCD-L (B). (C-D) AFM micrographs (2D and 3D) of nanocrystalline diamond coatings, 
demonstrating the difference in surface roughness of NCD-S (C) and NCD-L (D) coatings.  
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Figure 2. Raman spectra of NCD-S and NCD-L coatings. The peak at 1332 cm-1 is attributed to sp3-hybridized carbon, typical of diamond. 

 
 
 
Table 1. Contact angle measurements  

 

 

 

 

 

 

 

 

 
 

 
 
3.2 Quantification of Fibrinogen and Albumin Adsorption: BCA Assay 

Adsorption of plasma proteins to the biomaterial surface is the first event to occur when blood comes in contact 

with an artificial material. The amount and orientation of the adsorbed proteins plays a critical role in the 

hemocompatibility of the device, since adsorbed proteins affect platelet and leukocyte adhesion.5 Adsorption of 

two important blood proteins, albumin and fibrinogen, provides valuable information in the context of 

biomaterial-blood compatibility. Albumin, the most abundant protein in human blood plasma, plays a vital role 

Test Material 
Water Contact Angle  

[Degrees] 

TCPS 40.1±8.1 

Silicon 42.3±1.4 

NCD-S 67.8±3.0 

NCD-L 77.3±6.1 

Nitrile 87.3±1.7 

HDPE 95.5±5.6 

Buna-N 97.6±2.3 
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in inhibition of thrombus formation.55 Fibrinogen is involved in blood hemostasis and thrombosis, facilitating 

platelet adhesion and aggregation.27, 56 Thus, it is desirable to have a higher ratio of albumin to fibrinogen (A:F), 

promoting lower platelet adhesion and reducing the tendency for thrombus formation.  

 

Thermo Scientific® Micro BCA™ (bicinchoninic acid) protein assay was used to determine adsorption of 

albumin and fibrinogen to the NCD films. Protein concentrations respective to approximate human plasma 

concentrations were used in this study; albumin concentrations of 44 mg/mL (100%), 4.4 mg/mL (10%), and 

2.5 mg/mL as well as fibrinogen concentrations of 2.5 mg/mL (100%) and 0.25 mg/mL (10%) were used. 

Results for protein adsorption on NCD coatings are shown in Figure 3. At 100% human plasma concentrations, 

NCD-S coatings adsorbed 36.36 g/cm2 albumin and 22.55 g/cm2 fibrinogen (A:F = 1.6) while NCD-L 

coatings adsorbed 31.79 g/cm2 albumin and 24.10 g/cm2 fibrinogen (A:F = 1.3). Previous studies have shown 

a similar relationship between the albumin/fibrinogen ratio and the hydrophobicity of carbon coatings, in which 

the albumin/fibrinogen adsorption ratio increases with surface hydrophilicity.55, 57, 58 

 

In this study, there was a statistically significant increase in adsorption of albumin on NCD-S and NCD-L 

coatings when incubated in the 44 mg/mL concentration compared to the 4.4 mg/mL and 2.5 mg/mL 

concentrations (Figure 3A). Albumin adsorption on NCD-S and NCD-L coatings was similar after incubation in 

the same albumin concentrations. A statistically significant increase in adsorption of fibrinogen to NCD-S and 

NCD-L coatings when incubated in the 2.5 mg/mL concentration vs. the 0.25 mg/mL concentration was 

observed (Fig 3B). Similar to albumin, fibrinogen adsorption on the NCD-S and NCD-L coatings was similar 

after incubation in the same fibrinogen concentrations (Figure 3B). At 100% fibrinogen (2.5 mg/mL), there was 

a statistically significant decrease in adsorption of fibrinogen on NCD-S and NCD-L compared to silicon (Fig. 

3B; Fig. S-1B). These results are in accordance with the literature in which minimal fibrinogen adsorption was 

observed on nanocrystalline diamond compared to silicon and titanium surfaces.59 Albumin and fibrinogen 

adsorption on TCPS was statistically lower than on both NCD coatings at all protein concentrations (Fig. 3B; 

Fig. S-1A&B). It should be noted that TCPS surfaces are hydrophilic and that plasma proteins generally adsorb 

less on hydrophilic materials than on hydrophobic materials. There was no statistically significant difference in 

the amount of albumin and fibrinogen adsorbed on NCD-S and NCD-L when incubated in independent 

solutions of approximate physiological concentrations (44 mg/mL albumin; 2.5 mg/mL fibrinogen) (Figure 3C). 

In contrast, there was a statistically significant higher amount of fibrinogen adsorbed on NCD-S and NCD-L 

compared to albumin when incubated in individual solutions at equal concentrations of 2.5 mg/mL (Figure 3D).  
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Figure 3. Protein adsorption on nanocrystalline diamond coatings, including: (A) albumin adsorption with respect to protein concentration, 
(B) fibrinogen adsorption with respect to protein concentration, (C) comparison of albumin and fibrinogen adsorption at approximate 
human plasma concentrations (44 mg/mL albumin, 2.5 mg/mL fibrinogen), and (D) comparison of albumin and fibrinogen adsorption at 
equal concentrations (2.5 mg/mL). Values represent mean ± SD from experiments performed in duplicate for 3 trials (n=3). Statistical 
differences between materials were evaluated separately for albumin and fibrinogen (A-B). Statistical differences between albumin and 
fibrinogen adsorption on the same material were evaluated in approximate physiological plasma concentrations (C) and in equal 
concentrations (D). *Statistically significant difference (p<0.05) in protein adsorption compared to the same material at lower protein 
concentration(s). #Statistically significant difference (p<0.05) in fibrinogen adsorption compared to albumin adsorption on the same 
material. Additional detailed statistical comparisons between different materials in the same protein concentrations can be found in 
Supplemental Figure 1. 

 
 
 
Based on the results above, an important finding is that for both proteins at all concentrations, there was no 

statistically significant difference in protein adsorption on the NCD-S coatings versus the NCD-L coatings. 

These results suggest that the NCD coating nanotopography does not influence protein adsorption, despite the 

difference in hydrophobicity. Further testing should be conducted using protein solutions containing both 

albumin and fibrinogen to determine competitive adsorption on NCD coatings, since these proteins undergo 

competing mechanisms that affect their adsorption on biomaterial surfaces 

 

3.3 Hemolysis 

Hemolysis testing was conducted to evaluate the cytotoxic effects of the NCD coatings on red blood cells. 

Diluted heparinized blood with a hemoglobin concentration of 125 mg/dL was pipetted onto the adhered, 

flattened test substrates and control materials at a surface area to volume ratio of approximately 2.6 cm2/mL. It 

should be noted that this surface area to volume ratio is slightly lower than that recommended in the ASTM 

A 

DC 
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F756 standard (3 cm2/1 mL).41 The increased fluid volume was applied to ensure complete coverage of the 

samples during testing. Control materials were included in all of the experiments to ensure the lower surface 

area to volume ratio did not prevent hemolysis from occurring with blood in contact with hemolytic materials. 

Our test procedure may have been more sensitive than that in the ASTM F756 standard since we used human 

blood (rather than rabbit blood in ASTM F756) and the RBCs interacted more with the attached materials in a 

horizontal configuration by settling onto them during incubation. In the ASTM F756 test, which is conducted in 

conical tubes, the RBCs settle to the bottom between each mixing step during the incubation period and have 

less direct contact with the surfaces of the test materials. 

 

The degree of hemolysis caused by heparinized blood exposed to NCD coatings is shown in Figure 4. The 

nitrile rubber positive control material exhibited significant levels of hemolysis (96.5%) and the HDPE negative 

control material exhibited negligible hemolysis (2.9%) compared to the TCPS plate without a test material 

(2.7%), verifying the performance of the assay. The Buna-N rubber positive control material did not cause 

significant hemolysis (4.3%). As noted in the ASTM F756-13 hemolysis testing standard, Buna-N rubber is an 

appropriate positive control material for extract hemolysis testing, though it causes much lower hemolysis when 

tested by direct contact.41 The NCD coatings exhibited percent hemolysis of 2.7% for NCD-S and 2.6% for 

NCD-L, which was statistically similar to those of the negative control material, suggesting the NCD coatings 

are non-hemolytic. There was no statistically significant difference in hemolysis for the NCD-S coatings vs. the 

NCD-L coatings, suggesting that the nanotopography of the NCD films does not affect the hemolytic 

performance.  

 

These results are consistent with the literature in which carbon-based coatings have shown no hemolytic 

response.20 Although NCD coatings have demonstrated non-hemolytic effects, it should be noted that studies 

have shown hemolysis in blood treated with discrete nanodiamond particles that are of interest for drug 

delivery, biosensing, and imaging applications.60 Puzyr et al. demonstrated significant destruction of red blood 

cells (up to 50% hemolysis) in contact with ultrafine nanodiamond particles synthesized by detonation.61 

Nanodiamond particle-induced hemolysis may be due to interaction with red blood cell membranes, oxidative 

stress, and imbalances from plasma protein adsorption on the nanodiamonds.60, 61 The effect of nanodiamond 

particles on hemolysis is dependent on particle size, experimental conditions, and surface properties.46, 60 Lin et 

al. found 5 nm and 100 nm diamond nanoparticles to be non-hemolytic, although they observed penetration of 

RBC membranes with 5 nm particles and a concentration-dependent effect on RBC oxygenation function.60 Li 

et al. showed that oxidized diamond nanoparticles were hemocompatible, with negligible hemolytic and 

thrombogenic effects.46 This research, along with the data presented here, indicates that both chemistry and 

structure impact hemolytic potential.  
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Figure 4. In vitro hemolysis test results for diluted human blood exposed to the test materials. HDPE was used as a negative control 
material, and nitrile rubber was used as a positive control material. Values represent mean ± SD from experiments performed in triplicate 
for 4 trials (n=4). *Statistically significant difference (p<0.05) compared to the HDPE negative control material.  

  
 
 

3.4 Non-Activated Partial Thromboplastin Time 

Coagulation results from a series of reactions that lead to the thrombin-catalyzed transformation of fibrinogen 

into an insoluble fibrin clot.62 The two primary pathways of coagulation include intrinsic and extrinsic 

pathways. Non-activated partial thromboplastin time (PTT) tests the effect of a material on blood coagulation 

via the intrinsic coagulation pathway (e.g., activation of FXII). A shortened clotting time in the PTT assay 

indicates the activation of the intrinsic coagulation pathway by the test material. The results of the PTT assay 

are shown in Figure 5 and are presented as a percentage relative to the clotting time of untreated plasma. NCD 

coatings exhibit statistically similar PTT values (79% for NCD-S and 80% for NCD-L) as those of the HDPE 

negative control material (77%); it should be noted that these values are statistically lower than the untreated 

plasma (100%). These results suggest NCD coatings are minimal activators of the intrinsic plasma coagulation 

cascade. The silicon and nitrile rubber control materials demonstrated slightly reduced PTT times, indicating 

mild activation. The reduction of non-activated PTT was highest in plasma in contact with the Buna-N positive 

control material; for this material, the coagulation time was reduced to approximately 47% of the plasma 

control, suggesting that it is an activator of the intrinsic coagulation pathway. Previous studies evaluating 

discrete nanodiamond particles using the activated partial thromboplastin time (aPTT) assay have also shown no 

effect on coagulation;46, 63 however, the aPTT assay may be less sensitive than non-activated PTT for 
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hemocompatibility evaluation of biomaterials because the activators in aPTT reagent can mask the activation 

effects of the test materials. 

Figure 5. Non-activated partial thromboplastin time (PTT) of human plasma after exposure to the test materials. The average clotting time 
for each test sample was presented as percentage of the untreated plasma. HDPE was used as a negative control material, and Buna-N 
rubber was used as a positive control material. Values represent mean ± SD from experiments performed in quadruplicate for 3 trials (n=3). 
*Statistically significant difference (p<0.05) compared to the HDPE negative control material. 

 
 

 
3.5 Thrombosis and Platelet Evaluation 

Platelets play a critical role in thrombus formation and are a valuable tool for evaluating the thrombogenicity of 

biomaterials.6, 62 Evaluation of platelet activation, aggregation, and adhesion is essential for determining 

biomaterial-blood compatibility. Low platelet adhesion and low activation denote good hemocompatibility.62 

Due to the importance of platelet evaluation in determining blood compatibility, three methods of platelet 

testing were performed after NCD incubation in PRP, including plasma-phase platelet count, quantification of 

adhered platelets, and surface-bound platelet morphology evaluation. The combination of these three test 

methods provides information on the amount of platelet adhesion as well as activation of the platelets and 

subsequent formation of platelet aggregates.  
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The plasma collected after incubation on the NCD coatings was evaluated using a cell and particle analyzer to 

determine the platelet count. When evaluating plasma-phase platelets after incubation on a biomaterial, a 

reduction in platelet count is indicative of a material’s higher tendency to form dangerous thrombi.64 A decrease 

in plasma-phase platelets can be a result of significant platelet adhesion on the biomaterial surface or formation 

of thrombi/platelet aggregates in the plasma. The platelet count after human PRP was exposed to NCD coatings 

is shown in Figure 6 and is presented as a percentage of the untreated plasma platelet count. 

 

Plasma incubated on NCD coatings exhibited platelet counts of 102% (NCD-S) and 98% (NCD-L) of the 

untreated plasma; these values were statistically similar to each other and to the HDPE negative control material 

(102%). The results suggest the NCD coatings exhibit a minimal effect on platelet counts, regardless of 

nanotopography. Indicative of platelet aggregation, platelet counts were significantly lower for the positive 

control materials (e.g., Buna-N and nitrile rubber) than for the HDPE negative control material and the 

untreated plasma. 

 

Surface-bound platelets on NCD coatings were quantified using acid phosphatase (ACP) release from lysed 

platelets. The density of adhered platelets on the test materials and controls is shown in Figure 7. The HDPE 

negative control material exhibited an adhered platelet density of 10.7K platelets/cm2. The diamond coatings 

demonstrated adhered platelet densities of 10.8k platelets/cm2 (NCD-S) and 9.9k platelets/cm2 (NCD-L). There 

was no statistically significant difference in the number of surface-bound platelets among all of the test 

materials, including the positive and negative control materials. This finding does not contradict our results 

from the plasma-phase platelet count, since the decrease in the plasma-phase platelet count for the positive 

control materials could be due to platelet aggregation rather than to surface-adhered platelets; however, the lack 

of distinction between surface-bound platelets on control materials could be due to the experimental limitations 

of the ACP assay for adhered platelet quantification. Although measurements of washed platelets suggest 

sufficient assay sensitivity to measure low platelet numbers, it is unknown whether the lysis procedure used was 

effective in lysing large platelet aggregates formed on the material surfaces. Inadequate lysing of platelet 

aggregates on positive control materials could result in inaccurate calculation of surface-bound platelets using 

the ACP assay. Further evaluation of the efficacy of the ACP assay for quantification of adhered platelets 

should be conducted. In addition, even though ACD has been commonly used as an anticoagulant for platelet 

studies for many years and has been shown to be a suitable anticoagulant to characterize shear-induced platelet 

activation,6, 65 the calcium-chelating nature of citrate-based anticoagulants may suppress platelet adhesion to 

material surfaces.66 Evaluation using alternative anticoagulants that can maintain a physiological calcium level 

will be considered in our future studies.    
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Figure 6. Plasma-phase platelet count of human PRP after exposure to the test materials. Platelet counts were normalized to the baseline 
levels using untreated PRP and presented as percentage of the untreated PRP. HDPE was used as a negative control material. Buna-N 
rubber and nitrile rubber were used as positive control materials. Values represent mean ± SD from experiments performed in duplicate for 
6 trials (n=6). *Statistically significant difference (p<0.05) compared to the HDPE negative control material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. ACP assay quantification of adhered platelet density on the test materials after incubation in PRP. HDPE was used as a negative 
control material. Buna-N rubber and nitrile rubber were used as positive control materials, though no statistical differences were observed. 
Values represent mean ± SD from experiments performed in triplicate for 3 trials (n=3). There were no statistically significant differences 
between test materials compared to the HDPE negative control material. 
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Platelet morphology is an indicator of platelet activation status and has been classified according to the five 

stages of shape change for activated platelets: round (R), dendritic (D), spread-dendritic (SD), spreading (S), 

and fully spread (FS) as shown in Figure 8A.67 In this classification scheme, round platelets are least activated 

and fully spread platelets are most activated. Using this classification, SEM micrographs of platelets adhered to 

NCD coatings and HDPE negative control materials were evaluated. The number of platelets in each 

morphology stage was determined, providing a semi-quantitative representation of platelet 

morphology/activation. The results of the platelet morphology evaluation are shown in Figure 8B. Despite large 

error bars due to variability in the blood response from different donors, a similar trend in the distribution of 

platelet morphology is evident for NCD-S, NCD-L, and HDPE. For all of the coatings, the adhered platelets 

exhibit platelet morphologies mostly distributed in the middle levels of activation, with higher platelet numbers 

exhibiting D, SD, and S morphology and fewer platelets exhibiting R (unactivated) or FS (highly activated) 

morphology. There were no statistically significant differences between NCD-S, NCD-L, and HDPE for all of 

the platelet morphologies. These results suggest platelet activation on the NCD coatings, regardless of 

nanotopography, was similar to the HDPE negative control material. Platelet morphology evaluation was not 

conducted on the nitrile rubber positive control materials due to severe aggregation of platelets, as shown in 

Figure 9. No significant platelet aggregates were present on the NCD coatings. Although the results provide a 

good qualitative comparison between the NCD coatings and the negative and positive control materials, it 

should be noted that only a small percentage (<1%) of the material surface area was evaluated. Furthermore, 

platelet morphology classification is a subjective process and should be combined with additional platelet 

assays for comprehensive evaluation. 

 

These results are in agreement with previous studies evaluating platelet adhesion and thrombus formation on 

NCD surfaces, which have shown a high resistance to platelet adhesion and thrombogenicity compared to 

conventional cardiovascular device materials.27, 68 Zheng et al. evaluated NCD coatings in platelet rich plasma 

and found lower platelet adhesion and platelet aggregation on NCD compared to pure titanium surfaces.68 Okroj 

et al. also found minimal platelet adhesion on NCD surfaces compared to medical grade stainless steel.27 They 

observed few platelets exhibiting spherical morphology with short extensions on NCD coatings; on the other 

hand, platelets on stainless steel demonstrated significant spreading and thrombi formation.  
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Figure 8. Platelet Morphology Evaluation: (A) Morphology classification of platelets as an indicator of increasing platelet activation, 
including round, dendritic, spread dendritic, spreading, and fully spread morphologies; (B-D) Platelet morphology on (B) NCD-S, (C) 
NCD-L, and (D) HDPE coatings; (E) Platelet morphology distribution on the NCD coatings and the HDPE negative control material. 
Values represent mean ± SD from 5 images per sample for 3 trials (n=3). There were no statistically significant differences between NCD-
S, NCD-L, and HDPE for all of the platelet morphologies. 
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Figure 9. SEM micrographs of platelet aggregation on the nitrile rubber positive control material at (A) 1000X and (B) 5000X 
magnifications.  

 
 
4. Conclusions 

Nanocrystalline diamond is a promising biomaterial coating for blood-contacting devices due to its mechanical 

robustness, high wear resistance, chemical inertness, and excellent biocompatibility. NCD coatings with 

different nanoscale grain sizes were successfully fabricated in a controllable and reproducible manner. These 

nanostructured diamond coatings exhibited low protein adsorption of blood proteins and no cytotoxicity to red 

blood cells. Low thrombogenicity was observed with minimal platelet adhesion, no significant platelet 

aggregation, and platelet activation equivalent to the HDPE negative control material. NCD coatings caused 

minimal to no activation of the plasma coagulation cascade. Our in vitro evaluation of NCD hemocompatibility 

using human blood suggests NCD coatings demonstrate favorable blood-surface interactions regardless of 

nanostructured topography. These results suggest NCD coatings have significant potential for improved 

cardiovascular devices; however, further studies to evaluate NCD coatings for blood-contacting devices should 

be conducted, including dynamic in vitro testing and in vivo testing.  
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Supplemental Information 

 

 

Figure S1. Statistical comparisons between different materials at different protein concentrations, including: (A) albumin adsorption with 
respect to protein concentration and (B) fibrinogen adsorption with respect to protein concentration. Statistically significant differences 
(p<0.05), either increased or decreased responses, are represented with the colored cells. 
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Abstract 

Long-term success of orthopaedic and dental devices depends on rapid, stable fixation of the implant by 

formation of a strong bone-implant interface. Implant biomaterials may enhance osseointegration in vivo by 

promoting attachment of anchorage-dependent osteoprogenitor cells, stimulating osteogenic differentiation into 

mature osteoblasts, and facilitating bone formation at the implant site. Surface engineering of titanium with 

nanostructured topographies have shown promise for stimulating osteogenesis and enhancing osseointegration. 

The aim of this study was to evaluate in vitro cellular responses to titanium dioxide (TiO2) coatings and to 

determine the effects of nanoscale surface topography on human bone marrow-derived mesenchymal stem cell 

(hBMSC) responses. TiO2 coatings of 50 nm and 250 nm thickness were deposited using radio frequency (RF) 

sputtering and subsequently annealed (700°C and 1100°C) to fabricate coatings with varying nanoscale surface 

topographies (< 20 nm to 350 nm). Physico-chemical characterization was performed using scanning electron 

microscopy, atomic force microscopy, X-ray diffraction, and contact angle measurements. In vitro cell 

adhesion, morphology, proliferation, and osteogenic differentiation of hBMSCs on TiO2 coatings were 

evaluated. MSC surface marker expression, alkaline phosphatase activity, and hydroxyapatite mineral 

deposition were used as biomarkers to assess the osseoinductive potential of the nanostructured TiO2 implant 

coatings. Our results show that hBMSC responses are dependent on TiO2 coating surface morphology. hBMSCs 

on the nanostructured coating with the largest average surface features (200-350 nm) exhibited enhanced cell 

adhesion and osteogenic differentiation in the presence of osteogenic supplements; however, in the absence of 

osteogenic supplements, none of the nanostructured TiO2 coatings induced osteogenic differentiation. 
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1. Introduction 

Long-term success of orthopaedic and dental devices depends on rapid, stable fixation of the implant by 

formation of a strong bone-implant interface, known as osseointegration. Implant biomaterials enhance 

osseointegration in vivo by promoting attachment of anchorage-dependent osteoprogenitor cells, stimulating 

osteogenic differentiation into mature osteoblasts, and facilitating bone healing at the implant site.1 Numerous 

implant characteristics may affect osseoinduction and osseointegration, including device geometry, mechanical 

properties, and surface features.2, 3  

 

Surface engineering of biomaterials has been investigated for enhanced osseointegration of orthopaedic and 

dental implants. By tailoring the surface of the implant, protein adsorption and cellular interactions with the 

biomaterial can be manipulated for improved biological response and tissue integration. Since cellular responses 

are strongly influenced by structural components of the extracellular matrix, biomaterials for hard tissue 

applications have been engineered with nanostructured topographies to mimic the nanoscale organic and 

mineral phases of bone.  

 

Human bone is composed of nanoscale organic and mineral phases which are hierarchically organized into 

larger microstructures and macrostructures.4, 5 Cortical bone consists of 22% organic matrix (composed 

primarily of collagen), 69% mineral, and 9% water.6 Type I collagen, the primary ECM fibrillary protein of 

bone, can range in diameter from 12 nm to greater than 500 nm.7 The inorganic mineral consists of apatite 

crystals of calcium and phosphate, similar in composition to hydroxyapatite [Ca10(PO4)6(OH)2]. These needle-

like crystals are 20-40 nm in length with diameters of 1.5-3 nm.6 Due to the nanoscale nature of the inorganic 

and organic bone constituents, biologically-inspired nanostructured coatings have been investigated for 

orthopaedic and dental implants to stimulate osteogenesis and enhance osseointegration. 

 

Nanostructured topography of biomaterials have demonstrated an effect on bone-derived cells in regards to cell 

adhesion, morphology/alignment, migration, proliferation, gene expression, protein production, and 

differentiation. Several studies have focused on optimization of orthopaedic biomaterials with nanoscale surface 

features to stimulate osteogenesis and enhance osseointegration.8-12 Mendonca et al. demonstrated that 

deposition of TiO2 nanostructured topographical features on titanium implants resulted in greater osteogenic 

differentiation of mesenchymal stem cells and higher bone-to-implant contact upon implantation compared to 

machined titanium surfaces.13, 14 Khang et al. surface engineered titanium with sub-nano, nano, and nano-

submicron hybrid features and found that surfaces with nano-submicron rough surfaces resulted in highest 

osteoblast differentiation.15 Lavenus et al. evaluated anodized titanium implants with nanoporous surface 

features and showed that titanium implants with 30 nm and 50 nm nanopores promoted early osteogenic 
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differentiation of mesenchymal stem cells in the absence of osteogenic supplements. They further demonstrated 

accelerated bone apposition and bone bonding strength of nanostructured titanium implants in vivo.10  

 

Though several studies have investigated the effects of nanotopography on osseoinduction and osseointegration 

of titanium-based implants, optimization of implant surface features remains a challenge. For example, 

fabrication of nanostructured surfaces in a precise, reproducible manner is difficult as many fabrication 

techniques produce a wide-range of surface features with significant size variability. Furthermore, traditional 

surface modification techniques, such as chemical etching, alter the biomaterial surface chemistry which can 

affect cellular response, interfering with the effects of surface topography. Several studies evaluating cell-

nanotopography interactions do not adequately evaluate the physical and chemical properties of the biomaterial 

surface, making it difficult to identify optimal surface characteristics and to compare to results of previous 

studies; therefore, further studies on cell-material interactions should be conducted using controllable 

fabrication of nanotopographies with well-characterized surface properties to determine optimal surface feature 

dimensions and morphologies for enhanced mesenchymal stem cell adhesion and promotion of osteogenic 

differentiation.  

 

The aim of this study was to evaluate the effects of TiO2 nanostructured topography on human bone marrow-

derived mesenchymal stem cell (hBMSC) responses through reproducible fabrication of coatings with different 

nanostructured topographies, comprehensive physico-chemical characterization of coating surface properties, 

and systematic evaluation of in vitro biological responses in regard to cell adhesion, morphology, proliferation, 

and osteogenic differentiation.  

 

2. Materials & Methods 

 

2.1 Fabrication of Nanostructured TiO2 Coatings 

Titanium dioxide (TiO2) coatings with thicknesses of 50 nm and 250 nm were deposited on pre-diced silicon 

substrates (4 mm x 4 mm) using radio frequency (RF) sputtering. Samples were subsequently annealed at 

temperatures of 700°C or 1100°C to fabricate coatings with varying nanoscale surface topographies. Annealing 

was conducted at 700°C or 1100°C for one hour in 80:20 N2:O2 (4800 sccm H2 and 1200 sccm O2). Sccm 

denotes standard cubic centimeters per minute at standard temperature and pressure. 
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2.2 Physico-Chemical Characterization of Nanostructured TiO2 Coatings 

 

2.2.1 Scanning Electron Microscopy (SEM) 

Prior to characterization, samples were rinsed with acetone, ethanol, and deionized (DI) water to remove 

particulates and organic contaminants, and then blown dry with high purity nitrogen gas. Surface morphology 

of the nanostructured TiO2 coatings was examined using a FEI Quanta 3D FEG FIB-SEM (FEI, Hillsboro, OR). 

SEM images were acquired using an acceleration voltage of 5kV with a 10 mm working distance.  

 

2.2.2 Atomic Force Microscopy (AFM) 

Surface topography of the TiO2 coatings was further analyzed using a MFP-3D-Bio atomic force microscope 

(Asylum Research, Santa Barbara, CA). A silicon probe (model #TAP150A) with resonant frequency of 150 

kHz (Bruker, Santa Barbara, CA) was used for tapping mode imaging in air. A scan area of 2 μm x 2 μm was 

evaluated on three samples and roughness measurements were acquired. 

 

2.2.3 X-ray Diffraction (XRD) 

Phase structure for the nanostructured TiO2 coatings was obtained with a Smartlab X-ray diffraction instrument 

(Rigaku, The Woodlands, TX) using CuK radiation (=1.54 nm). Measurements were obtained in the range of 

10-50° 2using a scanning step of 0.03° 2a dwell time of 3 seconds per step, and an incidence angle of 0.5° 

2. 

 

2.2.4 Contact Angle Measurements 

Wettability of the nanostructured TiO2 coatings was characterized by water contact angle testing. Water contact 

angles on the TiO2 coatings were measured using the sessile drop method under ambient conditions using a 

Ramé-Hart Model 250 Standard Goniometer/Tensiometer (Ramé-Hart Instrument Co., Succasunna, NJ). A DI 

water droplet (5 L) was placed onto the TiO2 coating, photographed, and analyzed using DROPimage 

Advanced software (Ramé-Hart Instrument Co., Succasunna, NJ). Contact angles on 3 different areas of 4 

samples of each coating type were measured. 

 

2.3 Sample Preparation & Cell Culture 

Nanostructured TiO2 coatings were sonicated in acetone for 10 minutes, sonicated in ethanol for 10 minutes, 

rinsed in running DI water, and dried using nitrogen gas. Samples were then placed in a 96-well tissue culture 

polystyrene plate. Tissue culture polystyrene samples were cut to 4 mm x 4 mm squares, adhered to the well-

plate with vacuum grease, and used as controls. All samples were then sterilized under UV light for 30 minutes 

in a cell culture hood prior to cell seeding. 
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Primary human bone marrow-derived mesenchymal stem cells (hBMSCs) (ATCC, Manassas, VA) were 

cultured in mesenchymal stem cell basal medium (ATCC) supplemented with 7% fetal bovine serum, 125 

pg/mL recombinant human fibroblast growth factor basic (rhFGF-b), 15 ng/mL recombinant human insulin-like 

growth factor (rhIGF-1), and 2.4 mM L-alanyl-L-glutamine under cell culture conditions (37°C with 5% by 

volume CO2). Passage 3 cells were used for all experiments. 

 

For seeding samples, hBMSCs were dissociated with TrypLETM Express dissociation reagent (Life 

Technologies, Grand Island, NY) and resuspended in cell culture medium prior to cell counting. hBMSCs were 

seeded on each sample at a cell density of 5,000 cells/mL for cell adhesion studies and 150,000 cells/mL for all 

other assays. To ensure that the cells were seeded directly on the sample with minimal cells in the sides of the 

well, a 10 L droplet of cell suspension was carefully added to each sample and incubated for 2 hours under cell 

culture conditions (37°C, 5% CO2) to allow cell attachment before adding 200 L of medium to each well. 

Cells were grown for 24 hours and then medium was replaced with fresh culture medium or Osteocyte 

Differentiation Tool (ATCC, Manassas, VA), medium containing osteogenic supplements (OS). Cells were 

incubated under cell culture conditions for up to 28 days with medium changed three times per week. Tissue 

culture polystyrene (TCPS) samples were used as controls for all assays. 

 

2.4 Biological Responses to Nanostructured TiO2 Coatings 

 

2.4.1 Cell Adhesion: Paxillin, Actin, and Nuclei Fluorescent Staining 

For cell adhesion experiments, hBMSCs were seeded on TiO2 coatings at a low seeding density (500 

cells/sample) to enable single-cell evaluations. One day after seeding, cells were rinsed twice with 1X PBS and 

fixed with 3.7% (m/v) formaldehyde for 30 minutes. Samples were then permeabilized with 0.2% Triton X-100 

for 5 minutes, rinsed twice with 1X PBS, and blocked with 2% goat serum for 30 minutes. Samples were then 

incubated in primary antibodies (1:200 Monoclonal Anti-Paxillin, mouse) (Sigma-Aldrich, St. Louis, MO) for 1 

hour at 37°C, incubated in secondary antibodies (1:200 Alexa Fluor® 488 Goat Anti-Mouse IgG) (Life 

Technologies, Grand Island, NY) for 1 hour at 37°C, incubated in Alexa Fluor® 594 Phalloidin (20 nmol/L in 

PBS) (Life Technologies, Grand Island, NY) for 1 hour at room temperature, and then stained with 1 g/mL 

Hoechst (Life Technologies, Grand Island, NY) for 1 minute. Samples were rinsed three times with 1X PBS 

between each staining step. Samples were then imaged at 10X and 20X magnifications using a Nikon Eclipse 

TE2000 Inverted Microscope with a Nikon DS-Qi1 monochrome digital camera (Nikon Corporation, Tokyo, 

Japan).  
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2.4.2 Cell Morphology: Actin and Nuclei Fluorescent Staining 

hBMSC morphology on nanostructured TiO2 coatings and TCPS control materials was evaluated at Day 1, Day 

7, Day 14, and Day 28 after initial media change following cell seeding using fluorescent staining of actin and 

nuclei. Cells were fixed with 3.7% (m/v) formaldehyde for 30 minutes. Samples were washed twice with 1X 

PBS and permeabilized with 0.2% Triton X-100 for 3 minutes. Samples were then washed twice with 1X PBS 

and stained for 1 hour with Alexa Fluor® 594 Phalloidin (20 nmol/L in PBS) and SYTOX® Green Nucleic 

Acid Stain (100 nmol/L in PBS) to stain for f-actin and nuclei. Cells were washed twice with 1X PBS and left to 

dry overnight. Cells were then imaged at 10X and 20X magnifications using a Nikon Eclipse TE2000 Inverted 

Microscope with a Nikon DS-Qi1 monochrome digital camera (Nikon Corporation, Tokyo, Japan).  

 

2.4.3 Cell Proliferation: PicoGreen® DNA Assay 

PicoGreen® dsDNA quantitation assay was used to measure cell proliferation of hBMSCs grown with and 

without osteogenic supplements (+OS, -OS) on nanostructured TiO2 coatings and TCPS at different time points 

(Day 1, Day 7, Day 14, and Day 28). Samples were washed with sterile 1X PBS and incubated in a papain 

enzyme digestion buffer (PBS with 0.175 U/ml Papain and 14.5 mmol/L L-cysteine) for 18 hours at 60°C. After 

incubation, 50 L of cell lysate was transferred to a 96-well plate and mixed with 50 L of Quant-iT Picogreen 

reagent (5 l stock in 1 ml 1X TE buffer). A Molecular Devices (Sunnyvale, CA) SpectraMax® GeminiTM EM 

microplate reader was used to measure fluorescence at an excitation wavelength of 485 nm and an emission 

wavelength of 538 nm. Cell total DNA was calibrated using a DNA standard curve with known DNA 

concentrations.  

 

2.5 Osteogenic Differentiation of hBMSCs on Nanostructured TiO2 Coatings  

 

2.5.1 Mesenchymal Stem Cell Surface Marker Expression: Flow Cytometry 

Flow cytometry was used to correlate changes in surface marker expression with osteogenic differentiation of 

hBMSCs on nanostructured TiO2 coatings. Cells grown with and without osteogenic supplements (+OS, -OS) 

were evaluated and surface marker expression was assessed at Day 1, Day 7, Day 14, and Day 28 after initial 

media change following cell seeding. Supernatant cell culture medium from each sample was transferred to a 

centrifuge tube to collect non-adherent cells. Adherent cells were detached using TrypLETM Express 

dissociation reagent and combined with the supernatant. Cells were then centrifuged at 2.5 G for 5 minutes and 

the supernatant was aspirated. Cells were then resuspended in a staining solution containing antibody 

conjugates (positive and negative marker cocktails) from the BD StemflowTM Human MSC Analysis Kit (BD 

Biosciences, San Jose, CA) per the manufacturer’s instructions. The positive marker cocktail contained the 

following fluorochrome-conjugated antibodies: Allophycocyanin (APC) CD73, fluorescein isothiocyanate 

(FITC) CD90, and peridinin-chlorophyll proteins cyanine (PerCP-CyTM5.5) CD 105. The negative marker 
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cocktail contained negative expression markers (CD11b, CD 19, CD34, CD45, HLA-DR) all conjugated to 

phycoerythrin (PE) fluorochromes. Cells were incubated in the staining solution for 30 minutes at room 

temperature and then analyzed using a BD LSR FortessaTM flow cytometry system (BD Biosciences, San Jose, 

CA). 

 

For each experiment, multiple flow cytometry controls were used to optimize the assay to eliminate background 

autofluorescence and fluorochrome overlap. Flow cytometry controls included cells without dye, single 

fluorophore compensation controls, cells with positive and negative surface marker cocktails, and isotype 

controls. Isotype control cocktails were applied for positive and negative controls and were used for the gating 

strategy. The total cell population was gated based on light-scatter properties to isolate cells and eliminate cell 

aggregates and debris. Gates for all positive surface markers were established at 5% of the isotype control. The 

results were presented as the percentage of the total cell population positively expressing the defined cell 

surface marker. 

 

2.5.2 Alkaline Phosphatase Assay 

Alkaline phosphatase (ALP) activity of hBMSCs grown in the presence and absence of osteogenic supplements 

(+OS, -OS) was evaluated at different time points (Day 1, Day 7, Day 14, and Day 28) using the Stanbio 

Alkaline Phosphatase LiquiColor® Absorbance assay (Stanbio Laboratory, Boerne, TX). Cells were collected 

and lysed using 0.2% Triton X-100 for 20 minutes at room temperature on a shaker. The cell lysate was mixed 

with the p-nitrophenyl phosphate working reagent, and sample absorbance was measured kinetically at a 

wavelength of 405 nm in 10 minute intervals for 5 hours using a SpectraMax® 190 microplate reader 

(Molecular Devices Sunnyvale, CA). The ALP activity in the samples was quantified using human serum 

standard (Stanbio Ser-T-Fy® Level 1 Control Serum) (Stanbio Laboratory, Boerne, TX) with a measured 

average ALP activity of 131 units/L. The ALP activity was normalized by the total DNA content measured 

using the PicoGreen® assay and expressed as ALP units x 10-3 per nanogram DNA. 

 

2.5.3 Mineralization: OsteoImageTM Mineralization Assay  

In vitro mineralization by hBMSCs was qualitatively and quantitatively evaluated using OsteoImageTM 

Mineralization Assay (Lonza, Walkersville, MD) for fluorescent staining of hydroxyapatite. After 28 days cell 

culture, cells were fixed with 100% ethanol for 20 minutes and then rinsed with wash buffer. Samples were 

incubated in 100 L staining reagent for 30 minutes at room temperature. After removing the staining reagent, 

samples were rinsed three times with wash buffer for 5 minutes per rinse. Fluorescent images were acquired at 

10X magnification using a Nikon Eclipse TE2000 Inverted Microscope with a Nikon DS-Qi1 monochrome 

digital camera (Nikon Corporation, Tokyo, Japan). Image acquisition parameters were optimized so that all 

pixels in all images were within a pixel intensity range of 0-256 to eliminate oversaturation. All images were 
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acquired using the same parameters. ImageJ was used to determine the spatio-temporal quantification of 

mineral deposition on each sample from the fluorescent images. Intensity measurements were averaged from 6 

images for each sample for all trials (n=3). 

 

2.6 Statistics 

The results from each data set were expressed as mean ± standard deviation. Statistical differences between test 

samples were assessed using one-way ANOVA or two-way repeated measures ANOVA with a Tukey’s post 

hoc test using Prism 6 statistical software (GraphPad Inc., La Jolla, CA). A p-value of less than 0.05 was 

considered significantly different for all of the assays. Three trials (n=3) were conducted for all assays. 

 

3. Results 

 

3.1 Fabrication and Physico-Chemical Characterization of Nanostructured TiO2 Coatings 

Titanium dioxide coatings with two different thicknesses, 50 nm and 250 nm, were deposited on silicon 

substrates using RF sputtering. By varying the coating thickness and subsequent annealing temperatures (700°C 

or 1100°C), TiO2 coatings with different surface nanotopographies were fabricated in a reproducible manner. 

Six different nanostructured TiO2 coatings were fabricated, as shown in Table 1. 

 

SEM micrographs of nanostructured TiO2 coatings (Figure 1) show uniform, conformal coatings with surface 

features on the nanoscale (Table 1). The as-deposited 50 nm thick TiO2 coating (50-NA) exhibited surface 

features less than 20 nm in diameter, while the as-deposited 250 nm thick TiO2 coating (250-NA) showed 

surface topographies with average feature sizes of 30-60 nm. Annealing both coating thicknesses resulted in 

increased average surface feature size, though the difference in surface topographies between the 250-NA 

sample and the 250-700 sample was minimal. For each coating thickness, an increased annealing temperature 

resulted in increased surface feature sizes. For 50 nm thick TiO2 coatings, annealing at 700°C produced average 

surface features of 30-50 nm, and annealing at 1100°C fabricated surface coatings with average features of 70-

100 nm. Similarly, for 250 nm thick TiO2 coatings, annealing at 700°C resulted in coatings with average surface 

features of 50-80 nm, and annealing at 1100°C produced coatings with average features of 200-350 nm. The 

range and the average size of the surface features for each nanostructured TiO2 coating are shown in Table 1. 

 

AFM micrographs (Figure 2) further demonstrated the differences in surface topography and surface roughness 

of the nanostructured TiO2 coatings. RMS values ranging from approximately 2 nm (50-NA) to 17 nm (250-

1100) were measured, as shown in Table 1. The RMS values increased with increasing average surface feature 

size, indicating variation in the roughness amplitudes of the coatings.  
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XRD spectra (Figure 3) exhibited a strong diffraction peak at approximately 27° as well as smaller peaks at 36°, 

41°, and 44°, indicating TiO2 with rutile crystalline phase. The 27° diffraction peak is well defined in all 

nanostructured TiO2 coatings. The 36°, 41°, and 44° peaks are most prominent on the annealed 250 nm thick 

samples.  

 
 
 
Table 1. Nanostructured TiO2 coating processing parameters and surface properties.  

 

TiO2 
Coating 

RF Sputtered TiO2 
CoatingThickness 

[nm] 

Annealing 
Temperature 

[°C] 

Surface Feature Size 
RMS 
[nm] 

Water 
Contact Angle 

[Degrees] 
Size Range 

[nm] 
Avg. Size 

[nm] 

50-NA 50 Not Annealed - <20 1.98±0.01 71.2±5.6 

50-700 50 700 20-100 30-50 2.39±0.02 71.5±6.3 

50-1100 50 1100 45-250 70-100 5.44±0.06 56.0±2.2 

250-NA 250 Not Annealed 20-100 30-60 3.65±0.02 80.7±4.2 

250-700 250 700 20-200 50-80 4.88±0.08 60.7±3.6 

250-1100 250 1100 80-600 200-350 16.72±1.43 55.4±3.4 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 1. SEM micrographs of the (A) 50-NA, (B) 50-700, (C) 50-1100, (D) 250-NA, (E) 250-700, and (F) 250-1100 nanostructured TiO2 
coatings, demonstrating the different surface topographies. 
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Figure 2. AFM micrographs of the (A) 50-NA, (B) 50-700, (C) 50-1100, (D) 250-NA, (E) 250-700, and (F) 250-1100 nanostructured TiO2 
coatings, demonstrating the different surface roughness values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. XRD spectra of the nanostructured TiO2 coatings, exhibiting a strong peak at 27°, indicative of rutile crystalline structure. 
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Water contact angles (Table 1) were measured to determine the wettability of the nanostructured TiO2 coatings. 

Contact angles measured using the sessile drop method with DI water showed that all nanostructured TiO2 

coatings were hydrophilic, with average contact angles less than 90°. The 50-NA and 50-700 coatings 

demonstrated average contact angles of approximately 71°. Annealing at 1100° resulted in increased 

hydrophilicity, with 50-1100 exhibiting an average contact angle of 56°. The 250-NA coating exhibited the 

highest hydrophobicity, with an average contact angle of 80.7°. For the 250 nm thick TiO2 coatings, increased 

annealing temperatures resulted in increased hydrophilicity with average contact angles of 60.7° (250-700) and 

55.4° (250-1100). The two coatings annealed to 1100°C (50-1100 and 250-1100), which exhibited the largest 

surface feature sizes and roughness amplitudes, demonstrated the greatest wettability with average contact 

angles of 56.0° and 55.5°. 

 

3.2 Biological Responses of hBMSCs on Nanostructured TiO2 Coatings 

 

3.2.1 Cell Adhesion: Paxillin, Actin, and Nuclei Fluorescent Staining 

hBMSC cell adhesion after 24-hour culture was evaluated using immunofluorescent staining of paxillin, a 

protein associated with focal adhesions. Fluorescent images of paxillin and nuclei-stained hBMSCs are shown 

in Figure 4. hBMSCs adhered to all TiO2 coatings and the control TCPS, though differences in expression of 

paxillin were observed on coatings with different surface nanotopographies. The smooth surfaces with low 

surface topography (e.g., 50-NA, 50-700, and TCPS) did not exhibit well-defined paxillin, indicative of focal 

adhesions. The 250-NA and 250-700 TiO2 coatings showed increased paxillin staining, though adhesions 

visible were small and not distinct. The two roughest TiO2 coatings (50-1100 and 250-1100) exhibited 

significant paxillin expression, with the greatest number and largest sizes of focal adhesions evident (Figure 5). 

Focal adhesions on these coatings were well pronounced, with large, high intensity paxillin visible throughout 

the cell cytoskeleton.  
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Figure 4. High magnification fluorescent images of paxillin (green) and nuclei (blue) staining on (A) 50-NA, (B) 50-700, (C) 50-1100, (D) 
TCPS, (E) 250-NA, (F) 250-700, and (G) 250-1100. 

 
 
 
 

 

 

 

 

 

 

 

 

Figure 5. Low magnification fluorescent images of paxillin (green), actin (red), and nuclei (blue) staining on (A) 50-1100 and (B) 250-1100 
nanostructured TiO2 coatings.  

 
 
 
3.2.2 Cell Morphology & Proliferation: Actin and Nuclei Fluorescent Staining 

hBMSC cell morphology and proliferation was evaluated using fluorescent staining of f-actin and nuclei at all 

time points. Cell morphology of hBMSCs at Day 1 and Day 28 are shown in Figure 6. At Day 1 after seeding, 

hBMSCs on all TiO2 coatings and TCPS showed significant cell spreading, exhibiting polygonial morphologies 

with filopodia extensions. Cells on most nanostructured TiO2 coatings demonstrated cytoskeletal organization 

with robust stress fibers; however, hBMSCs on the 50-1100 coating showed less cell spreading as well as 

reduced, poorly defined actin fibers. Actin in cells on 50-1100 was localized to the cell periphery with minimal 

actin expression across the interior of the cell as indicated by regions of low actin expression surrounding the 
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nuclei. hBMSCs on 250-700 also showed less robust actin expression around the nuclei of the cells, though cell 

spreading and overall actin expression was greater than cells on 50-1100. hBMSCs did not exhibit any distinct 

cell orientation or alignment on any test surfaces. At Day 28, all coatings exhibited confluent cell layers with 

actin stress fibers visible throughout the surfaces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 6. Fluorescent images of hBMSC morphology on nanostructured TiO2 coatings at Day 1 (A) and Day 28 (B) after seeding. Actin 
filaments are stained red and nuclei are stained green.  

 

 

3.2.3 Cell Proliferation 

hBMSCs were cultured for up to 28 days on nanostructured TiO2 coatings and TCPS using cell culture media in 

the presence or absence of osteogenic supplements (+OS, -OS). Cell proliferation was evaluated at Day 1, Day 

7, Day 14, and Day 28 after initial media change following cell seeding using the PicoGreen® DNA 
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quantification assay. The results of the cell proliferation assay are shown in Figure 7. hBMSCs proliferated on 

all surfaces in the presence and absence of osteogenic supplements. All surfaces in the absence of osteogenic 

supplements (-OS) showed a statistically significant increase in cell proliferation from Day 1 to Day 28. 

Similarly, all surfaces in the presence of osteogenic supplements (+OS), except 250-1100, showed statistically 

significant increases in cell proliferation from Day 1 to Day 28. Cell proliferation on nanostructured TiO2 

coatings in the absence of osteogenic supplements (-OS) was markedly higher than on TiO2 coatings in the 

presence of osteogenic supplements (+OS). At Day 28, a decrease in cell proliferation was observed on all 

samples in the presence of osteogenic supplements. The 50-1100 TiO2 coating in the absence of osteogenic 

supplements (50-1100-OS) exhibited statistically higher cell proliferation by Day 28 compared to all other 

samples. There were no statistically significant differences in cell proliferation of hBMSCs in the presence of 

osteogenic supplements on nanostructured TiO2 coatings at all time points.  

 
 
 

Figure 7. hBMSC cell proliferation for cells grown in the absence (-OS) or presence (+OS) of osteogenic supplements on nanostructured 
TiO2 coatings and control TCPS. Cell total DNA was analyzed at different time points (Day 1, Day 7, Day 14, and Day 28) using 
PicoGreen® assay. 

 
 
 
3.3 Osteogenic Differentiation of hBMSCs on Nanostructured TiO2 Coatings 

 

3.3.1 Mesenchymal Stem Cell Surface Marker Expression: Flow Cytometry 

Flow cytometry was used to correlate progression of osteogenic differentiation with changes in hBMSC surface 

marker expression. Cells grown on nanostructured TiO2 coatings and TCPS in the presence and absence of 
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osteogenic supplements (+OS, -OS) were evaluated at Day 1, Day 7, Day 14, and Day 28 after initial media 

change following cell seeding. The results of the evaluation of stem cell surface marker expression using flow 

cytometry are shown in Figure 8.  

 

CD73 surface marker expression is shown in Figure 8A. There were no statistically significant changes in 

percentage of cells expressing CD73 over time on all surfaces in the absence of osteogenic supplements (-OS). 

A marked decrease in CD73 expression between Day 1 and Day 28 was seen in cells in the presence of 

osteogenic supplements (+OS) on all surfaces, though statistically significant differences were only seen on 

TCPS+OS, 50-700+OS, 250-700+OS, and 250-1100+OS. At Day 14 and Day 28, hBMSCs on TCPS+OS 

exhibited statistically lower CD73 expression compared to hBMSCs on all other surfaces in the presence of 

osteogenic supplements, except 250-1100+OS. Cells on TCPS+OS at Day 28 showed a statistically significant 

decrease in CD73 expression compared to TCPS-OS.  

 

CD90 surface marker expression is shown in Figure 8B. There were no statistically significant changes over 

time in the percentage of cells expressing CD90 on all surfaces in the absence of osteogenic supplements (-OS). 

A decrease in CD90 expression over time was seen in cells in the presence of osteogenic supplements (+OS). 

Statistically significant differences in CD90 expression over time were observed on 50-NA+OS, 50-700+OS, 

50-1100+OS, 250-1100+OS, and TCPS+OS. At Day 14, CD90 expression was statistically lower on TCPS+OS 

compared to 50-NA+OS and 250-NA+OS. By Day 28, CD90 expression was statistically lower on TCPS+OS 

compared to 250-NA+OS.  

 

CD105 surface marker expression is shown in Figure 8C. There were no statistically significant differences in 

CD105 expression between all test materials, regardless of culture medium composition. All materials exhibited 

a marked decrease in CD105 expression over time. hBMSCs on all nanostructured TiO2 coatings in the 

presence of osteogenic supplements (+OS), except 250-1100+OS, demonstrated statistically significant changes 

in CD105 expression between Day 1 and Day 28.  
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Figure 8. hBMSC surface marker expression of CD73, CD90, and CD105 for cells grown in the absence (-OS) or presence (+OS) of 
osteogenic supplements on nanostructured TiO2 coatings and control TCPS. hBMSC surface marker expression was evaluated at Day 1, 
Day 7, Day 14, and Day 28 using flow cytometry. Surface marker expression of each marker was normalized to the total cell population 
positively expressing the defined cell marker. 
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3.3.2 Alkaline Phosphatase Assay 

Alkaline phosphatase activity of hBMSCs grown in the presence and absence of osteogenic supplements on 

nanostructured TiO2 coatings and TCPS was evaluated at Day 1, Day 7, Day 14, and Day 28 after initial media 

change following cell seeding. The results of the ALP assay are shown in Figure 9. There were no statistically 

significant changes in ALP activity over time on all surfaces in the absence of osteogenic supplements (-OS). 

For hBMSCs in the presence of osteogenic supplements (+OS), there was a statistically significant increase in 

ALP activity from Day 1 to Day 14 and Day 1 to Day 28 for all nanostructured TiO2 coatings and TCPS. At 

Day 1, Day 7, and Day 14, there were no statistically significant differences in ALP activity of hBMSCs on all 

test materials. At Day 28, hBMSCs in the presence of osteogenic supplements (+OS) exhibited statistically 

higher ALP activity on all surfaces compared to those grown in the absence of osteogenic supplements (-OS) on 

the same surface. At Day 28, the highest levels of ALP activity were observed on 50-700+OS and 250-700+OS 

coatings, and the lowest levels of ALP activity were observed on 250-1100+OS and TCPS+OS. ALP activity on 

50-700+OS was statistically higher than 50-1100+OS, 250-1100+OS, and TCPS+OS. ALP activity on 250-

700+OS was statistically higher than 250-1100+OS and TCPS+OS. Furthermore, both 50-NA+OS and 250-

NA+OS exhibited statistically higher ALP activity compared to TCPS+OS.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. hBMSC alkaline phosphatase (ALP) activity for cells grown in the absence (-OS) or presence (+OS) of osteogenic supplements 
on nanostructured TiO2 coatings and control TCPS. ALP activity at Day 1, Day 7, Day 14, and Day 28 was measured using the Stanbio 
Alkaline Phosphatase LiquiColor® Absorbance assay. ALP activity was normalized to the total DNA measured using the PicoGreen® 
assay and expressed as ALP units per nanogram DNA.  
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3.3.3 Mineralization: OsteoimageTM Mineralization Assay 

In vitro mineral deposition by hBMSCs was qualitatively and quantitatively evaluated using fluorescent staining 

of hydroxyapatite. No mineralization was observed on samples in the absence of osteogenic supplements. 

Mineralization was observed on all nanostructured TiO2 coatings in the presence of osteogenic supplements, as 

shown in Figure 10A. Quantitative analysis of mineral deposition using image analysis is shown in Figure 10B. 

The highest mineralization was observed on 50-1100 and 250-1100.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. (A) Fluorescent images of mineral deposition by hBMSCs grown in the absence (-OS) or presence (+OS) of osteogenic 
supplements on nanostructured TiO2 coatings and control TCPS at Day 28. (B) Quantitative evaluation of mineralization using image 
analysis. 
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4. Discussion 

Osteogenic differentiation of mesenchymal stem cells and subsequent formation of bone tissue is critical to 

bone healing and osseointegration of orthopaedic and dental implants. Surface modification of implant 

biomaterials to enhance osteogenic differentiation of MSCs may accelerate bone healing and increase implant 

stability. Several studies have focused on optimization of orthopaedic biomaterials with biomimetic nanoscale 

surface features to stimulate osteogenesis and enhance osseointegration.8-12 Nanotopography has demonstrated 

an effect on several MSC responses, such as adhesion, morphology, migration, proliferation, gene expression, 

protein production, and differentiation.1, 8, 11, 12, 15, 16 

 

Titanium dioxide, the natural oxide layer of titanium and titanium alloys, has been widely evaluated for surface 

engineering of biomaterials due to its significant corrosion resistance and biocompatibility.17, 18 Nanostructured 

TiO2 surfaces have demonstrated enhanced osteogenic differentiation of MSCs in vitro in addition to increased 

osseointegration in vivo.10, 19-21 The goal of this study was to evaluate the effects of nanostructured topography 

of TiO2 coatings on cellular responses of human bone marrow-derived mesenchymal stem cells.  

 

Titanium dioxide coatings of 50 nm and 250 nm thickness were fabricated with different scales of surface 

nanotopography using RF sputtering and annealing. The fabrication process demonstrated reproducible 

synthesis of uniform TiO2 coatings with varying surface feature dimensions, surface roughness, and wettability. 

Surface topographies with feature dimensions ranging from <20 nm to up to 350 nm (RMS values of 1.98-16.72 

nm) were fabricated. All TiO2 coatings exhibited similar chemical composition and rutile crystalline structure. 

The effects of nanoscale surface topography on human bone marrow-derived mesenchymal stem cell activity 

were evaluated, including cell adhesion, morphology, proliferation, and osteogenic differentiation.  

 

Early cellular responses, such as cell adhesion and morphology, play a critical role in MSC differentiation and 

are strongly influenced by surface topography.22-24 Cell spreading, focal adhesion formation, and cytoskeletal 

organization are early indicators of osteogenic differentiation of MSCs.1, 11, 25 The first interactions of cells with 

biomaterials occur at the cell-material interface with cells interacting with adsorbed proteins. Formation of focal 

adhesions results in cytoskeletal organization which is associated with mechanotransductive cell signaling 

through integrin-related pathways that are important for osteogenic differentiation.26 The initiation of cell 

adhesion is dependent on integrin interactions with the implant biomaterial and is influenced by the orientation, 

spacing, and size of the surface nanotopography.27, 28 In our study, focal adhesions were visualized using 

immunofluorescent staining of paxillin. Cell adhesion was enhanced on TiO2 coatings with the largest surface 

feature sizes, 50-1100 and 250-1100, exhibiting prominent, large focal adhesions. These results are in 

agreement with previous studies which have shown increased MSC adhesion on larger nanoscale features (~200 

nm) compared to smaller surface topographies.15 Cell spreading and cytoskeletal organization were observed on 
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all nanostructured TiO2 coatings, though less pronounced actin fibers were observed on 50-1100 and 250-700. 

These surfaces exhibit similar average feature sizes (70-100 nm and 50-80 nm) and roughness (RMS 5.44 nm 

and 4.88 nm), which suggests the cytoskeletal organization is affected by surface topographies within this 

range.  

 

hBMSCs proliferated for up to 28 days on all nanostructured TiO2 coatings both in the presence and absence of 

osteogenic supplements. Cells treated with osteogenic supplements exhibited markedly less cell proliferation on 

all coatings, probably due to differences in the proliferative rates of cells undergoing osteogenic differentiation. 

Mesenchymal stem cells differentiate into osteoprogenitor cells which demonstrate high proliferative rates. 

Osteoprogenitor cells then differentiate into pre-osteoblasts which exhibit reduced cell proliferation, and pre-

osteoblasts differentiate into non-proliferative osteoblasts.29, 30 For cells in the presence of osteogenic 

supplements, the lowest total DNA content at Day 28 was observed on the 250-1100 coating, possibly due to 

enhanced osteogenic differentiation. In the absence of osteogenic supplements, the highest levels of total DNA 

were observed on 50-1100.  

 

Osteogenic differentiation of hBMSCs on nanostructured TiO2 coatings was evaluated using early and late 

markers, including MSC surface marker expression, alkaline phosphatase activity, and hydroxyapatite mineral 

deposition. Changes in the expression of MSC surface markers during progression of osteogenic differentiation 

were evaluated using flow cytometry. As defined by the International Society for Cellular Therapy (ISCT), 

MSCs are characterized by the expression of surface markers CD73, CD90, and CD105 without expression of 

hematopoietic lineage markers such as CD14, CD19, CD34, CD45, and HLA-DR.31 The flow cytometry results 

suggest near-pure population of MSCs used for the control cell population in this study. hBMSCs were negative 

for hematopoietic lineage markers and co-expressed CD73, CD90, and CD105 surface markers. As cells 

undergo osteogenic differentiation, a decrease in MSC surface marker expression is expected. In the absence of 

osteogenic supplements, hBMSCs on nanostructured TiO2 exhibited no changes in CD73 and CD90 surface 

marker expression. A decrease in CD105 expression was observed on all samples in the presence of absence of 

osteogenic supplements. A marked decreased in CD73, CD90, and CD105 surface marker expression was 

observed in cells in the presence of osteogenic supplements, indicating progression of cell differentiation due to 

the chemical mediators. In addition to the control TCPS samples in the presence of osteogenic supplements, the 

greatest decrease in surface marker expression for CD73 was observed in hBSMCs grown on 250-1100 in the 

presence of osteogenic supplements, suggesting enhanced osteogenic differentiation. A significant decrease in 

CD90 and CD105 expression was observed in hBMSCs in the presence of osteogenic supplements on nearly all 

TiO2 coatings.  
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Alkaline phosphatase activity is an early marker of osteogenic differentiation.32 No changes in ALP activity 

were observed on nanostructured TiO2 coatings in the absence of osteogenic supplements. ALP activity at Day 

28 was highest in hBMSCs in the presence of osteogenic supplements on 50-700 and 250-700 TiO2 coatings, 

and lowest on the control TCPS and 250-1100. Since ALP activity is increased in early stages of osteoblast 

commitment, ALP levels typically peak and then decrease during late stage osteogenic differentiation.32 

Therefore, the decreased ALP activity observed on 250-1100 and TCPS may be indicative of enhanced 

osteogenesis.  

 

Matrix mineralization is a late stage marker of osteogenesis.32, 33 In vitro mineralization was observed on all 

nanostructured TiO2 coatings in the presence of osteogenic supplements, with the highest amount of mineral 

deposition on 50-1100 and 250-1100 coatings.  

 

The results of this study suggest the nanotopography of TiO2 coatings affects cellular responses of hBMSCs. 

Enhanced hBMSC activity was observed on the 250-1100 TiO2 coating with the greatest surface roughness, 

exhibiting average surface features of 200-340 nm and roughness values of 16.7 nm (RMS). hBMSCs on the 

250-1100 nanostructured TiO2 coating demonstrated improved cell adhesion and cytoskeletal organization as 

well as enhanced osteogenic differentiation in the presence of osteogenic supplements, as indicated by the 

decreased late stage cell proliferation, decreased MSC surface marker expression, and deposition of 

hydroxyapatite; however, in the absence of osteogenic supplements, none of the nanostructured TiO2 coatings 

induced osteogenic differentiation and are, therefore, not osteoinductive.34  

 

In recent study by Khang et al., nanostructured titanium coatings deposited using electron beam deposition 

exhibited sub-nanoscale (20-30 nm, RMS 0.645 nm), nanoscale (90 nm, RMS 3.85 nm), and sub-microscale 

(<250 nm, RMS 13.37 nm) surface features.15 Their results show enhanced cellular adhesions and osteogenic 

differentiation of MSCs on sub-microscale titanium coatings. MSCs grown on sub-microscale titanium coatings 

exhibited increased expression of osteoblast phenotype genes (osteonectin, osteopontin, and osteocalcin) 

compared to sub-nanoscale and nanoscale surfaces. They concluded that the threshold height of surface features 

for influencing osteogenic differentiation of MSCs was greater than 20 nm with sub-micron lateral dimensions 

(greater than 100 nm). These surface features and nanoscale roughness are similar to the topography of the 250-

1100 TiO2 coating used in this study, which also exhibited enhanced osteogenic differentiation of hBMSCs 

compared to coatings with smaller surface features. 

 

5. Conclusions 

Surface engineering of titanium with nanostructured topographies have shown promise for stimulating 

osteogenesis and enhancing osseointegration. TiO2 coatings of 50 nm and 250 nm thickness were deposited 
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using RF sputtering and subsequently annealed (700°C and 1100°C) to fabricate coatings with varying 

nanoscale surface topographies (< 20 nm to 350 nm). The results show that hBMSC adhesion, morphology, 

proliferation, and osteogenic differentiation are dependent on TiO2 coating nanoscale surface morphology. 

hBMSCs on the nanostructured coating with the largest average surface features (200-350 nm) and roughness 

(RMS ~17 nm) exhibited enhanced cell adhesion and osteogenic differentiation in the presence of osteogenic 

supplements. Optimization of surface topography for orthopaedic biomaterials may enhance osseointegration by 

promoting adhesion of osteoprogenitor cells and stimulating osteogenic differentiation.  
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1. Introduction  

Osseointegration is the direct, rigid fixation of an implant via the formation of bone tissue at the material-tissue 

interface in the absence of fibrous tissue encapsulation.1, 2 The long-term clinical success of orthopaedic and 

dental implants depends on this formation of a strong bone-implant interface, as poor osseointegration can lead 

to increased risk of infection,3 implant instability, and implant failure.4 Bioactive implant materials develop a 

bond to living bone tissue via formation of a bone-like apatite layer on the surface of the device when implanted 

in the physiological environment.5 The in vivo apatite formation induced by bioactive materials can be 

replicated in vitro using simulated body fluid (SBF), an acellular, protein-free solution with ionic concentrations 

similar to those of human blood plasma.6, 7 The formation of a biologically active apatite on biomaterials in SBF 

has been used to determine bioactivity, as studies have shown a correlation between in vitro apatite-forming 

ability and in vivo osseointegrative behavior.8-11  

 

Titanium and titanium alloys are widely used in orthopaedic and dental applications due to their mechanical 

properties, corrosion resistance, and biocompatibility.12, 13 Though titanium is considered a bioinert material,14, 

15 surface engineering of titanium-based implants has been shown to elicit implant surfaces with bioactive 

properties.10, 11, 16-19 Several of these surface modification techniques use oxidative processes or deposition of 

titanium dioxide coatings to create bioactive surfaces. Titanium dioxide has demonstrated bioactive behavior, 

including the ability to form bone-like apatite in vitro20, 21 as well as osseointegration in vivo;22 however, studies 

have shown that the bioactivity of TiO2 coatings may be dependent on the surface area, thickness, and surface 

morphology of the TiO2 coating.23-27  

 

The goal of this study was to evaluate the effects of TiO2 coating thickness and nanostructured surface 

topography on in vitro apatite-forming ability in simulated body fluid.  
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2. Materials & Methods 

 

2.1 Fabrication of Nanostructured Titanium Dioxide Coatings 

Pre-diced silicon substrates (10.5 mm x 10.5 mm) were coated with 50 nm or 250 nm of titanium dioxide (TiO2) 

using radio frequency (RF) sputtering. The thickness of the films was confirmed using cross-sectional scanning 

electron microscopy (SEM) and a Filmetrics® reflectometer. Energy dispersive spectroscopy (EDS) was used 

to confirm the elemental composition of the coatings after deposition. The TiO2 coatings were annealed at 

temperatures of 700°C or 1100°C to fabricate coatings with varying nanoscale surface topographies. The 

annealing procedure was performed in 80:20 N2:O2 (4800 sccm H2 and 1200 sccm O2) for one hour. Sccm 

denotes standard cubic centimeters per minute at standard temperature and pressure. 

 

2.2 Physico-Chemical Characterization of Nanostructured TiO2 Coatings 

 

2.2.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) 

Nanostructured TiO2 coatings were rinsed with acetone, ethanol, and deionized water (DI) and then blown dry 

with high purity nitrogen gas to remove particulates and organic contaminants. Surface morphology of the 

nanostructured TiO2 coatings was examined using a FEI Quanta 3D FEG FIB-SEM (FEI, Hillsboro, OR). SEM 

images were acquired using an acceleration voltage of 5kV with a 10 mm working distance. Energy dispersive 

X-ray spectroscopy (EDS) was used for elemental analysis to confirm the presence of the TiO2 coating. A 

NORAN System SIX X-ray Microanalysis System (Thermo Fisher Scientific, Waltham, MA) was applied using 

an acceleration voltage of 15 kV.   

 

2.2.2 Atomic Force Microscopy (AFM) 

The surface morphology and roughness of the TiO2 coatings was further analyzed using a MFP-3D-Bio atomic 

force microscope (Asylum Research, Santa Barbara, CA). Tapping mode imaging in air was conducted using a 

silicon probe (model #TAP150A) with resonant frequency of 150 kHz (Bruker, Santa Barbara, CA). A scan 

area of 5 μm x 5 μm was evaluated and roughness measurements were acquired. 

 

2.2.3 X-Ray Diffraction (XRD) 

Phase structure of the nanostructured TiO2 coatings was characterized using a PANalytical Empyrean X-ray 

diffractometer (PANalytical, Almelo, Netherlands) in the range of 5-60° 2 using CuK (=1.54). 

Measurements were obtained using a scanning step of 0.0262° 2 and a dwell time of 56 seconds per step. 
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2.2.4 Water Contact Angle Measurements  

The wettability of the nanostructured TiO2 coatings was determined using water contact angle testing. Contact 

angles on TiO2 coatings were measured using the sessile drop method under ambient conditions using a Ramé-

Hart Model 250 Standard Goniometer/Tensiometer (Ramé-Hart Instrument Co., Succasunna, NJ). A 5 uL DI 

water droplet was placed onto the TiO2 coating, photographed, and analyzed using DROPimage Advanced 

software (Ramé-Hart Instrument Co., Succasunna, NJ). Contact angles on three different areas of four samples 

were measured for each TiO2 coating. 

 

2.3 Bioactivity Testing in Simulated Body Fluid 

 

2.3.1 Preparation of Simulated Body Fluid (SBF) 

Standard 1X simulated body fluid (SBF) was prepared according to the guidelines outlined in ISO 23317 

“Implants for surgery – In vitro evaluation for apatite-forming ability of implant materials”.7 The SBF was 

prepared by sequentially dissolving the following analytical grade chemicals in distilled water: sodium chloride, 

sodium hydrogen carbonate, potassium chloride, di-potassium hydrogen phosphate trihydrate, magnesium 

chloride hexahydrate, hydrochloric acid, calcium chloride, sodium sulfate, and tris-hydroxymethyl 

aminomethane (TRIS). The SBF was prepared in polystyrene bottles at 37°C using a magnetic stirrer. The 

temperature and pH of the SBF solution was monitored during SBF preparation until a final pH of 7.4 was 

obtained. The standard 1X SBF solution consisted of ionic concentrations similar to average human blood 

plasma levels, as shown in Table 1.  

 
 
 
Table 1. Ion concentrations of simulated body fluid and human blood plasma. 

 

Ion 

Ion Concentration (10 mM) 

1X SBF 
(pH 7.4) 

Human Blood Plasma 
(pH 7.2-7.4) 

Sodium (Na+) 142.0 142.0 

Potassium (K+) 5.0 5.0 

Magnesium (Mg2+) 1.5 1.5 

Calcium (Ca2+) 2.5 2.5 

Chloride (Cl-) 147.8 103.0 

Bicarbonate (HCO3
-) 4.2 27.0 

Hydrogen Phosphate (HPO4
2-) 1.0 1.0 

Sulfate (SO4
2-) 0.5 0.5 
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2.3.2 Incubation of Test Samples in Simulated Body Fluid 

Bioactivity testing was conducted by incubating the nanostructured TiO2 coatings in simulated body fluid (SBF) 

at 37°C for 1, 7, 14, and 21 days. Samples were incubated in 10.5 mL SBF at a surface area to volume ratio of 

0.1 cm2/mL with SBF solution replaced three times per week. Samples were oriented with the TiO2 coating 

facing down so that homogeneously precipitated apatite did not deposit on the surface of the test sample, as 

recommended in ISO 22317. At each time point, the nanostructured TiO2 coatings were removed from the SBF 

solution, rinsed in DI water, and dried at room temperature. Samples were then evaluated for the presence or 

absence of an apatite layer using various physico-chemical characterization techniques.  

 

2.4 Apatite Characterization 

 

2.4.1 Scanning Electron Microscopy (SEM) & Energy Dispersive X-Ray spectroscopy (EDS) 

SEM and EDS was used to confirm the presence or absence of apatite on the nanostructured TiO2 coatings and 

to evaluate the morphology and uniformity of the apatite layer formed. SEM images were acquired using a 

JEOL JSM-6390LV scanning electron microscope (JEOL, Tokyo, Japan) with an acceleration voltage of 5-10 

kV and a 10 mm working distance. Elemental analysis of the apatite coatings was obtained using EDS. A 

NORAN System SIX X-ray Microanalysis System (Thermo Fisher Scientific, Waltham, MA) was applied using 

an acceleration voltage of 15 kV.  

  

2.4.2 X-Ray Diffraction (XRD) 

Phase structure of the nanostructured TiO2 coatings after incubation in SBF was assessed using a PANalytical 

Empyrean X-ray diffractometer (PANalytical, Almelo, Netherlands) in the range of 5-60° 2 using CuK 

(=1.54). XRD spectra were obtained using a scanning step of 0.0262° 2 and a dwell time of 56 seconds per 

step.  

 

For samples with no apparent apatite on the surface, the TiO2-coated silicon samples were evaluated directly 

using XRD. In some cases, the apatite coating formed on the surface delaminated from the substrate. In these 

instances, the detached apatite coatings were adhered to double-sided tape prior to XRD analysis. Control 

double-sided tape was evaluated to provide a background spectra for comparison.  

 

2.4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

The molecular structure of the apatite was characterized by fourier transform infrared spectroscopy (FTIR). 

FTIR spectra were collected using a iSTM50 FT-IR spectrometer with diamond attenuated total reflectance 

(ATR) and Raman module. FTIR spectra of 64 scans at 4 cm-1 resolution were collected and averaged. FTIR 
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was used to characterize the apatite coatings that delaminated from the nanostructured TiO2 coatings at each 

time point.  

 

3. Results 

 

3.1 Fabrication and Physico-Chemical Characterization of Nanostructured TiO2 Coatings 

Titanium dioxide coatings with different scales of nanostructured topography were fabricated using RF 

sputtering and annealing. Two different TiO2 coating thicknesses, 50 nm and 250 nm, were deposited using RF 

sputtering. EDS confirmed the chemical composition of the TiO2 coatings after deposition. Reflectometer 

measurements demonstrated TiO2 coating thicknesses of 43±6 nm and 259±6 nm. Cross-sectional SEM imaging 

revealed uniform coating thicknesses with measurements of 52.4±7 nm and 257.6±7.8 nm. After deposition, 

samples were either not annealed, annealed at 700°C, or annealed at 1100°C to modify the coating surface 

morphology. Six different nanostructured TiO2 coatings were fabricated (Table 2). 

 

SEM micrographs of nanostructured TiO2 coatings (Figure 1) show uniform coatings with different nanoscale 

surface topographies. Surface features of less than 20 nm were observed on as-deposited 50 nm thick TiO2 

coatings (50-NA), and average surface feature sizes of 30-60 nm were exhibited on the as-deposited 250 nm 

thick TiO2 coating (250-NA). Annealing the as-deposited coatings of both thicknesses resulted in increased 

surface feature sizes. For both coating thicknesses, the 1100°C annealing temperature resulted in the largest 

average surface feature sizes. For the 50 nm thick TiO2 coatings, average surface features of 30-50 nm were 

present on samples annealed at 700°C while average surface features of 70-100 nm were observed on samples 

annealed at 1100°C. For the 250 nm thick TiO2 coatings, average surface features of 50-80 nm were measured 

on samples annealed at 700°C while average surface features of 200-350 nm were observed on samples 

annealed at 1100°C. The surface feature dimensions for each nanostructured TiO2 coating are shown in Table 2.  

 

The varying surface topography and surface roughness of the nanostructured TiO2 coatings was further 

demonstrated by AFM (Figure 2). Root-mean-square (RMS) values ranging from 1.73 nm (50-NA) to 17.41 nm 

(250-1100) were measured, as shown in Table 2. The RMS values of the TiO2 coatings, representing the 

variation in roughness amplitude, increase with increasing average surface feature size. 
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Figure 1. SEM micrographs of the nanostructured TiO2 coatings, including (A) 50-NA, (B) 50-700, (C) 50-1100, (D) 250-NA, (E) 250-700, 
and (F) 250-1100. The SEM micrographs demonstrate the different surface topographies with varying feature sizes. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. AFM micrographs of the nanostructured TiO2 coatings, including (A) 50-NA, (B) 50-700, (C) 50-1100, (D) 250-NA, (E) 250-
700, and (F) 250-1100.  

 

A B C

D E F

A  B C 

D  E  F 



 

 

152 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. XRD spectra of the nanostructured TiO2 coatings, exhibiting a strong peak at 27°, indicative of rutile crystalline structure. The 
prominent peak at 33° is due to the silicon substrate material. 

 
 
 
XRD spectra (Figure 3) for all TiO2 nanostructured coatings exhibited a strong diffraction peak at 

approximately 27°, indicating TiO2 with rutile crystalline structure. The prominent peak at 33° is characteristic 

of the 200 plane of Si (100) substrates.  

 

The wettability of the nanostructured TiO2 coatings was measured using contact angle testing. Water contact 

angles for all nanostructured TiO2 coatings are shown in Table 2. Contact angles demonstrated that all of the 

nanostructured TiO2 coatings were hydrophilic, exhibiting water contact angles less than 90°. The 50-NA 

coating demonstrated an average water contact angle of 74.3°. For the 50 nm thick TiO2 coatings, increased 

annealing temperatures resulted in increased hydrophilicity with average water contact angles of 68.1° (50-700) 

and 61° (50-1100). The 250-NA coating exhibited the highest hydrophobicity, with an average water contact 

angle of 84.2°. For the 250 nm thick TiO2 coatings, increased annealing temperatures resulted in increased 

hydrophilicity with contact angles of 57.6° (250-700) and 52.1° (250-1100). The TiO2 coating with the largest 

average surface feature sizes and roughness amplitude (250-1100) demonstrated the greatest wettability. 
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Table 2. Nanostructured TiO2 coating fabrication parameters and surface characteristics. 

 

TiO2 
Coating 

RF Sputtered TiO2 
CoatingThickness 

[nm] 

Annealing 
Temperature 

[°C] 

Surface Feature Size 
RMS 
[nm] 

Water 
Contact Angle 

[Degrees] Size Range 
[nm] 

Avg. Size 
[nm] 

50-NA 50 Not Annealed - <20 1.73 74.3±8.5 

50-700 50 700 20-100 30-50 2.32 68.1±4.0 

50-1100 50 1100 45-250 70-100 5.17 61.0±2.6 

250-NA 250 Not Annealed 20-100 30-60 3.54 84.2±4.1 

250-700 250 700 20-200 50-80 4.85 57.6±3.1 

250-1100 250 1100 80-600 200-350 17.41 52.1±3.5 

 
 
 
3.2 Bioactivity Testing & Apatite Characterization 

Nanostructured TiO2 coatings were incubated in 1X SBF for up to 21 days. After removal from SBF and careful 

rinsing in DI water to remove residual salts, the TiO2 coatings were dried and analyzed for the presence or 

absence of apatite formation. Photographs of the nanostructured TiO2 coatings at each time point are shown in 

Figure 4. At Day 1, macroscopic observation of TiO2 coatings showed no visible signs of apatite formation on 

any surface. By Day 7, all TiO2 coatings, except 50-1100, exhibited macroscopic apatite formation. At Day 7, 

the 250-1100 coating showed a thin layer adhered to the surface, though the coating was not uniform and did 

not cover the entire sample surface. The apatite coatings for all other samples, upon drying, delaminated from 

the surface and fractured into small, narrow flakes. At Day 14 and Day 21, apatite formation was visible on all 

TiO2 coatings. Apatite on the 50-1100 coating at Day 14 was similar to the 250-1100 coating at Day 7, with a 

thin, non-uniform, and adherent apatite layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

154 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 4. Photographs of nanostructured TiO2 coatings after incubation in SBF at Day 0, Day 1, Day 7, Day 14, and Day 21. Apatite 
formation was observed on all coatings, except 50-1100, by Day 7. Early stage apatite formation was observed on 250-1100 at Day 7 and 
50-1100 at Day 14. Coatings on all other samples showed apatite delamination from the surface. 

 
 
 
SEM micrographs of nanostructured TiO2 coatings after incubation in 1X SBF are shown in Figure 5 (low 

magnification) and Figure 6 (high magnification). No apatite formation was visible on any nanostructured TiO2 

coating after incubation in SBF for 1 day. At Day 7, thick coatings of apatite were observed on 50-NA, 50-700, 

250-NA, and 250-700 TiO2 coatings. The apatite formed on these substrates contained spherical apatite nuclei 

aggregated into a conformal coating. High magnification images of the apatite showed small, needle-like 

crystalline features on the nanoscale, typical of hydroxyapatite.28 The morphological characteristics of the 

apatite formed are similar to those previously reported. At Day 7, SEM micrographs show small, individual 

apatite nuclei sparsely scattered across the surface of the 50-1100 TiO2 coating, suggesting early stage apatite 

formation. These apatite crystals measured approximately 800 nm to 1 m diameter and exhibited nanoscale 

needle-like crystalline structure. At Day 7, the 250-1100 TiO2 coating showed a thin apatite coating with 

cracking throughout, though no delamination visible. Apatite formation was visible on all coatings at Day 14 

and Day 21.  

Day 1 

Day 21 

50‐NA 50‐700 50‐1100 250‐NA 250‐700 250‐1100 

Day 7 

Day 14 

Day 0 



 

 

155 

 

SEM micrographs show variation in apatite morphology on the different nanostructured TiO2 coatings at 

different time points, suggesting different stages of apatite formation. At Day 7, the 50-1100 coating exhibited 

very early stage apatite formation with small, individual apatite crystals. The 250-1100 coatings showed more 

mature apatite, with large, aggregated nuclei; however, the coating was thin and not homogeneous on the 

surface. These results suggest the nanostructured TiO2 coatings with the larger nanoscale surface features have 

an increased induction period of apatite formation compared to the lower roughness surfaces. For each coating 

thickness, an increase in surface feature size resulted in decreased apatite-formation, indicated by the increased 

induction time and/or apatite coating thickness. The morphology of the apatite coatings also indicates the TiO2 

coating thickness affects the coating bioactivity. The smooth apatite coating on 250-NA appeared thicker than 

that on 50-700, despite the similar surface feature sizes and roughness. These results indicate that the 

nanostructured topography and thickness of the TiO2 coating affects the apatite-forming ability.  

 

EDS was conducted to confirm the elemental composition of the apatite formed on the surfaces and to evaluate 

the nanostructured TiO2 coatings for the presence of any non-visible apatite and/or residual salts. EDS spectra 

for all samples at each time point are shown in Figure 7. EDS spectra for all samples after 1 day incubation in 

SBF showed the presence of titanium and silicon peaks and the absence of calcium and phosphorous peaks, 

suggesting no apatite formation. At Day 7, EDS spectra of all samples, except 50-1100, showed prominent 

peaks for calcium and phosphorous, characteristic of apatite. EDS of high magnification images of 50-1100 (not 

shown) exhibited calcium and phosphorous peaks for the small, spherical crystals on the surface, confirming 

early stage apatite formation. EDS confirmed the presence of apatite for all nanostructured TiO2 coatings at Day 

14 and Day 21.  
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Figure 5. Low magnification (500X) SEM micrographs of nanostructured TiO2 coatings after incubation in SBF for 1 day, 7 days, 14 days, and 21 days. Significant apatite formation was observed on all 
coatings, except 50-1100, by Day 7. At Day 7, 50-1100 showed small apatite crystals scattered on the surface, indicating early stage apatite formation. The surface morphology of the apatite formed on 
the nanostructured coatings differed between samples. 
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Figure 6. High magnification (10kX) SEM micrographs of nanostructured TiO2 coatings after incubation in SBF for 1 day, 7 days, 14 days, and 21 days. Apatite formation was observed on all coatings 
by Day 7. 50-1100 showed small apatite crystals scattered on the surface at Day 7, suggesting early stage apatite formation. Differences in apatite morphology were observed on the different 
nanostructured TiO2 coatings at each time point.  
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Figure 7. EDS spectra for all nanostructured TiO2 coatings at Day 1, Day 7, Day 14, and Day 21 after incubation in SBF. At Day 1, no calcium or phosphorus peaks were visible, suggesting no apatite 
formation. A small calcium peak was observed on 50-1100 at Day 7, and high magnification EDS spectra confirmed calcium and phosphorus on the small apatite crystals (not shown). For all other TiO2 

coatings, prominent calcium and phosphorus peaks were observed at Day 7, Day 14, and Day 21, confirming the presence of apatite.
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XRD spectra of the samples before and after incubation in 1X SBF at all time points (Day 1, Day 7, Day 14, 

and Day 21) are shown in Figure 8. XRD of samples without visible apatite formation was conducted on the 

TiO2-coated silicon substrates (shown in left column). For samples with visible apatite formation, XRD of 

apatite was performed by adhering the apatite to tape and examining the apatite-coated tape (shown in right 

column). For all nanostructured TiO2 coatings, there were no changes in the XRD spectra at Day 1 after 

incubation in SBF compared to the control spectra, suggesting no apatite formation. At Day 7, all samples, 

except 50-1100 exhibited prominent peaks at 26° and 32°. These two prominent peaks are correlated to the 

(002) apatite diffraction and the (112) apatite reflection of hydroxyapatite.20, 29 Additional less well-defined 

diffraction apatite peaks were observed at approximately 28°, 49°, and 53°, correlating to the (102), (213), and 

(004) apatite peaks.29 The XRD spectra are characteristic of low crystallinity apatite, similar to biological 

apatite.6 These apatite peaks were observed on 50-NA, 50-700, 250-NA, and 250-700 after incubation in 1X 

SBF at Day 7, Day 14, and Day 21. For 50-1100, a slight, broad peak at 32° was observed at Day 14. Prominent 

peaks at 26° and 32° were observed on 50-1100 at Day 21 with slight peaks observed at approximately 28°, 49°, 

and 53°. For 250-1100, apatite peaks at 26°, 28°, 32°, 49°, and 53° were observed at Day 14 and Day 21. For all 

samples, the intensity of the apatite peaks increased with increased SBF incubation time.  

 

FTIR spectra, shown in Figure 9, further confirmed the formation of bone-like apatite on nanostructured TiO2 

coatings. The FTIR spectra for apatite coatings formed on nanostructured TiO2 were similar to those of 

commercial hydroxyapatite powders.30 Carbonate ions occupy two sites in carbonated apatite, including peaks 

in the region of 1650-1300 cm-1 that correspond to the 3 vibrational mode carbonate ion and the peak at 873 

cm-1 that corresponds to the 2 vibrational mode.30 The apatite formed on the nanostructured TiO2 exhibited 

bands at 1643, 1454, 1419, and 873 cm-1, corresponding to carbonate. The bands observed at 1050, 602 and 560 

cm-1 correspond to phosphate 3 and 4.  
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Figure 8. XRD spectra for all nanostructured TiO2 coatings after incubation in SBF. The left XRD spectra are of coatings without visible 
apatite formation. For all coatings, there were no changes in XRD spectra at Day 1 compared to the control surfaces, confirming the absence 
of apatite. The right XRD spectra of apatite coatings on tape exhibits prominent peaks at 26° and 32°, characteristic of biological apatite. 
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Figure 9. FTIR spectra of delaminated apatite layers formed on nanostructured TiO2 coatings at (A) Day 7, (B) Day 14, and (C) Day 21. All 
apatite coatings exhibited carbonate and phosphate peaks, typical of hydroxyapatite.  
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4. Discussion 

Titanium dioxide coatings are of significant interest for surface modification of orthopaedic and dental implants 

to improve biological activity. TiO2 is the natural stable oxide layer of titanium and titanium alloys that 

provides corrosion resistance and biocompatibility.31, 32 TiO2 coatings promote improved cellular response of 

bone-derived cells in vitro, enhanced bone-like apatite formation in vitro, and increased osseointegration in 

vivo.20, 33-36 Nanostructured TiO2 coatings that mimic the nanoscale surface features of natural bone may 

improve implant bioactivity, resulting in improved osseointegration.  

  

In this study, TiO2 coatings with 50 nm and 250 nm thickness were fabricated with different nanostructured 

surface topographies using RF sputtering and annealing. This fabrication technique reproducibly fabricated 

uniform surfaces with different scales of nanotopography without varying the surface chemistry, as with 

traditional surface modification techniques, such as acid etching and alkali treatment. Physico-chemical 

characterization of the nanostructured TiO2 coatings demonstrated differences in nanoscale surface feature size, 

surface roughness, and wettability. Furthermore, XRD confirmed rutile crystalline structure for all of the 

nanostructured TiO2 coatings.  

 

Bioactivity of the nanostructured TiO2 coatings was evaluated by incubation in simulated body fluid following 

the procedure outlined in ISO 23317. All nanostructured TiO2 coatings exhibited apatite formation after 

incubation in SBF, suggesting the coatings are bioactive. Formation of a bone-like apatite on the nanostructured 

TiO2 coatings was confirmed by SEM, EDS, XRD, and FTIR.  

 

Though apatite formation was observed on all nanostructured TiO2 coatings, the induction period of apatite 

formation and the morphology of the apatite coating varied between the different nanostructured TiO2 coatings, 

suggesting the TiO2 coating thickness and surface topography affects bioactivity. At each time point, thicker, 

more uniform apatite formation was observed with decreasing surface feature size for both TiO2 coating 

thicknesses. Induction of apatite formation was also slower on nanostructured TiO2 coatings with increased 

nanoscale surface feature sizes. The 50-1100 TiO2 coating did not form a uniform apatite layer until Day 14 

while all of the other coatings induced significant apatite formation by Day 7. Comparison of the two TiO2 

coatings with similar surface topographies but with different coating thicknesses (50-700 vs. 250-NA) indicates 

increased apatite formation with increased TiO2 coating thickness. The influence of film thickness on 

bioactivity could also contribute to the increased apatite formation on 250-1100 at Day 7 compared to 50-1100, 

despite the larger surface features. These results are in agreement with previous studies that have shown that the 

apatite-forming ability of TiO2 coatings may be dependent on the thickness, crystallinity, and/or morphology of 

the TiO2 coating.17, 23-26  

 



 

 

163 

 

Early studies of sol-gel derived titania coatings demonstrated bioactivity dependence on the TiO2 coating 

thickness. In a study by Wang et al., bioactivity evaluation of titania coatings deposited via sol-gel and thermo-

chemical techniques suggested a minimum TiO2 thickness of 200 nm for in vitro apatite formation.24 

Subsequent studies have demonstrated bioactivity of thinner TiO2 coatings, with apatite formation on TiO2 

coating thicknesses as low as 30 nm;20 however, multiple studies have shown a direct relationship between TiO2 

coating thickness and apatite induction time.25, 27 For several fabrication techniques, increased coating thickness 

results in changes in surface morphology of TiO2 coatings, as shown in our study, making evaluation of the 

effects of thickness vs. morphology on bioactivity difficult. Peltola et al. demonstrated increased apatite 

induction time with increased sol-gel titania coating layers. No apatite formation was observed on titanium 

susbtrates with 1-2 layers after incubation in SBF for up to 14 days; however, apatite formation occurred on 

substrates with 3-4 layers within 7-10 days and on 5 layers within 1 day.25 They attributed the variation in 

bioactivity to the coating thickness and surface morphology. Wang et al. fabricated anatase TiO2 coatings with 

thicknesses varying from 0.12 to 0.79 m on titanium substrates using aqueous titanium tetrafluoride solution. 

Despite the variation in thickness, the TiO2 coatings exhibited similar surface morphologies. Bioactivity 

evaluation in SBF confirmed the direct relationship between TiO2 coating thickness and apatite induction time 

as the thin (0.12 m) coatings did not form apatite until after incubation in SBF for 21 days while the thick 

(0.41 m) coatings induced apatite formation within 5 days.27 They attributed the effects of TiO2 thickness on 

bioactivity to the increased amount of Ti-OH groups in films with increasing thickness.  

 

Several studies have further shown that porosity, surface area, roughness, and morphology affect bioactivity of 

TiO2 coatings.17, 21, 23, 26 Bioactivity evaluation of titania coatings fabricated using sol-gel21 and anodic 

oxidation17 showed enhanced apatite formation on porous TiO2 coatings compared to non-porous coatings. 

Pereira et al. demonstrated decreased induction time for apatite nucleation on gel silica with increased pore size 

and volume, with pore sizes ranging from 1.2-5.3 nm.37 Drnovsek et al. determined that the morphology and 

size of anatase crystals influences bioactivity of TiO2 coatings. For hydrothermal anatase TiO2 coatings, no 

apatite formation was observed on anatase crystals with round edges and coatings with smaller crystals 

enhanced bioactivity.23 Chen et al. evaluated the effects of surface roughness (Ra 0.2-1.2 m) on apatite 

formation on titanium and zirconium biomaterials. They determined the optimal surface morphology for apatite 

formation was Ra 0.6 m with surface features of 3 m. Coatings with these surface features promoted 

formation of a dense, continuous apatite layer compared to the non-continuous apatite formed on surfaces with 

lower and higher roughness values.38  

 

Titanium dioxide coating thickness and nanostructured surface topography affects the ability to form bone-like 

apatite in vitro17, 24, 25, 27 as well as enhanced osseointegration in vivo.39, 40 Further evaluation of bioactivity of 
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nanostructured surface topographies and TiO2 coating thickness should be conducted to optimize coating 

properties for enhanced bioactivity.  

 

5. Conclusions 

Surface modification of orthopaedic implants with nanostructured titanium dioxide coatings may enhance 

implant bioactivity. Nanostructured TiO2 coatings with 50 nm and 250 nm thickness were fabricated with 

different scales of surface topographies using RF sputtering and annealing. In vitro bioactivity testing of the 

nanostructured TiO2 coatings using simulated body fluid showed apatite formation on all surfaces, suggesting 

bioactive coatings. The induction period and extent of apatite formation on the nanstructured TiO2 coatings 

were dependent on the TiO2 coating thickness and surface morphology. Increased TiO2 coating thickness 

promoted formation of thicker, more uniform apatite. Induction time for apatite nucleation was increased on 

nanostructured TiO2 coatings with increased nanoscale surface feature sizes for both coating thicknesses. 

Nanostructured TiO2 coatings should be further evaluated to optimize TiO2 coating thickness and surface 

morphology for improved bioactivity, enhancing osseointegration of orthopaedic and dental implants.  
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1. Introduction 

Biomaterials for load-bearing orthopaedic applications must exhibit robust mechanical properties and excellent 

biocompatibility to promote optimal implant-tissue interactions for enhanced osseointegration and long-term 

clinical success. Tantalum coatings are of particular interest for hard tissue applications as it exhibits high 

ductility, low modulus of elasticity, high frictional properties, superior corrosion resistance, and excellent 

biocompatibility.1-6 Due to these superior material properties, tantalum coatings have been investigated for a 

variety of orthopaedic devices including wrist, shoulder, hip, knee, and spine implants.5 Biocompatibility testing 

of tantalum coatings has demonstrated enhanced cellular interactions and improved substrate adhesion strength 

compared to conventional implant biomaterials, such as titanium and hydroxyapatite.2, 7 

 

To enhance osseointegration in vivo, implant biomaterials must stimulate osteogenic differentiation of 

surrounding stem cells and facilitate new bone formation at the site of implantation.8, 9 Several studies have 

shown that surface modifications to impart microscale and nanoscale topographies to implant biomaterials can 

promote osteogenic differentiation of mesenchymal stem cells in vitro and enhance osseointegration in vivo.10-14 

Microscale and nanoscale topographies can increase osteogenic cellular responses such as cell adhesion, cell 

spreading, proliferation, differentiation, and matrix deposition.10, 11, 13, 15, 16 Studies of surface treated tantalum 

coatings have demonstrated in vitro biocompatibility as well as higher bone-implant contact compared to 

untreated tantalum.4, 6 Surface modifications of tantalum coatings with biologically-inspired microscale and 

nanoscale features may be used to evoke optimal tissue responses.  

 

The goal of this study was to evaluate commercial tantalum coatings with sub-nanoscale, nanoscale, and 

microscale surface topographies for orthopaedic and dental applications using human bone marrow-derived 

mesenchymal stem cells.  
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2. Materials & Methods 

 

2.1 Commercial Fabrication of Tantalum Coatings  

Tantalum coatings were deposited on F75 cobalt-chromium alloy specimens using either a diffusion coating 

process or chemical vapor deposition (CVD). Three types of tantalum coatings were produced, including 

diffusion coatings of 2-3 m thickness (DIF), CVD coatings of 15 m thickness (CVD15), and CVD coatings 

of 30 m thickness (CVD30). Deposition parameters were varied to produce tantalum coatings with varying 

textured surfaces, including deposition temperature, pressure, time, and tantalum tetrachloride concentration. 

All tantalum depositions were conducted by Ultramet Advanced Materials Solutions (Ultramet, Pacoima, CA) 

using proprietary procedures.  

 

2.2 Physico-Chemical Characterization 

 

2.2.1 Scanning Electron Microscopy (SEM) & Energy Dispersive Spectroscopy (EDS) 

Surface morphology of the tantalum coatings were examined using a FEI Quanta 3D FEG FIB-SEM (FEI, 

Hillsboro, OR). Chemical composition was analyzed using an Oxford energy dispersive X-ray spectrometer 

(EDS) (Oxford Instruments, Oxfordshire, UK) using an acceleration voltage of 10 kV. 

 

2.2.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) imaging of the tantalum coatings was conducted with a Dimension 3000 

(Bruker AFM Probes, Camarillo, CA) optical beam bounce scanning probe microscope, equipped with 

NanoScope analysis software. Scans of 10 µm x 10 µm regions of each sample were acquired in intermittent 

contact mode. 

 

2.2.3 Water Contact Angle Measurements 

The wettability of the NCD films was characterized by water contact angle testing. Contact angle measurements 

were acquired by the sessile drop method under ambient conditions using deionized (DI) water. A Ramé-Hart 

Model 250 Standard Goniometer/Tensiometer (Ramé-Hart Instrument Co., Succasunna, NJ) was used, and 

contact angles were analyzed with DROPimage Advanced software (Ramé-Hart Instrument Co., Succasunna, 

NJ). Contact angles on three different samples were measured and averaged. 

 

2.3 Sample Preparation and Cell Culture  

After deposition, tantalum coatings were sonicated in acetone, sonicated in isopropanol, and rinsed in running 

DI water. Tantalum samples were placed in 48-well tissue culture polystyrene (TCPS) plates for cell culture 

experiments. TCPS samples were punched out and used as controls for all assays. Uncoated cobalt-chromium 



 

 

170 

 

samples were also evaluated as controls. All samples were then sterilized with 100% ethanol for 30 minutes in a 

cell culture hood and rinsed in DI water. Samples were washed with sterile 1X phosphate buffered saline (PBS) 

twice and dried prior to cell seeding. 

 

Primary human bone marrow-derived mesenchymal stem cells (hBMSCs) (Lonza) were cultured at 37°C with 

5% by volume CO2 in mesenchymal stem cell basal medium (Lonza) supplemented with 10% mesenchymal 

cell growth supplement (MCGS), 2% L-glutamine, and 0.1% gentamicin sulfate amphotericin-B (GA-1000). 

hBMSCs were dissociated with 0.25% mass fraction trypsin (containing 1 mmol/L ethylenediaminetetraacetic 

acid (EDTA)) and resuspended in medium prior to cell counting. Passage 5 cells were used for all experiments. 

hBMSCs were added to each sample at a cell density of 30,000 cells/mL for cell morphology experiments and 

250,000 cells/mL for cell viability experiments. 

 

2.4 Biological Evaluation of Tantalum Coatings  

 

2.4.1 Cell Adhesion and Morphology: Fluorescent Staining of Paxillin, Actin and Nuclei 

hBMSC morphology on tantalum coatings was evaluated 1 day after seeding using immunofluorescent staining 

of paxillin, actin, and nuclei. Samples were washed with sterile 1X PBS twice and were fixed with 3.7% (m/v) 

formaldehyde in PBS buffer for 30 minutes. Samples were then permeabilized with 0.2% Triton X-100 for 5 

minutes, rinsed twice with 1X PBS, and blocked with 2% goat serum for 30 minutes. Samples were then 

incubated in primary antibodies (1:200 Monoclonal Anti-Paxillin, mouse) (Sigma-Aldrich, St. Louis, MO) for 1 

hour at 37°C, incubated in secondary antibodies (1:200 Alexa Fluor® 488 Goat Anti-Mouse IgG) (Life 

Technologies, Grand Island, NY) for 1 hour at 37°C, incubated in Alexa Fluor® 594 Phalloidin (20 nmol/L in 

PBS) (Life Technologies, Grand Island, NY) for 1 hour at room temperature, and then stained with 1 g/mL 

Hoechst (Life Technologies, Grand Island, NY) for 1 minute. Samples were rinsed three times with 1X PBS 

between each staining step. Samples were then imaged at 10X and 20X magnifications using a Nikon Eclipse 

TE2000 Inverted Microscope with a Nikon DS-Qi1 monochrome digital camera (Nikon Corporation, Tokyo, 

Japan). 

 

2.4.2 Cell Viability: MTT Assay 

Cell viability on the tantalum coatings was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) (MTT) assay (CellTiter 96® Non-Radioactive Cell Proliferation Assay, Promega, 

Madison, WI). After a 24-hour incubation, 30 L of MTT dye was added to each well with 200 L media. The 

48-well plate was then incubated at 37°C and 5% CO2 for 2 hours. After incubation, 200 L of Solubilization 

Solution/Stop Solution was added and the plate was incubated an additional 1 hour at 37°C. Each well was 

carefully mixed and the solution was transferred to a 96-well plate. Absorbance was measured at a wavelength 



 

 

171 

 

of 570 nm with a reference wavelength of 650 nm using a 96-well OPTIMax Plate Reader (Molecular Devices, 

Sunnyvale, CA). Cells grown on TCPS samples were used as controls. The data was normalized to the TCPS 

controls and MTT reduction was expressed as percent viability of the TCPS controls.  

 

2.5 Statistics 

The results from each data set were expressed as mean ± standard deviation. Statistical differences between test 

samples were assessed using one-way ANOVA with a Tukey’s post hoc test using Prism statistical software 

(GraphPad Inc., La Jolla, CA). A p-value of less than 0.05 was considered significantly different for all of the 

assays.  

 

3. Results & Discussion 

Tantalum coatings have been investigated for a variety of biomedical applications due to its superior 

mechanical properties, high corrosion resistance, and excellent biocompatibility. In this study, commercially 

fabricated tantalum coatings were deposited on cobalt-chromium substrates using a diffusion process or 

chemical vapor deposition. By varying the deposition parameters and coating thickness, tantalum coatings with 

varying microscale and nanoscale surface topographies were fabricated.  

 

Physico-chemical characterization confirmed similar chemical composition and wettability of the tantalum 

coatings with significant variation in surface topography. SEM micrographs of the tantalum coatings fabricated 

using different processing methods and parameters showed significant differences in surface morphology 

(Figure 1). Tantalum coatings deposited by diffusion (DIF) exhibited smooth, non-textured morphology with no 

visible surface features. Tantalum coatings of 15 m thickness deposited by CVD (CVD15) demonstrated 

microscale topography with large grain sizes on the order of 5 m. The grains contained rough surface features 

with sharp edges. Tantalum coatings of 30 m thickness deposited by CVD (CVD 30) exhibited hierarchical 

hybrid microscale and nanoscale topographies with small, faceted grains of 400 nm to 1 m aggregated into 

larger features of 2-5 m. AFM micrographs further demonstrated the differences in surface topography of the 

tantalum coatings, exhibiting root-mean-square (RMS) values of ~100-550 nm (Table 1). The DIF tantalum 

coating exhibited the lowest surface roughness, with an RMS of 99 nm, while the CVD15 coating exhibited the 

highest surface roughness of 550 nm. RMS (Rq) is the square root of the sum of the squares of individual peak 

heights and valley depths from the mean line and, therefore, is a statistical measure of the roughness amplitude 

of the surface topography. The AFM data shows an increased height profile of tantalum coatings with larger, 

lateral grain sizes measured by SEM. Water contact angles were measured to determine the wettability of the 

tantalum coatings. Contact angles measured using the sessile drop method with DI water are shown in Table 1. 

Minimal variation in wettability was observed on the tantalum coatings despite the significant variation in 

surface feature sizes and roughness measurements. DIF tantalum coatings exhibited the most hydrophilic 
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surface with a water contact angle of 80°, while the CVD30 coating exhibited the most hydrophobic surface 

with a water contact angle of 93°. The tantalum coatings provided a much more hydrophobic surface compared 

to the cobalt-chromium substrate that demonstrated water contact angles of 50°.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Low (10kX) and high (50kX) magnification SEM micrographs of DIF, CVD15, and CVD30 tantalum coatings, demonstrating the 
different surface feature dimensions and morphologies.  
 
 

 

Table 1. Tantalum coating surface properties, including roughness and wettability. 
 

Surface Type 
RMS 
[nm] 

Water Contact Angle 
[Degrees] 

Ta - Diff 99 80.2±0.8 

Ta - CVD15 550 88.8±7.3 

Ta - CVD30 529 93.1±3.4 

 

 

 

EDS confirmed the elemental composition of the tantalum coatings on cobalt-chromium substrates, with 

prominent tantalum peaks visible on all coating types (Figure 2). Cobalt and chromium peaks were only visible 

on the EDS spectra for the diffusion tantalum coating (Figure 2A). The presence of the cobalt and chromium 

peaks may be due to the lower thickness of the coating (2-3 um) or possibly due to non-uniform deposition.  
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Figure 2. EDS spectra of (A) DIF, (B) CVD15, and (C) CVD30 tantalum coatings. Prominent tantalum peaks were observed on all 
coatings.  
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Biological evaluation of tantalum coatings was conducted using hBMSCs to evaluate the effects of surface 

topography on cellular response for orthopaedic and dental applications. Cell adhesion of hBMSCs after 24 

hour culture was evaluated using immunofluorescent staining of paxillin. Fluorescent images of paxillin 

(green), actin (red), and nuclei-stained (blue) hBMSCs on tantalum coatings are shown in Figure 3. hBMSCs 

adhered to all tantalum coatings as well as the control cobalt-chromium and TCPS materials; however, 

differences in paxillin expression and cytoskeletal organization were observed on tantalum coatings with 

different surface topographies. The smooth DIF tantalum coating with low surface roughness and sub-nanoscale 

surface features exhibited pronounced, large focal adhesions, though less prominent actin stress fibers were 

visible. The CVD15 tantalum coating also exhibited increased paxillin staining. Compared to the DIF coating, 

CVD15 demonstrated increased paxillin staining, but the focal adhesions were smaller and less distinct. CVD15 

also exhibited more pronounced actin stress fibers and cell spreading. hBMSCs on the CVD30 tantalum coating 

exhibited elongated, non-spread morphologies with minimal paxillin. Furthermore, a lower density of hBMSCs 

was observed on the coating, suggesting less cell adhesion. The cobalt-chromium and TCPS controls both 

exhibited cell spreading and prominent actin stress fibers, though minimal to no paxillin expression was 

observed. These results show the surface chemistry of the tantalum coating promotes hBMSC adhesion; 

however, tantalum coatings with hierarchical micro/nanoscale topography decreases cell adhesion and cell 

spreading whereas the microstructured topography increases cell adhesion and stress fiber formation.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Fluorescent images of hBMSC adhesion and cytoskeletal organization on (A) DIF, (B) CVD15, (C) CVD30, (D) cobalt-
chromium, and (E) TCPS at Day 1 after seeding. Paxillin focal adhesions are stained green, actin filaments are stained red, and nuclei are 
stained blue. 
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hBMSCs were cultured for 24 hours on tantalum coatings with different surface topographies and analyzed for 

metabolic activity using the MTT assay (Figure 4). Compared to the control TCPS, the metabolic activity of 

hBMSCs was significantly decreased on the tantalum coatings and the cobalt-chromium substrate material. 

Since previous studies have shown that cobalt-chromium and tantalum are biocompatible, the decreased 

metabolic activity is probably due to lower cell attachment to the test materials during seeding. Though no 

statistically significant differences in metabolic activity were observed between the tantalum coatings, markedly 

higher hBMSC activity was observed on the CVD15 coating and lower activity on the CVD30 coating. These 

results support the theory of decreased activity on the tantalum coatings due to poor cell adhesion during 

seeding, since the levels of metabolic activity match the degrees of cell adhesion observed using paxillin 

staining. The significant variability in metabolic activity observed on all tantalum coatings was probably due to 

inconsistent cell attachment during seeding and/or sample-to-sample variation in the tantalum coatings from 

deposition. Adhesion of hBMSCs to tantalum coatings is important for osseointegration of the device, as the 

formation of focal adhesions results in cytoskeletal organization and mechanotransductive cell signaling via 

integrin-mediated pathways that are essential for osteogenic differentiation.8, 10, 17-19 Previous studies have 

demonstrated enhanced osteoblast adhesion on tantalum coatings compared to titanium and hydroxyapatite.2, 7  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. MTT assay of hBMSCs on tantalum coatings relative to the TCPS control. hBMSCs were grown on the surfaces for 24 hours and 
then assayed. All tantalum coatings and the cobalt-chromium surfaces exhibited statistically lower metabolic activity compared to the TCPS 
control. No statistical differences (p<0.05) in metabolic activity of hBMSCs on different tantalum coatings were observed. 
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4. Conclusions 

Tantalum is an ideal orthopaedic implant coating material due to its robust mechanical properties, corrosion 

resistance, and excellent biocompatibility. Our results show that tantalum coatings can be fabricated with 

microscale and nanoscale surface topographies by modifying the deposition technique and parameters. 

Biological evaluation of the tantalum coatings using human bone marrow-derived mesenchymal stem cells 

showed that tantalum coatings support cell growth. Furthermore, hBMSC adhesion to the tantalum coatings is 

dependent on surface feature characteristics, with enhanced cell adhesion on sub-micron and micron sized 

surface topographies compared to hybrid nano/micro structures. Further evaluation of hBMSC responses to 

nanostructured and microstructured tantalum coatings should be conducted to optimize the surface coating 

features to promote osteogenesis and enhance osseointegration of tantalum-based orthopaedic implants.  
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Abstract 

Ultrananocrystalline diamond exhibits unusual biological and mechanical properties, which make it an 

appropriate choice for promoting epidermal cell migration on the surfaces of percutaneous implants. We 

deposited a ~150 nm thick ultrananocrystalline diamond film on a microporous silicon nitride membrane using 

microwave plasma chemical vapor deposition. Scanning electron microscopy and Raman spectroscopy were 

used to examine the pore structure and chemical bonding of this material. Growth of human epidermal 

keratinocytes on ultrananocrystalline diamond-coated microporous silicon nitride membranes and uncoated 

microporous silicon nitride membranes was compared using the MTT assay. Ultrananocrystalline diamond-

coated microporous materials have potential use in improving skin sealing around percutaneous implants. 
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1. Introduction 

Percutaneous implants are commonly used for treatment of medical and dental conditions; according to 

Jacobsson and Tjellstrom, over one million percutaneous medical devices are implanted in the United States 

each year.1 In these implants, the foreign object crosses the skin, resulting in a permanent defect at the skin-

implant interface.2 Early percutaneous implants included devices for charging cardiac pacemakers and 

hemodialysis.3, 4 More recent applications of percutaneous implants have involved attachment of prostheses to 

bony tissue, such as prosthetic limb attachments.5-7 Although many cochlear implants use wireless technology, 

percutaneous implants known as bone-anchored hearing aids remain in use.8 In addition, percutaneous active 

medical devices, such as glucose sensors, are being developed.9 

 

Suboptimal skin sealing around the implant is observed with many conventional percutaneous implant 

materials.9 For example, work by Snyder et al. showed that full-thickness skin grafts that were placed around 

bone-anchored hearing aids were ineffective in 46.7% of patients; diabetes mellitus, smoking, and use of 

inhaled steroids may impair wound healing at the implant site.10 Infection of percutaneous implants may lead to 

loss of implant functionality or even patient mortality.9 Recent research efforts have sought to optimize the 

skin-material interface of percutaneous implants.5 

 

von Recum and Park noted that implant materials with porous surfaces can facilitate migration of epidermal 

cells, enabling the development of a seal that resists movement of fluid and microorganisms.11 Pioneering work 

by Winter indicated that pore size larger than 40 m is necessary for migration of connective tissue.12 Migration 

of epithelial basal cells, known as permigration, follows that of connective tissue.13 

 

Several researchers have investigated use of smooth carbon materials in percutaneous implants due to the fact 

that these materials are associated with resistance to fatigue, resistance to degradation, chemical inertness, and 

an absence of tissue irritation.14-17 For example, Krouskop et al. developed a porous vitreous carbon material 

with 200-500 m average pore diameters for growth of tissue into percutaneous devices.18 They implanted this 

material in canine, leporine, and porcine models and showed that the implant sites functioned appropriately and 

resisted infiltration of normal skin bacteria for periods of time up to 48 months.19 In subsequent work, Nowicki 

et al. evaluated porous vitrous carbon in porcine and leporine models.20 They showed that Escherichia coli and 

Staphylococcus aureus were able to bind to porous carbon; however, the skin-porous carbon interface resisted 

infection by bacteria in the same manner as control skin. Tagusari et al. created a fine trabecular carbon material 

with a maximal pore size greater than 200 m by infiltrating pyrolytic carbon on the surface of carbon fiber 

yarn-wrapped carbon rod.17 They performed percutaneous implantation in a bovine model and found that the 

pores filled with mature connective tissue and blood vessels. 
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Recent research efforts have evaluated the use of another form of carbon, ultrananocrystalline diamond, in 

medical devices.21 Microwave plasma-enhanced chemical vapor deposition is used to prepare 

ultrananocrystalline diamond films. This material is deposited in a hydrogen-deficient, argon-rich atmosphere at 

temperatures as low as 400oC. Due to the limited amount of hydrogen, minimal re-gasification of small grains 

and high re-nucleation are observed. Ultrananocrystalline diamond contains grains below 10 nm, commonly 2-5 

nm.22, 23 Material in these grains (95-98% of the entire material) is sp3-hybridized carbon and material at the 

grain boundaries is sp2-hybridized carbon. Hamilton et al. noted that ultrananocrystalline diamond is an 

exceptionally smooth material, which exhibits a coefficient of friction below 0.007 in an environment the 

contains sufficient humidity.24 Bajaj et al. compared MC3T3 (osteoblastic), PC12 (neuronal), HeLa (epithelial) 

cell behavior on ultrananocrystalline diamond, platinum, and silicon surfaces.25 Cell spreading was noted to be 

higher on ultrananocrystalline diamond than on silicon or platinum; in addition, cells grown on 

ultrananocrystalline diamond showed high levels of cell attachment. Furthermore, cell rounding occurred less 

on ultrananocrystalline diamond surfaces than on silicon surfaces or platinum surfaces. These results indicated 

that ultrananocrystalline diamond is biocompatible and is not cytotoxic. Xiao et al. considered use of 

ultrananocrystalline diamond thin films in retinal microchips.26 They implanted ultrananocrystalline diamond-

coated silicon in the eyes of a leporine model for up to six months and showed that that the completely coated 

materials were biologically inert. On the other hand, acute tissue reactions were associated with incompletely 

coated materials. 

 

Recent efforts have been made to develop ultrananocrystalline diamond-coated membranes. For example, 

Makarova et al. recently demonstrated fabrication of microporous and nanoporous membranes from a 1 mm 

thick ultrananocrystalline diamond film on a silicon wafer using e-beam lithography, optical lithography, and 

reactive ion etching.27 They employed two methods of fabrication: (1) applying a silicon oxide hard mask 

formed using a positive resist and (2) applying a nickel hard mask formed using a negative resist with a lift-off 

technique. They successfully used a negative-tone resist and a nickel hard mask to fabricate high porosity 

ultrananocrystalline diamond membranes with high-aspect-ratio pores. Structures with 100 and 200 nm pore 

diameters were demonstrated. Ultrananocrystalline diamond has also been deposited on nanoporous anodized 

aluminum oxide membranes.28 In Figure 1, a scanning electron microscopy image of an anodized aluminum 

oxide membrane coated with tungsten and ultrananocrystalline diamond. Atomic layer deposition was used to 

deposit the tungsten interlayer; Naguib et al. and Sumant et al. showed that the low diffusion rate of carbon in 

tungsten results serves to increase the initial nucleation density of diamond.29, 30 Microwave plasma-enhanced 

chemical vapor deposition was subsequently used to deposit ultrananocrystalline diamond on the tungsten 

interlayer.  
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In this study, we deposited a ~150 nm thick ultrananocrystalline diamond film on a commercially obtained 

microporous silicon nitride membrane and evaluated growth of human epidermal keratinocytes on this material. 

Silicon nitride is an appropriate substrate material since there is a low thermal expansion coefficient mismatch 

between silicon nitride and diamond, enhancing film-substrate adhesive strength and minimizing interfacial 

residual stresses at the film-substrate interface.31, 32 In addition, silicon nitride exhibits excellent wear resistance, 

high hardness, high fracture toughness, and low coefficient of friction.31, 32 Several researchers have 

demonstrated that silicon nitride is a biocompatible material. Roy et al., Cappi et al., and Neumann et al. used in 

vitro assays involving human lung (WI-38) cells, mouse fibroblast cells (L929) cells, and human mesenchymal 

stern cells (hMSC) to demonstrate biocompatibility of silicon nitride.33-35 The structural, chemical, and 

biological properties of the ultrananocrystalline diamond-coated microporous silicon nitride membranes were 

examined using scanning electron microscopy, Raman spectroscopy, and an in vitro cell assay.   

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Scanning electron micrograph of anodized aluminum oxide membrane, which was initially coated using atomic layer deposition 
with tungsten and subsequently coated using microwave plasma chemical vapor deposition with ultrananocrystalline diamond. 
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2. Materials & Methods 

Microporous silicon nitride membranes were obtained from a commercial source (Ted Pella Inc., Redding, CA). 

In this material, a 500 µm x 500 µm membrane is supported by a 200 µm thick silicon frame that facilitates 

handling. The 200 nm thick membrane contains an array of 100 x 100 2.5 µm diameter pores, which exhibit a 

high density hexagonal layout and a 4.5 µm pitch. The root mean square (Rq) and mean roughness (Ra) of the 

membrane are 0.65 +/- 0.06 nm and 0.45 +/- 0.02 nm, respectively. As noted by the manufacturer, silicon 

nitride membranes have potential use in biological applications, including use in cell attachment and cell growth 

studies.36, 37 

 

Microwave plasma chemical vapor deposition was used to deposit ultrananocrystalline diamond thin films on 

silicon nitride membranes. Nucleation pretreatment was carried out in an ultrasonic bath. Pretreatment involved 

placement in a nanodiamond suspension in methanol for three minutes; sequential rinsing in methanol, acetone, 

and isopropanol was subsequently performed. It is important to note that the nucleation pretreatment is a crucial 

step for controlling lateral ultrananocrystalline diamond growth. Since the silicon nitride membranes are 200 

nm thick, they need to be handled with extreme care during the ultrasonication process. A Lambda 

Technologies Microwave Plasma Chemical Vapor Deposition System (Lambda Technologies, Raleigh, NC) in 

the clean room at Center for Nanoscale Materials (Argonne National Laboratory, Lemont, IL) was used for 

ultrananocrystalline diamond deposition. The deposition was conducted using a gas ratio of Ar/CH4/H2 of 

400/1.2/8 sccm. The deposition was performed at a substrate temperature of 800°C, a working pressure of 120 

mbar, and an input power of 2100 W. The duration of the deposition process was two hours.  

 

The pore structure and surface morphology of the ultrananocrystalline diamond-coated silicon nitride 

membranes were examined using the Nova 600 NanoLab Dual Beam SEM/FIB instrument (FEI, Hillsboro, 

OR). Scanning electron microscopy was performed in field-free mode at a voltage of 5 kV and a current of 0.4 

mA. Confocal Raman microscopy was conducted on the ultrananocrystalline diamond-coated silicon nitride 

membrane with a Renishaw inVia Raman spectrometer (Renishaw, Gloucestershire, UK). A He-Ne laser with a 

wavelength of 633 nm was used in this study. The laser was introduced to the membrane sample through a 50X 

objective lens.  

 

The MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide) (MTT) assay is a colorimetric assay 

that evaluates the activity of mitochondrial succinic dehydrogenase, specifically reduction of a yellow 

tetrazolium salt (MTT) to a purple formazan dye, in living cells.38 Glass coverslips, silicon nitride membranes, 

and ultrananocrystalline diamond-coated silicon nitride membranes were cleaned and sterilized for cell culture 

studies. The substrates were initially sterilized in sterile Petri plates using radiation. Each substrate was then 

dipped in 70% ethanol and placed in sterile Hank’s balanced salt solution within a 24-well plate. The substrates 
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were rinsed in cell culture medium and then equilibrated in cell culture medium in the incubator until seeding 

with human epidermal keratinocytes. 

 

Cryopreserved first pass neonatal human epidermal keratinocytes (Lonza, Walkersville, MD) were seeded in 75 

cm2 flasks, grown to 75% confluency, harvested, and seeded on each substrate (n=4) in a 24-well plate at 

90,000 cells per well. Human epidermal keratinocytes were also seeded in the wells alone (n=4) in order to 

monitor cell growth (well control). Once the human epidermal keratinocytes in the well controls reached 

approximately 70% confluency, the medium was changed and the cells were grown for an additional 24 hours. 

To assess cell viability, the medium was replaced with MTT medium and then incubated for three hours. The 

medium was aspirated, the cells were rinsed in Hank’s balanced salt solution, and 1 ml of isopropyl alcohol was 

added to cells in each well in order to solubilize the formazan crystals within the cells. 100 μl of isopropyl 

alcohol was transferred to a new 96-well plate and the absorbance quantitated at 550 nm in a Multiskan RC 

plate reader (Labsystems Oy, Helsinki, Finland). The well and coverslip controls were normalized to the 

membrane area. The data is presented as percent viability relative to the well controls. 

 

The mean viability data was calculated and the significant differences (p<0.05) were determined using the 

PROC GLM Procedure (SAS 9.1 for Windows, Cary, NC). When significant differences were found, 

comparisons were performed using Dunnett’s t- test at a p<0.05 level of significance. 

 

3. Results & Discussion 

Scanning electron microscopy images of an ultrananocrystalline diamond-coated silicon nitride membrane at 

several magnifications are shown in Figure 2(a), 2(b), and 2(c). The ultrananocrystalline diamond thin film 

exhibited small grain sizes and was noted to be conformal, dense, and smooth. The size and geometry of the 

pores in the ultrananocrystalline diamond-coated silicon nitride membrane were uniform. The edges of the 

pores exhibited a slight overhang of freestanding ultrananocrystalline diamond due to the lateral growth of the 

ultrananocrystalline diamond thin film. In a few cases, the lateral growth of the ultrananocrystalline diamond 

during deposition was significant enough to completely cover the pore. It is interesting to note that the there is 

no demarcation line at which the coalescence occurred, indicating cohesive bonding of the ultrananocrystalline 

diamond thin film layer. By controlling the ultrananocrystalline diamond deposition time, it would be possible 

to reduce the pore size of the membrane to a few tens of nanometers through controlled ultrananocrystalline 

diamond growth in the lateral direction. For example, Sumant et al. demonstrated that the pore diameter can be 

reduced to 50 nm by controlling growth in lateral direction.39 
 

The confocal Raman spectrum of the ultrananocrystalline diamond-coated membranes is shown in Figure 3. 

The broad shoulder at 1140 cm−1 is attributed to transpolyacetylene at the grain boundaries of 
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ultrananocrystalline diamond thin films.40 The peak at 1470 cm−1 is associated with sp2-hybridized amorphous 

carbon at the grain boundaries.41 As noted by Zou et al., these features are commonly observed in 

nanocrystalline diamond films.42 The peak at 1332 cm−1 is attributed to the T2g mode of sp3-hybridized carbon. 

The broad band centered in the 1550 cm−1 region, commonly known as the G peak, is attributed to bond-

stretching vibrations of sp2-hybridized amorphous carbon.43 

 

Human epidermal keratinocyte growth on the silicon nitride membranes and the ultrananocrystalline diamond-

coated silicon nitride membranes, adjusted for the 3 mm diameter of the silicon frame, was twice that of the 

well control (Figure 4). Normalization of the data does assume that cell growth in all of the wells is 

homogenous. Normalized human epidermal keratinocyte viability on the silicon nitride membranes and the 

ultrananocrystalline diamond-coated silicon nitride membranes was significantly greater (p<0.05) than viability 

on the coverslip control and the well control. 
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Figure 2. Scanning electron micrographs of ultrananocrystalline diamond-coated silicon nitride membrane. 
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Figure 3. Raman spectrum of ultrananocrystalline diamond-coated silicon nitride membrane. 

 

 

 

 

Figure 4. MTT viability of human epidermal keratinocytes on the as-prepared silicon nitride membrane and the ultrananocrystalline 
diamond-coated silicon nitride membrane relative to the well control and the coverslip control. The symbol * denotes statistical difference 
(p<0.05) in viability of human epidermal keratinocytes on the test material relative to the well control. 
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4. Conclusions 

The results of this work show that microwave plasma chemical vapor deposition may be used to deposit 

ultrananocrystalline diamond thin films on microporous silicon nitride membranes. Scanning electron 

microscopy indicated that the pores of the ultrananocrystalline diamond-coated silicon nitride membrane 

exhibited uniform geometry and size. An MTT assay showed that the ultrananocrystalline diamond coating did 

not significantly alter the viability of human epithelial keratinocytes. We anticipate that optimization of the 

deposition process will enable the development of ultrananocrystalline diamond-coated membranes with 

appropriate microscale and nanoscale pore dimensions for numerous medical implant applications, including 

use in percutaneous implants. Studies are necessary to determine the relationship between epithelial cell growth, 

pore size, and porosity. Natural structures that mimic percutaneous implants (e.g., deer antlers) may also be 

used to guide percutaneous implant development.44 In addition, seeding pores with cells and functionalizing 

pores with biologically-relevant materials are being considered.45 Biocompatible microporous membranes that 

facilitate in vitro growth of keratinocytes may also find use as scaffolds for tissue regeneration and for three-

dimensional skin models; for example, Pu et al. and Ohsawa et al. demonstrated growth of keratinocytes on 

microporous membranes at the air-liquid interface.46, 47 Bernstam et al. initially grew primary human 

keratinocytes on submerged microporous nylon membranes for two weeks and subsequently raised these 

structures to the air-liquid interface for three weeks.48 The cells on these membranes exhibited characteristics 

comparable to those of in vivo epidermal cells, including the presence of cornified cell layers, lamellar granules, 

keratohyalin-like granules, and desmosomes. Such microporous systems may be used for evaluating penetration 

of skin by potential skin irritants and other types of toxicological studies.49-52 
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1. Introduction 

Nanoporous membranes are used in a wide range of medical applications including drug delivery systems, 

hemodialysis membranes, biosensors, and bioartificial organs.1, 2 In these applications, size-sorting and filtration 

of biomolecules of specific dimensions is essential;2 therefore, porous membranes in medical devices must 

exhibit accurate pore sizes with narrow pore size distribution, high pore densities, mechanical and chemical 

stability, and biocompatibility. Conventional membrane fabrication and materials exhibit significant limitations, 

with broad pore size distribution, low pore densities, and biofouling.  

 

In the physiological environment, nanoporous membrane functionality can be hindered by biofouling, implant-

tissue interactions, and implant degradation from corrosion and mechanical forces.2, 3 Biofouling is the 

accumulation of proteins, cells, and other biological materials at the material surface. Upon implantation, the 

first event to occur at the tissue-material interface is rapid protein adsorption. For certain medical applications, 

such as biosensing, biofouling of the membrane can result in reduced functionality and, ultimately, failure.3 

Fabrication of nanoporous membranes that resist biofouling at the tissue-implant interface is ideal. 

 

Ultranocrystalline diamond (UNCD) coatings are synthetic diamond thin films with nanoscale grain sizes (2-5 

nm) that demonstrate material properties similar to natural diamond. UNCD coatingss are increasingly used in 

medical applications due to their mechanical robustness, chemical inertness, superior tribological properties, 

and excellent biocompatibility.4-8 Porous diamond membranes are of significant interest for medical 

applications due to their low protein adsorption and excellent biocompatibility; however, fabrication of 

nanocrystalline diamond membranes with nanoscale pore sizes of accurate dimensions, narrow pore size 

distribution, and high pore densities is difficult. Fabrication of nanoporous and microporous UNCD membranes 

has been previously demonstrated using electron beam (e-beam) lithography, optical lithography, reactive ion 

etching, and laser writing.9  
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The objective of this study was to fabricate highly porous ultrananocrystalline diamond membranes with 

controllable pore sizes on the micro- and nanoscale for biomedical applications. 

 

2. Materials & Methods 

  

2.1 Fabrication of Free-Standing Nanoporous Ultrananocrystalline Diamond Membranes 

 

2.1.1 Deposition of Ultrananocrystalline Diamond Films 

P-type (100) silicon (Si) wafers with low stress 525 nm thick silicon nitride (Si3N4) layer on both sides 

(Si3N4/Si/ Si3N4) were used. The Si3N4 layer acts as a hard mask for back-side anisotropic etching of Si during 

late-stage fabrication steps. A 10-nm-thick tungsten (W) film was sputtered onto one side of the wafer as a 

seeding enhancement layer for the UNCD growth process. The tungsten deposition was done using a magnetron 

sputtering system (AJA International Inc., Scituate, MA).  

 

Ultrananocrystalline diamond was then deposited on the W-coated wafer using a Lambda Technologies 

microwave plasma chemical vapor deposition (MPCVD) system (Lambda Technologies, Raleigh, NC). 

Nucleation pretreatment was carried out in an ultrasonic bath prior to deposition. Sample pretreatment involved 

sonication of the substrate in nanodiamond suspension in methanol for 20 minutes with subsequent rinsing in 

methanol, acetone, and isopropanol. Depositions were conducted using a gas mixture of argon (Ar), methane 

(CH4), and hydrogen (H2) at a Ar:CH4:H2 ratio of 400:1.2:10 sccm. The term sccm denotes standard cubic 

centimeters per minute at standard temperature and pressure. Depositions were performed at a substrate 

temperature of 850°C, a working pressure of 120 mbar, and an input power of 2100 W. A deposition time of 2 

hours was applied for all depositions.  

 

2.1.2 Fabrication of Nanopores using UV Lithography, Electron Beam Lithography, and Reactive Ion Etching 

The UNCD-coated wafer was then rinsed in isopropanol and coated with a second layer of W of 25 nm 

thickness to serve as a hard mask. The W coating was deposited on top of the UNCD using a magnetron 

sputtering system (AJA International Inc., Scituate, MA). Alignment marks were then fabricated on the W-

coated UNCD (frontside) using UV lithography. To produce the alignment marks, the wafer was spin-coated 

with optical photoresist 1805 at 3000 rpm for 30 seconds and baked at 115oC for 1 minute. An MA-6 mask 

aligner was used for UV lithography of the alignment marks. The wafer was then developed in a 1:4 solution of 

351 developer and deionized (DI) water for 15 seconds. The W layer was then etched by inductively coupled 

plasma reactive ion etching (ICP-RIE) (Oxford PlasmaLab System 100) using SF6 plasma at 10 sccm, 10 mTorr 

pressure, RF power 10 W, ICP power 310 W, temperature 20oC, and 1 minute etching time. The alignment 
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marks fabricated using UV lithography were used to align the e-beam lithography pattern on the frontside of the 

wafer with the backside pattern for releasing the membranes.  

 

ZEP 520A electron beam positive-tone resist was used for patterning of nanopores using e-beam lithography. A 

400 nm ZEP520A photoresist layer was spin-coated on the frontside of the wafer at 2100 rpm for 35 seconds 

and baked at 180oC for 2 minutes. Nanopores were patterned with a Raith 150 e-beam lithography system 

(Raith GmbH, Dortmund, Germany) using an acceleration voltage of 20 keV, a beam current of 38 pA, and a 

dose of 60-80 C/cm2. The pattern was developed in xylene for 45 seconds, rinsed in IPA for 30 seconds, rinsed 

in DI water for 30 seconds, and blown dry with nitrogen gas. The developed pattern consisted of arrays of 80 

nm to 1 m diameter circular openings with different periodicity. The W mask was then etched by ICP-RIE 

(Oxford PlasmaLab System 100) using SF6 plasma at 10 sccm, 10 mTorr pressure, RF power 10 W, ICP power 

310 W, temperature 20oC, and 1.5 minute etching time. After W etch, the UNCD was etched by ICP-RIE using 

O2 plasma at 50 sccm, 10 mTorr pressure, RF power 10 W, ICP power 1200 W, temperature 20oC, and 6 minute 

etching time.  

 

2.1.3 Release of UNCD Nanoporous Membranes using UV lithography, Reactive Ion Etching, and Wet Etching 

After fabrication of the nanoporous UNCD, backside lithography was conducted using a MA-6 UV lithography 

tool to create the membrane windows. The backside Si3N4 layer patterned by UV lithography was etched by 

RIE using O2 plasma at 5 sccm, CHF3 plasma at 50 sccm, 55 mTorr pressure, RF power 150 W, temperature 

20oC, and 6 minute etching time. The underlying W layer was wet etched from the frontside of the wafer using 

hydrogen peroxide (H2O2). The silicon on the backside of the wafer was then anisotropically etched with 30% 

potassium hydroxide (KOH) at 80oC. The frontside Si3N4 layer in the nanopores was etched by RIE using CF4 

plasma at 50 sccm, 55 mTorr pressure, RF power 150 W, temperature 20oC, and 1.75 minute etching time. The 

W layer used for UNCD seeding was removed by wet etching in H2O2 for 1 minute at room temperature. 

 

2.2 Physico-Chemical Characterization of Free-standing Nanoporous Ultrananocrystalline Diamond 

Membranes 

 

2.2.1 Raman Spectroscopy 

Confocal Raman spectroscopy was conducted on the NCD films using a Renishaw (Gloucestershire, UK) InVia 

Raman Microscope. Raman spectra were obtained using two different wavelengths. An He-Ne laser with a 

wavelength of 633 nm and a 1800 l/mm grating was applied in extended mode. The laser was applied to the 

sample through a 50X objective lens. In addition, a 325 nm UV laser with a 3600 l/mm grating was applied in 

extended mode. The laser was applied to the sample through a 40X UV objective lens.  

 



 

 

196 

 

2.2.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to evaluate surface morphologies of the NCD coatings and to 

characterize grain size and uniformity of each coating. Secondary electron images (SEI) of the NCD coatings 

were obtained using a Raith 150 SEM (Raith GmbH, Dortmund, Germany). An acceleration voltage of 20 kV 

was applied for image acquisition. ImageJ software (NIH, Bethesda, MD) was used to measure approximate 

pore sizes for all membranes using the SEM micrographs.  

 

2.2.3 Focused Ion Beam Milling 

The cross-section of the UNCD membrane was examined using focused ion beam (FIB)-milling using a FEI 

Nova NanoLabTM 600 DualBeam FIB/SEM. FIB milling was used to measure the thickness of the free-standing 

UNCD membrane and to confirm complete through-etching of the nanopores.  

 

3. Results & Discussion  

Free-standing nanoporous UNCD membranes with varying nanoscale pore sizes were fabricated using a multi-

step process including optical lithography, electron beam lithography, reactive ion etching, and wet etching. The 

step-by-step process is shown in Figure 1. Silicon wafers with low stress silicon nitride layers on both sides 

were used. A thin tungsten layer was deposited on top of the silicon nitride to serve as an interlayer to improve 

diamond seeding. UNCD was deposited on the wafer using MPCVD. To produce a hard mask for pattern 

transfer, a second layer of tungsten was deposited on the UNCD using magnetron sputtering. UV lithography 

was used to produce alignment marks in photoresist, and the top W layer was subsequently etched by RIE. The 

wafer was then processed using e-beam lithography to pattern nanoporous arrays on the membranes. The 

pattern was then developed and W etched using RIE followed by UNCD etched by RIE. After fabrication of the 

nanopores, UV lithography was used to produce windows on the backside of the wafer and the Si3N4 was etched 

by RIE. The exposed silicon was then anisotropically etched using KOH. The underlying W layer was then 

removed from the UNCD membrane by wet etching in H2O2, leaving a free-standing UNCD membrane with 

nanoscale pore sizes. 

 

After UNCD deposition, Raman spectroscopy was conducted to confirm the carbon-carbon bonding typical of 

diamond thin films (Figure 2). Raman spectra showed a prominent peak at 1332 cm-1 which is attributed to sp3-

hybridized carbon typical of diamond. The other broad peak at 1550 cm-1, known as the G-band, is attributed to 

sp2-hybridized amorphous carbon at the grain boundaries.  

 

SEM micrographs were taken at various stages of UNCD membrane fabrication to observe the nanopore 

structure and the effects of each step of processing. SEM micrographs of the final nanoporous membranes are 

shown in Figure 3. Free-standing UNCD membranes with pore sizes of approximately 80 nm, 130 nm, 300 nm 
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650 nm, and 1.1 m were fabricated with narrow pore size distributions and high pore density. FIB-milling 

verified complete through-etching of the nanopores through the 200 nm thick UNCD layer as shown in Figure 

4. Further optimization of the e-beam parameters and development should be investigated to fabricate 

nanoporous membranes with smaller pore sizes (less than 50 nm).  

 
 
 
 

 
Figure 1. Step-by-step processing of free-standing nanoporous UNCD membranes using UV lithography, e-beam lithography, RIE, and wet 
etching.  
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Figure 2. Raman spectrum of UNCD coating after MPCVD deposition. The peak at 1332 cm-1 is attributed to sp3-hybridized carbon, typical 
of diamond.  

 

 

 

 

Figure 3. SEM micrographs of free-standing microporous and nanoporous UNCD membranes with pore sizes of approximately (A) 1.1 m, 
(B) 650 nm, (C) 300 nm, (D) 130 nm, and (E) 80 nm.  
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Figure 4. SEM micrograph of FIB-milled free-standing nanoporous UNCD membrane with pore sizes of 80 nm, showing complete 
through-etching of the membrane.  

 

 

4. Conclusions 

Nanoporous membranes are used in a wide range of medical applications including drug delivery systems, 

hemodialysis membranes, biosensors, and bioartificial organs. Nanoporous ultrananocrystalline diamond 

membranes are of significant interest for medical applications due to their low protein adsorption and excellent 

biocompatibility. Free-standing UNCD nanoporous membranes with 200 nm thickness and pore sizes of 80 nm, 

130 nm, 300 nm, 650 nm and 1.1 m were produced using a multi-step process comprising electron beam 

lithography, optical lithography, reactive ion etching, and wet etching. The UNCD membranes exhibited narrow 

pore size distributions with high pore density. Nanoporous diamond membranes may be used in a variety of 

medical applications with reduced biofouling and increased biocompatibility compared to conventional porous 

biomaterials.  
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Abstract 

Nanoporous alumina membranes, also known as anodized aluminum oxide membranes, are being investigated 

for use in treatment of burn injuries and other skin wounds. In this study, atomic layer deposition was used for 

coating the surfaces of nanoporous alumina membranes with zinc oxide. Agar diffusion assays were used to 

show activity of zinc oxide-coated nanoporous alumina membranes against several bacteria found on the skin 

surface, including Bacillus subtilis, Escherichia coli, Staphylococcus aureus, and Staphylococcus epidermidis. 

On the other hand, zinc oxide-coated nanoporous alumina membranes did not show activity against 

Pseudomonas aeruginosa, Enterococcus faecalis, and Candida albicans. These results suggest that zinc oxide-

coated nanoporous alumina membranes have activity against some Gram-positive and Gram-negative bacteria 

that are associated with skin colonization and skin infection. 

 

Keywords: aluminum oxide, zinc oxide, atomic layer deposition, nanoporous material, antibacterial material 
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1. Introduction 

Several researchers have recently investigated the use of nanostructured membranes for enhanced treatment of 

wounds.1-3 For example, Wang et al. described the use of a nanostructured membrane containing N-

isopropylacrylamide, methyl methacrylate, and 2-hydroxyethyl methacrylate for wound dressings and cell 

grafting materials.2 No cytotoxicity was noted during in vitro studies; growth of cells, including L929 murine 

neoplastic fibroblasts, and primary human dermal fibroblasts, on these materials was demonstrated. Ceramic 

membranes may be preferred over polymeric membranes for use in wound treatment applications due to better 

reproducibility, better control over pore dimensions, an absence of toxic organic solvents, and an absence of 

toxic polymer degradation byproducts.3 In recent work, Parkinson et al. examined the use of custom-made 

nanoporous alumina membranes, which were created by means of anodic oxidation of aluminum in an oxalic 

acid electrolyte, for treatment of skin wounds and burn injuries.3 They noted several advantages of nanoporous 

alumina membranes for wound healing applications, particularly the highly regular structure, biocompatibility, 

low production cost, reproducible reproduction, and facile reproduction approach for these materials. Using in 

vitro studies, keratinocytes (HaCaT cell line) and fibroblasts (NIH-3T3) were shown to readily adhere to 

nanoporous aluminium oxide membranes. In addition, they performed an in vivo study involving application of 

a nanoporous alumina membrane to a dorsal flank burn injury in a porcine model; the nanoporous alumina 

membrane adhered to the skin and conformed to the skin. Removal of the membrane from the injury site was 

not associated with loss of epidermis or inhibition of wound healing. Naji and Harmand demonstrated that 

amorphous alumina exhibited cytocompatibility using in vitro assays that involved human differentiated 

alveolar bone osteoblast and gingival fibroblast cultures.4    

 

Atomic layer deposition may be used to deposit antimicrobial zinc oxide coatings on the surfaces of nanoporous 

alumina membranes. This technique involves self-terminating chemical reactions between gaseous precursors 

on the membrane surface, which enable layer-by-layer growth of material.5 Purge steps, which involve flushing 

with an inert gas, are performed between gas-solid reactions. If the substrate is saturated during each reaction, 

then conformal coatings may be deposited on nanoporous materials.6 Due to these unique capabilities, atomic 

layer deposition has previously been used to alter pore dimensions and pore surface features in nanoporous 

materials.7-10 For example, Moon et al. deposited aluminum oxide within the pores of nanoporous alumina 

membranes by means of atomic layer deposition, reducing the pore diameter from 70 nm to below 40 nm.11 

Fluorescence microscopy was used to demonstrate selective filtration of bacteriophage phi29 virus 

nanoparticles using these atomic layer deposition-modified membranes; empty capsids passed through 40 nm 

diameter pores. On the other hand, most of the DNA-containing capsids remained on the membrane surfaces. 

Velleman et al. deposited silica coatings on commercially-obtained nanoporous alumina membranes; they 

subsequently modified these silica-coated membranes with perfluorodecyldimethylchlorosilane.12 These 

hydrophobic perfluorodecyldimethylchlorosilane/silica-coated nanoporous alumina membranes demonstrated 
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enhanced transport of a hydrophobic agent, tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate, over a 

hydrophilic agent, Rose Bengal.  

 

In several studies over the past two decades, zinc oxide has been shown to possess activity against a broad 

spectrum of Gram positive and Gram negative bacteria.13, 14 For example, Atmaca et al. showed that zinc 

exhibited antibacterial activity against Pseudomonas aeruginosa, Staphylococcus aureus, and Staphylococcus 

epidermidis; their work indicated that zinc-microbial membrane interactions resulted in prolongation of the 

growth cycle lag phase.15  

 

Sawai et al. attributed the antimicrobial activity of zinc oxide powder slurry to the release of hydrogen peroxide; 

results from an in vitro study involving Escherichia coli suggested that hydrogen peroxide crosses the microbial 

cell membrane, resulting in growth inhibition or death.16 In subsequent work, Sawai et al. showed efficacy by 

zinc oxide against Staphylococcus aureus, which was attributed to strong affinity between zinc oxide and 

Staphylococcus aureus cells.17 Zhang et al. showed that zinc oxide exhibits bacteriostatic activity against 

Escherichia coli; scanning electron microscopy data suggested that zinc oxide-bacteria direct interactions may 

cause damage and breakdown of bacterial cell membranes.18 Jones et al. demonstrated activity of zinc oxide 

nanoparticles against several microorganisms, including Bacillus subtilis, Enterococcus faecalis, Escherichia 

coli, methicillin-sensitive Staphylococcus aureus, methicillin-resistant Staphylococcus aureus, Staphylococcus 

epidermidis, and Streptococcus pyogenes; they noted that zinc oxide is toxic at high concentrations but is not 

expected to be toxic at very low concentrations.14 On the other hand, Xie et al. showed that relatively low 

concentrations of zinc oxide nanoparticles provided bactericidal activity against Campylobacter jejuni; the 

bactericidal activity was attributed to oxidative stress and cell membrane disruption.19 Reverse transcription-

quantitative polymerase chain reaction studies showed increased expression of two oxidative stress genes and a 

general stress response gene in zinc oxide nanoparticle-exposed cells. Huang et al. noted damage and 

disorganization of membranes in Streptococcus agalactiae and Staphylococcus aureus after interaction with 

zinc oxide; this process was attributed to alterations in membrane permeability.20 Liu et al. showed that zinc 

oxide inhibited growth of Escherichia coli O157:H7; their work indicated the zinc oxide distorted and damaged 

the cell membrane, which led to release of intracellular material and cell death.21 It is important to note that zinc 

oxide exhibits better stability as well as a better safety profile than conventional antimicrobial pharmacologic 

agents.17 

 

Several investigators, including Elam et al. and Grigoras et al., have shown that uniform zinc oxide coatings 

may be grown on nanoporous alumina membranes using atomic layer deposition.22, 23 For example, Sirvio et al. 

demonstrated conformal growth of zinc oxide coatings on commercially-obtained nanoporous alumina 

membranes (Anodisc®).24 More recently, Wang et al. deposited zinc oxide on the surfaces of mesoporous 
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polystyrene-b-poly(2-vinylpyridine) block copolymer nanorods; these nanorods were formed by self-assemblly 

within the pores of nanoporous alumina membranes.25 Zinc oxide films with low thickness values may be grown 

by means of atomic layer deposition, minimizing concerns associated with dose-dependent toxicity. For 

example, we previously demonstrated deposition of zinc oxide coatings on 20 nm pore size and 100 nm pore 

size nanoporous alumina membranes by means of atomic layer deposition.7, 8 In these studies, zinc oxide-coated 

nanoporous alumina membranes were associated with significantly (p<0.05) higher viability of human 

epidermal keratinocytes than uncoated nanoporous alumina membranes. In addition, the antimicrobial 

performance of the zinc oxide-coated nanoporous alumina membranes against two microorganisms was 

evaluated using agar diffusion assays. In these studies, activity of zinc oxide-coated membranes against 

Escherichia coli and Staphylococcus aureus under continuous tungsten-halogen light exposure and in darkness 

was demonstrated. 

 

In this study, the surfaces of commercially-obtained 20 nm pore size nanoporous alumina membranes and 100 

nm pore size nanoporous alumina membranes were coated with zinc oxide using atomic layer deposition. The 

antimicrobial activity of these zinc oxide-coated nanoporous alumina membranes was evaluated using several 

microorganisms found on the surface of the skin, including Bacillus subtilis26 (a Gram-positive bacterium), 

Candida albicans27 (a fungus), Enterococcus faecalis28 (a Gram-positive bacterium), Escherichia coli29 (a 

Gram-negative bacterium), Pseudomonas aeruginosa30 (a Gram-negative bacterium), Staphylococcus aureus31 

(a Gram-positive bacterium), and Staphylococcus epidermidis32 (a Gram-positive bacterium).  

 

2. Materials & Methods 

Membranes with two nanoscale pore sizes, 20 nm pore size nanoporous alumina membranes and 100 nm pore 

size nanoporous alumina membranes, were obtained from a commercial source (Whatman, Maidstone, United 

Kingdom); these membranes exhibited thicknesses of 60 m and outside diameters of 13 mm. The 20 nm pore 

size nanoporous alumina membranes exhibited pore diameters of 200 nm for ~58 m of the thickness; the pore 

diameters tapered to 20 nm for ~2 m of the thickness. The 100 nm pore size nanoporous alumina membranes 

exhibited pore diameters of 200 nm for ~58 m of the thickness; the pore diameters tapered to 100 nm for ~2 

m of the thickness. 

 

Prior to deposition of the zinc oxide coating, the nanoporous alumina membranes were cleaned in situ using 

flowing ozone. Samples were exposed for five minutes to an ozone partial pressure of ~0.1 Torr; ozone was 

obtained from ultra high purity oxygen (flow rate=400 sccm). Zinc oxide coatings were grown using alternating 

exposure to water and diethyl zinc (Sigma Aldrich, St. Louis, MO) at a deposition temperature of 200°C. A 

precursor exposure time of six seconds, a purge period of five seconds, and a precursor partial pressure of ~0.2 

Torr were utilized. A deposition rate ~1.5 Å/cycle and a zinc oxide coating thickness of 8 nm were obtained 
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from ellipsometry on Si(100) witness samples, which were coated at the same time as the nanoporous alumina 

membranes. 

 

Imaging of the zinc oxide-coated nanoporous alumina membranes was performed using a JEOL 6400 scanning 

electron microscope (JEOL, Tokyo, Japan) with a field emission source; this instrument was equipped with an 

energy dispersive X-ray spectrometer attachment. Phase structure for the zinc oxide-coated nanoporous alumina 

membranes was obtained with a Smartlab X-ray diffraction instrument (Rigaku, The Woodlands, TX) using 

CuK radiation (=1.54 nm). Measurements were obtained using a scanning step of 0.05o and dwell time of 2 s 

per step. 

 

Inductively coupled plasma mass spectrometry was used to evaluate leaching of zinc from the membrane 

surface. GIBCO® Dulbecco’s Modified Eagle Media (DMEM) with L-glutamine (Invitrogen, Carlsbad, CA) 

was used as a simulated body fluid.33 Media was supplemented with HyClone fetal bovine serum (Thermo 

Scientific, Rockford, IL). The final concentration of fetal bovine serum in the media was 10%. Membranes were 

completely immersed in 1 mL of fluid and incubated at 37°C in an atmosphere containing 5% CO2 to better 

simulate an in vivo environment. A total of 12 different membranes, 3 zinc oxide-coated membranes and 3 

uncoated membranes for both 20 nm and 100 nm pore sizes, were used to collect extracts. Three wells that 

contained media but did not contain membranes served as control extracts. A Model 820 inductively coupled 

plasma mass spectrometer (Varian, Salt Lake City, UT) was used for all elemental analysis measurements. The 

source has a MicroMist nebulizer (maximum flow rate=0.4 mL/minute), which was used for sample 

introduction into the plasma. Standard plasma conditions (power=1.4 kW, plasma flow=18.00 L/minute, 

auxiliary flow=1.80 L/minute, sheath gas flow=0.18 L/minute, sampling depth=7.5 mm) were used in this 

study. All of the solutions were prepared using 18 M deionized water (lab supply) and trace metal grade nitric 

acid (Thermo Fisher Scientific, Waltham, NA). Instrument conditions were optimized using the auto-

optimization feature of the instrument. Samples were introduced while peristaltic pump was operated at 3 rpm. 

The spray chamber was cooled to 3oC. Standards were prepared using inductively coupled plasma standards that 

were purchased from a commercial source (Inorganic Ventures, Christiansburg, VA). In all of the 

measurements, a 5 ppb solution of indium was used as an internal standard and mixed online with each sample 

through a tee. Isotopes (e.g., 66Zn and 115In) were evaluated in a peak hopping mode; a dwell time of 50,000 

microseconds was used and five replicates of an average of twenty data points were measured. The standard 

curve included at least eight concentration levels in the quantification range. The standard data set was fitted to 

a linear curve. The coefficient of correlation was 0.99. Percent errors in calculated concentrations were 15% or 

lower. 
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Microbial growth on zinc oxide-coated nanoporous alumina membranes and uncoated nanoporous alumina 

membranes was determined using the agar plating method. The agar diffusion assay protocol used in this study 

is similar to one that is outlined by the National Committee for Clinical Laboratory Standards. This approach is 

appropriate for assessing growth of common microorganisms, including rapidly-growing microorganisms.34 The 

agar diffusion assay protocol provides qualitative data regarding the susceptibility of a given microorganism to 

an antimicrobial agent. Tryptic soy broth, Luria–Bertani broth, brain heart infusion broth, Mueller Hinton agar, 

yeast nitrogen base, dextrose, agar and phosphate-buffered saline (×10) were obtained from a commercial 

source (VWR International, West Chester, PA). Phosphate-buffered saline (×1) was prepared in deionized 

water. Cultures of Escherichia coli ATCC 12435, Enterococcus faecalis ATCC 29212, Bacillus subtilis ATCC 

6051, Pseudomonas aeruginosa ATCC 15442, Staphylococcus aureus ATCC 6538, and Staphylococcus 

epidermidis ATCC 35984 were obtained from a commercial source (American Type Culture Collection, 

Manassas, VA). Overnight cultures of Escherichia coli in Luria–Bertani broth, Enterococcus faecalis in brain 

heart infusion broth, Bacillus subtilis in tryptic soy broth, Pseudomonas aeruginosa in tryptic soy broth, 

Staphylococcus epidermidis in tryptic soy broth, Staphylococcus aureus in tryptic soy broth, and Candida 

albicans in yeast nitrogen base + 100 mM dextrose were pelleted via centrifugation (4500 r.p.m.) for ten 

minutes. These solutions were subsequently resuspended in phosphate-buffered saline (x1) in order to obtain a 

final cell density of approximately 108 cells per ml. Sterile swabs were used to inoculate lawns of the bacterial 

strains on Mueller Hinton agar plates and to inoculate lawns of Candida albicans on yeast nitrogen base + 

dextrose plates. Zinc oxide-coated nanoporous alumina membranes and uncoated nanoporous alumina 

membranes were then placed on the inoculated agar plates. The plates were incubated for 24 h at 37oC. Zones of 

growth inhibition were visually evaluated from digital images, which were obtained after 24 h of incubation. 

Growth inhibition on the agar in direct contact with the membrane surfaces was evaluated by removing each 

membrane and visually inspecting the agar. 

 

3. Results & Discussion 

Figure 1 and Figure 2 show scanning electron microscopy images obtained from a 20 nm pore size nanoporous 

alumina membrane and a 100 nm pore size nanoporous alumina membrane following deposition of an eight 

nanometer-thick zinc oxide coating, respectively. Plan-view scanning electron micrographs of the large pore 

sides (Figure 1(d) and Figure 2(d)) and the small pore sides (Figure 1(e) and Figure 2(e)) of the zinc oxide-

coated nanoporous alumina membranes show that these materials exhibited monodisperse pore sizes and high 

porosities. Images of the pores within the zinc oxide-coated nanoporous alumina membranes were acquired 

from cleaved specimens (Figure 1(a-c) and Figure 2(a-c)). Images obtained from the large pore side, the middle 

of the pore, and the small pore side of the cleaved 20 nm pore size nanoporous alumina membrane and the 

cleaved 100 nm pore size nanoporous alumina membrane show continuous coatings of zinc oxide nanocrystals. 

These images also indicate that the pore dimensions are not completely uniform; some pore branching was 
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observed. Branching of the pores has been previously noted in the as-received membrane.35, 36 In addition, 

energy dispersive X-ray analysis performed at the large pore side, the middle of the pore, and the small pore 

side of the cleaved specimens demonstrated the presence of zinc oxide throughout the pore. 

 
 

 

Figure 1. Scanning electron microscopy images obtained from a 20 nm pore size nanoporous alumina membrane following deposition of an 
eight nanometer-thick zinc oxide coating. Micrographs obtained from (a) the large pore side, (b) the middle of the pore, and (c) the small 
pore side of a cleaved specimen show a continuous zinc oxide coating. Plan-view scanning electron micrographs obtained from (d) the large 
pore side of the membrane and (e) the small pore side of the membrane also show a continuous zinc oxide coating. 
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Figure 2. Scanning electron microscopy images obtained from a 100 nm pore size nanoporous alumina membrane following deposition of 
an eight nanometer-thick zinc oxide coating. Micrographs obtained from (a) the large pore side, (b) the middle of the pore, and (c) the small 
pore side of a cleaved specimen show a continuous zinc oxide coating. Plan-view scanning electron micrographs obtained from (d) the large 
pore side of the membrane and (e) the small pore side of the membrane also show a continuous zinc oxide coating. 

 
 
 
Figure 3 contains X-ray diffraction patterns for zinc oxide-coated nanoporous alumina membranes. Pattern (a), 

shown as a red line, corresponds to data from a 20 nm pore size nanoporous alumina membrane following 

deposition of an eight nanometer-thick zinc oxide coating. Pattern (b), shown as a blue line, corresponds to data 

from a 100 nm pore size nanoporous alumina membrane following deposition of an eight nanometer-thick zinc 
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oxide coating. The sharp peaks in this figure corresponded with the expected positions for polycrystalline zinc 

oxide and zinc. The peak located at 2θ of 31.66o corresponded with ZnO (100). The broad peak corresponded 

with the nanoporous alumina membrane.37 As noted by Yoshino et al. and Fang et al., the crystallinity of zinc 

oxide on nanoporous alumina membranes is affected by surface morphology; as such, it is disordered near the 

zinc oxide/alumina interface.38-40 The crystalline size was calculated using the Scherer equation (                  ); in 

this equation, θ is the diffraction angle, λ is the X-ray wavelength, β is the full width at half maximum (FWHM) 

of the diffraction peak, and D is the crystal size.41 The crystalline size of the zinc oxide-coated 100 nm pore size 

nanoporous alumina membrane and the 20 nm pore size nanoporous alumina membrane were shown to be 3.3 

nm and 5.0 nm, respectively. A metallic zinc phase was observed in the zinc coated-nanoporous alumina 

membranes. Previous work by Libera et al. has indicated that this zinc phase forms through thermal 

decomposition of excess diethyl zinc at temperatures greater than 150oC.42 Formation of this phase is dependent 

on the presence of excess diethyl zinc and occurs after saturation of atomic layer deposition surface reactions. 

The broad hump between =20o and =40o is attributed to the amorphous structure of the alumina membrane.43
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. X-ray diffraction patterns for zinc oxide-coated nanoporous alumina membranes. Pattern (a), shown as a red line, corresponds to 
data from a 100 nm pore size nanoporous alumina membrane following deposition of an eight nanometer-thick zinc oxide coating. Pattern 
(b), shown as a blue line, corresponds to data from a 20 nm pore size nanoporous alumina membrane following deposition of an eight 
nanometer-thick zinc oxide coating. 
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Both 20 nm and 100 nm membranes released similar amounts of zinc ions or particulates into the surrounding 

fluid. Extracts from the zinc oxide-coated 20 nm pore size nanoporous alumina membranes and the zinc oxide-

coated 100 nm pore size nanoporous alumina membranes contained zinc concentrations of 91.3 ± 3.6 and 92.9 ± 

4.6 µg/ml, respectively. Trace amounts of zinc were detected in media and in uncoated membrane controls; this 

result was expected since zinc is an essential element in cell culture medium. Degen and Kosec noted that 

immersion of zinc oxide in water results in the surface of the oxide being hydrolyzed and a hydroxide layer 

being formed. This surface hydroxide (Zn(OH)2(s)) is in equilibrium with Zn2+
(aq), Zn(OH)+

(aq), and Zn(OH)2(aq) 

over pH values between 6 and 8 at a temperature of 25oC.44    

 

Figure 4 contains light microscopy images of agar plating assay results after twenty-four hours of incubation for 

zinc oxide-coated nanoporous alumina membranes and uncoated nanoporous alumina membranes. It is clear 

from these images that the zinc oxide-coated nanoporous alumina membranes were highly effective towards 

Staphylococcus aureus, Staphylococcus epidermidis and Bacillus subtilis; large zones of growth inhibition for 

all three bacteria were observed. Zones of growth inhibition were not observed for the other tested 

microorganisms. Inhibition of Escherichia coli growth was evident on the agar surface that was in direct contact 

with the zinc oxide-coated nanoporous alumina membranes. For Pseudomonas aeruginosa, Enterococcus 

faecalis and Candida albicans, microbial growth was observed on agar surface that was in direct contact with 

the zinc oxide-coated nanoporous alumina membranes. Zones of growth inhibition were not observed for the 

uncoated nanoporous alumina membranes in all cases. Furthermore, microbial growth was observed on agar 

surfaces that were in direct contact with the uncoated nanoporous alumina membranes for all of the organisms. 

These results suggest that the zinc oxide-coated nanoporous alumina membranes are more effective towards 

Gram-positive bacteria than Gram-negative bacteria; in addition, zinc oxide-coated nanoporous alumina 

membranes are essentially ineffective towards yeast. Previous work by Sawai et al. also noted that zinc oxide 

exhibits stronger activity against Gram-positive bacteria than Gram-negative bacteria.45 
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Figure 4. Light microscopy images of agar plating assay results after twenty-four hours of incubation for zinc oxide-coated nanoporous 
alumina membranes and uncoated nanoporous alumina membranes. Images (a) and (b) show uncoated and zinc oxide-coated nanoporous 
alumina membranes with (a) 20 nm pore sizes and (b) 100 nm pore sizes that were examined against Bacillus subtilis. Images (c) and (d) 
show uncoated and zinc oxide-coated nanoporous alumina membranes with (c) 20 nm pore sizes and (d) 100 nm pore sizes that were 
examined against Candida albicans. Images (e) and (f) show uncoated and zinc oxide-coated nanoporous alumina membranes with (e) 20 
nm pore sizes and (f) 100 nm pore sizes that were examined against Enterococcus faecalis. Images (g) and (h) show uncoated and zinc 
oxide-coated nanoporous alumina membranes with (g) 20 nm pore sizes and (h) 100 nm pore sizes that were examined against Escherichia 
coli. Images (i) and (j) show uncoated and zinc oxide-coated nanoporous alumina membranes with (i) 20 nm pore sizes and (j) 100 nm pore 
sizes that were examined against Pseudomonas aeruginosa. Images (k) and (l) show uncoated and zinc oxide-coated nanoporous alumina 
membranes with (k) 20 nm pore sizes and (l) 100 nm pore sizes that were examined against Staphylococcus aureus. Images (m) and (n) 
show uncoated and zinc oxide-coated nanoporous alumina membranes with (m) 20 nm pore sizes and (n) 100 nm pore sizes that were 
examined against Staphylococcus epidermidis. 
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4. Conclusions 

The results of this study suggest that zinc oxide-coated nanoporous alumina membranes have activity against 

some microorganisms that are observed on the surface of the skin. The zinc oxide-coated membranes showed 

activity against Bacillus subtilis, Escherichia coli, Staphylococcus aureus, and Staphylococcus epidermidis in 

agar diffusion assays. On the other hand, the zinc oxide-coated membranes did not show activity against 

Pseudomonas aeruginosa, Enterococcus faecalis, and Candida albicans. There are several potential 

dermatologic applications for zinc oxide-coated nanoporous alumina membranes, including use in tissue 

coverage and/or cell transplantation at burn sites.2  
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Abstract 

Biologically-inspired nanostructured coatings have been investigated for orthopaedic and dental implants to 

stimulate osteogenesis and enhance osseointegration. Anodic aluminum oxide (AAO) membranes are highly 

ordered, biocompatible nanomaterials with well-controlled, uniform pore diameters and high porosity that have 

been investigated for biomedical applications. Surface modification of AAO membranes using atomic layer 

deposition (ALD) has demonstrated improved biocompatibility and hemocompatibility. ALD of titanium 

dioxide (TiO2), a corrosion resistant and biocompatible coating, on nanoporous AAO may be useful for 

improving osseointegration of dental and orthopedic implants by promoting cellular adhesion and osteogenic 

differentiation of mesenchymal stem cells. The aim of this study was to evaluate in vitro cellular response to 

TiO2 coatings on nanoporous AAO to determine the effect of nanoscale TiO2 thin films on cell adhesion and 

osteogenic differentiation of human bone marrow-derived mesenchymal stem cells (hBMSCs). TiO2 coatings of 

8 nm thickness were deposited on AAO membranes with 80 nm pore sizes using ALD. Physico-chemical 

characterization was performed using scanning electron microscopy, atomic force microscopy, and energy 

dispersive spectroscopy. In vitro cell morphology, proliferation, and osteogenic differentiation of hBMSCs on 

TiO2-coated AAO and uncoated AAO in the presence and absence of osteogenic supplements were evaluated. 

Osteogenic differentiation of hBMSCs was examined using hBMSC surface marker expression, alkaline 

phosphatase activity, intracellular osteocalcin expression, and hydroxyapatite deposition. hBMSCs on the TiO2-

coated AAO exhibited improved cell adhesion and enhanced osteogenic differentiation in the presence of 

osteogenic supplements compared to the uncoated AAO, as indicated by the increased levels of ALP activity, 

decreased MSC surface marker expression, and increased mineral deposition. TiO2 coatings deposited by ALD 
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may be implemented for improved device-tissue interactions for orthopaedic implants, potentially resulting in 

enhanced osseointegration. 

 

1. Introduction 

Biomaterials that mimic the complex architectures of the physiological environment may be used to improve 

biological responses, such as enhanced tissue integration and prevention of biofouling.1-3 Human bone is 

composed of nanoscale organic and mineral phases which are hierarchically organized into larger 

microstructures and macrostructures.4, 5 Biologically-inspired nanostructured surfaces have been investigated 

for orthopaedic and dental implants to stimulate osteogenesis and enhance osseointegration with the device.6-9  

 

Anodic aluminum oxide (AAO) membranes are highly ordered, biocompatible nanomaterials with well-

controlled, uniform pore diameters and high porosity that have been investigated for biomedical applications.10, 

11 Nanoporous AAO membranes with highly reproducible geometries can be fabricated using a simple, low-

cost, and highly tunable electrochemical anodization process.4, 12, 13 By controlling the anodization parameters, 

AAO membranes can be precisely fabricated with controllable nanoscale pore sizes and interpore spacing, 

complex pore architectures, large aspect ratios, and adjustable surface chemistries.4, 13-17 The chemical and 

thermal stability as well as the high strength, hardness, and wear resistance of alumina make it a promising 

biomaterial, capable of withstanding degradation in the physiological environment.18-21 By utilizing the tunable 

surface properties of AAO, researchers may systematically evaluate the effects of implant surface 

characteristics for controlled cell-material interactions. 

 

Nanoporous AAO has shown promise as a robust, biocompatible platform for orthopaedic/dental implant 

coatings and bone tissue engineering.22-25 Karlsson et al. evaluated the in vitro response of primary human 

osteoblast-like cells to commercial alumina membranes with 200 nm pores. The AAO nanoporous membranes 

provided an excellent surface for osteoblast proliferation, enabling cell growth and alkaline phosphatase 

expression for up to 14 days.22 Briggs et al. demonstrated the feasibility of fabricating an adherent nanoporous 

alumina coating on a titanium alloy implant for improved mechanical properties and osteoblast cell growth.23 

They coated titanium and titanium alloy implants with a 1-5 mm thick layer of aluminum which was 

electrochemically anodized to produce pore sizes of 160-200 nm. The highly adherent AAO coating on Ti-6Al-

4V supported primary human osteoblast-like cell growth for up to 21 days in vitro, maintaining osteoblast 

spread morphology with filopodia extension into the implant pores. Walpole et al. further evaluated nanoporous 

AAO coatings on titanium substrates for implant applications, demonstrating biocompatibility comparable to 

conventional implant biomaterials (e.g., titanium and non-porous alumina). They further demonstrated the 

bioactive potential of nanoporous AAO coatings by loading the nanopores with active molecules and/or 

particles.26 Swan et al. demonstrated fabrication of uniform nanoporous alumina membranes with pore sizes of 
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~89 nm, which showed favorable human osteoblast adhesion with normal morphology and phenotype.25 

Covalent immobilization of the cellular adhesive peptide, arginine-glycine-aspartic acid-cysteine (RGDC), on 

nanoporous alumina membranes resulted in increased osteoblast adhesion and mineral matrix production 

compared to unmodified membranes.27 Popat et al. investigated short-term and long-term human fetal osteoblast 

and mouse bone marrow stromal cell responses to nanoporous alumina membranes (~70-80 nm pore size). Both 

cell types exhibited enhanced adhesion, proliferation, protein synthesis, and mineral matrix deposition on 

nanoporous alumina membranes compared to non-porous amorphous alumina surfaces.5, 6 Song et al. evaluated 

mesenchymal stem cells grown on smooth alumina substrates and nanoporous alumina membranes with pore 

sizes of 20 nm and 100 nm. They demonstrated improved cellular responses on nanostructured surfaces 

compared to the smooth alumina, and found a significant relationship between cellular response and nanopore 

size. MSCs exhibited reduced adhesion, increased cell elongation, enhanced filopodia, and greater osteogenic 

differentiation on 100 nm membranes compared to 20 nm membranes.28, 29 Further experiments with 

nanoporous alumina functionalized with bone morphogenic protein 2 (BMP-2) showed increased MSC 

osteogenic differentiation compared to unmodified membranes.29  

 

Surface modifications of AAO membranes, such as functionalizing with bioactive materials or biomolecules, 

have demonstrated improved osteogenic responses. One surface modification technique that has been widely 

used to improve surface properties and enhance functionality of AAO membranes in medical applications is 

atomic layer deposition (ALD).11, 13, 30-33 ALD produces conformal coatings with atomic precision and permits 

deposition of a wide range of materials, such as metals, nitrides, sulfides, and oxides.34 ALD coatings have been 

used to fine tune surface properties of AAO, such as controlling pore size and surface chemistry.13, 30, 33 

Previous studies using surface modifications of AAO using ALD have demonstrated enhanced separation 

properties,13 improved antimicrobial activity,11, 30, 32 UV-protection capabilities,35 and biocompatibility.30 

Previous work by our group has shown that TiO2-coated AAO supports in vitro cell viability of keratinocytes, 

fibroblasts, and macrophages as well as enhanced protein adsorption compared to uncoated AAO.30, 36, 37 TiO2 

coatings are commonly used in dental and orthopaedic implants to minimize corrosion and improve 

biocompatibility.38-42 TiO2-coatings on nanoporous AAO may be useful for improving osseointegration of 

dental and orthopedic implants by promoting cellular adhesion of mesenchymal stem cells, stimulating 

osteogenic differentiation, and inducing mineral matrix deposition.  

 

The goal of this study was to investigate the effects of nanoscale titanium dioxide thin films coated on 

nanoporous AAO membranes on biological responses of human bone-marrow derived mesenchymal stem cells. 

The study included biological evaluation of nanostructured AAO compared to a flat control as well as 

investigation of TiO2-coated AAO compared to uncoated AAO. This information will provide a basis to 
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determine if nanoscale thin films of TiO2 on nanostructured materials can be used for improved device-tissue 

interactions for orthopaedic implants. 

 

2. Materials & Methods 

 

2.1 Atomic Layer Deposition of Titanium Dioxide on Nanoporous Alumina Membranes 

Nanoporous anodic aluminum oxide (AAO) membranes with 80 nm pore sizes were obtained from a 

commercial source (Synkera Technologies, Inc., Longmont, CO). Membranes exhibited thicknesses of 100 m, 

outside diameters of 13 mm, a pore density of 2 x 10 cm2, and an estimated porosity of 10%.  

 

The nanoporous AAO membranes were coated with 8 nm titanium dioxide (TiO2) using atomic layer 

deposition. Prior to deposition, nanoporous alumina membranes were cleaned in situ using flowing ozone. 

Samples were exposed for five minutes to an ozone partial pressure of ~0.1 Torr at a flow rate of 400 standard 

cubic centimeters per minute (sccm) at standard temperature and pressure; ozone was obtained from ultra high 

purity oxygen. TiO2 coatings were grown using alternating exposure to water and titanium tetrachloride (TiCl4) 

at a deposition temperature of 300°C. A precursor exposure time of 8 seconds, a purge period of 10 seconds, 

and a precursor partial pressure of ~0.15 Torr were utilized. An ultra high purity nitrogen (N2) flow rate of 350 

sccm and a steady-state N2 pressure of 1 Torr were applied. A total of 88 cycles of H2O/ TiCl4 was applied for a 

TiO2 coating thickness of approximately 8 nm. 

 

2.2 Physico-Chemical Characterization of Uncoated and TiO2-Coated AAO Nanoporous Membranes 

 

2.2.1 Field Emission Scanning Electron Microscopy (FE-SEM) & Energy Dispersive X-Ray Spectroscopy 

(EDS) 

Prior to characterization, the samples were sequentially washed with acetone, ethanol, and deionized (DI) water 

to remove any organic contaminants or particulates, and then blown dry with high purity nitrogen gas. The 

cross-section, pore size, pore structure, and surface morphology of the uncoated and TiO2-coated nanoporous 

AAO membranes were examined using a FEI Quanta 3D FEG FIB-SEM (FEI, Hillsboro, OR). SEM images 

were acquired using a voltage of 20 kV with a 10 mm working distance. Chemical composition was analyzed 

using an Oxford energy dispersive X-ray spectrometer (EDS) (Oxford Instruments, Oxfordshire, UK) using an 

acceleration voltage of 20 keV. 

 

2.2.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) imaging was performed on an MFP-3D-Bio AFM (Asylum Research, Santa 

Barbara, CA). A silicon probe (model #TAP150A) with resonant frequency of 150 kHz (Bruker, Santa Barbara, 
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CA) was used for tapping mode AFM imaging in air. An area of 3 μm x 3 μm was scanned and roughness 

analysis was performed.  

 

2.3 Sample Preparation & Cell Culture 

Uncoated and TiO2-coated AAO membranes were rinsed in acetone, ethanol, and DI water, and then dried using 

nitrogen gas. Samples were then placed in a 24-well tissue culture polystyrene (TCPS) plate with the 80 nm 

pore side facing up. TCPS samples with 13 mm diameter were punched out, adhered to the well-plate with 

vacuum grease, and used as controls. All samples were then sterilized under UV light for 30 minutes in a cell 

culture hood prior to cell seeding. 

 

Primary human bone marrow-derived mesenchymal stem cells (hBMSCs) (ATCC®, Manassas, VA) were 

cultured at 37°C with 5% by volume CO2 in mesenchymal stem cell basal medium (ATCC®, Manassas, VA) 

supplemented with 7% fetal bovine serum, 125 pg/mL recombinant human fibroblast growth factor basic 

(rhFGF-b), 15 ng/mL recombinant human insulin-like growth factor (rhIGF-1), and 2.4 mM L-alanyl-L-

glutamine. Passage 3 cells were used for all experiments. 

 

Prior to seeding samples, hBMSCs were dissociated with TrypLETM Express dissociation reagent (Life 

Technologies, Grand Island, NY) and resuspended in fresh cell culture medium. hBMSCs were added to each 

sample at a cell density of 75,000 cells/mL. In order to seed the cells directly on the sample and avoid cells 

growing on TCPS around the sample, a 200 L droplet of cell solution was carefully pipetted onto each sample 

and allowed to adhere for 2 hours under cell culture conditions (37°C, 5% CO2) before adding 800 L of 

medium to each well. After a 24-hour incubation, medium was replaced with fresh culture medium or Osteocyte 

Differentiation Tool (ATCC®, Manassas, VA), medium with osteogenic supplements (OS). Cells were 

incubated for up to 28 days under cell culture conditions with medium changed three times per week. Tissue 

culture polystyrene was used as a control for all assays. 

 

2.4 Cellular Responses of hBMSCs to Uncoated and TiO2-Coated AAO Nanoporous Membranes 

 

2.4.1 Cell Morphology: Actin and Nuclei Fluorescent Staining  

hBMSC morphology on uncoated AAO, TiO2-coated AAO, and TCPS control materials was evaluated one day 

after seeding using fluorescent staining. Cells were fixed with 3.7% (m/v) formaldehyde in PBS buffer for 30 

minutes. Samples were washed twice with 1X PBS and permeabilized with 0.2% Triton X-100 for 3 minutes. 

Samples were washed twice with 1X PBS and stained for 1 hour with Alexa Fluor® 594-phalloidin (20 nmol/L 

in PBS) and SYTOX® Green (100 nmol/L in PBS) to stain for f-actin and nuclei (Life Technologies, Grand 

Island, NY). Cells were then washed twice with 1X PBS and dried. Cells were then imaged at 10X and 20X 
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magnifications using a Nikon Eclipse TE2000 Inverted Microscope with a Nikon DS-Qi1 monochrome digital 

camera (Nikon Corporation, Tokyo, Japan). 

 

2.4.2 Cell Proliferation: PicoGreen® DNA Assay 

Proliferation of hBMSCs grown in the presence and absence of osteogenic supplements on uncoated AAO, 

TiO2-coated AAO, and TCPS were evaluated using Quant-iTTM PicoGreen® dsDNA assay kit (Life 

Technologies, Grand Island, NY). Samples were incubated in a papain enzyme digestion buffer (PBS with 

0.175 U/ml Papain and 14.5 mmol/L L-cysteine) for 18 hours at 60°C. After incubation, 50 L of lysate was 

transferred to a 96-well plate and diluted with 50 L of Quant-iT Picogreen reagent (5 l stock in 1 ml 1X TE 

buffer). A Molecular Devices (Sunnyvale, CA) SpectraMax® GeminiTM EM microplate reader was used to 

measure fluorescence (excitation 485 nm, emission 538 nm). A DNA standard curve was generated using 

known DNA concentrations to calibrate readings. Cell total DNA was analyzed at Day 1, Day 14, and Day 28 

after initial media change following cell seeding. 

 

2.5 Osteogenic Differentiation of hBMSCs on Uncoated and TiO2-Coated AAO Nanoporous Membranes  

 

2.5.1 Mesenchymal Stem Cell Surface Marker Expression: Flow Cytometry 

Flow cytometry was used to correlate progression of osteogenic differentiation with changes in expression of 

hBMSC surface markers. Cells grown on uncoated AAO, TiO2-coated AAO, and TCPS in the presence and 

absence of osteogenic supplements were evaluated. Surface marker expression was assessed at different time 

points, including Day 1, Day 14, and Day 28. Supernatant medium from each sample was transferred to a 

centrifuge tube to collect non-adherent cells. Adherent cells were detached using TrypLETM Express 

dissociation reagent and combined with the supernatant. Cells were then centrifuged at 2.5 G for 5 minutes and 

the supernatant was aspirated. Cells were then resuspended in a staining solution containing antibody 

conjugates (positive and negative marker cocktails) from the BD StemflowTM Human MSC Analysis Kit (BD 

Biosciences, San Jose, CA) per the manufacturer’s instructions. The positive marker cocktail contained the 

following fluorochrome-conjugated antibodies: Allophycocyanin (APC) CD73, fluorescein isothiocyanate 

(FITC) CD90, and peridinin-chlorophyll proteins cyanine (PerCP-CyTM5.5) CD 105. The negative marker 

cocktail contained negative expression markers (CD45, CD 34, CD11b, CD19, HLA-DR) all conjugated to 

phycoerythrin (PE) fluorochromes. Cells were incubated in staining solution for 30 minutes at room 

temperature and then analyzed using a BD LSR FortessaTM flow cytometry system (BD Biosciences, San Jose, 

CA). 

 

For each trial, multiple flow cytometry controls were used to optimize the experiment and to eliminate 

background autofluorescence as well as fluorochrome spectral overlap. Flow cytometry controls included cells 
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without dye, single fluorophore compensation controls, cells with positive and negative surface marker 

cocktails, and isotype controls. Isotype control cocktails were used for positive and negative controls and were 

applied for the gating strategy. The total cell population was gated based on light-scatter properties to eliminate 

cell aggregates and debris. Gates for all positive surface markers were established at 5% of the isotype control. 

The results are presented as percentage of the total cell population positively expressing the defined cell surface 

marker. 

 

2.5.2 Alkaline Phosphatase Assay 

Alkaline phosphatase (ALP) activity of hBMSCs grown in the presence and absence of osteogenic supplements 

was evaluated at different time points (Day 1, Day 14, and Day 28) using the Stanbio Alkaline Phosphatase 

LiquiColor® Absorbance assay (Stanbio Laboratory, Boerne, TX). Cells were collected and lysed with 

incubation in 0.2% Triton X-100 for 20 minutes at room temperature on a shaker. After mixing the cell lysate 

with the p-nitrophenyl phosphate working reagent, sample absorbance was measured kinetically at a wavelength 

of 405 nm in 10 minute intervals for 5 hours using a SpectraMax® 190 microplate reader (Molecular Devices, 

Sunnyvale, CA). The amount of ALP in the samples was quantified by comparison with human serum standard 

(Stanbio Ser-T-Fy® Level 1 Control Serum) (Stanbio Laboratory, Boerne, TX) with a measured average ALP 

activity of 131 units/L. ALP activity was normalized by the total DNA content measured using the PicoGreen® 

assay and reported as ALP units per nanogram DNA.  

 

2.5.3 Osteocalcin Expression: Flow Cytometry 

Flow cytometry was used to measure intracellular osteocalcin (OCN) expression in hBMSCs during osteogenic 

differentiation on uncoated AAO, TiO2-coated AAO, and TCPS. Cells grown with and without osteogenic 

supplements were evaluated at Day 1, Day 14, and Day 28. Cells were detached using TrypLETM Express 

dissociation reagent and mixed with staining buffer (PBS with 2% FBS). After centrifuging, cells were fixed in 

InvitrogenTM Fixation Medium (Life Technologies, Grand Island, NY) for 15 minutes at room temperature with 

frequent vortexing. After washing with wash buffer (PBS with 5% FBS), cells were incubated in InvitrogenTM 

Permeabilization Medium (Life Technologies, Grand Island, NY) and phycoerythrin (PE)-conjugated anti-

human osteocalcin (OCN) antibody (R&D Systems, Minneapolis, MN) for 45 minutes at room temperature. 

Cells were then washed and resuspended in PBS. Cells were analyzed using a BD FACSCantoTM flow 

cytometry system. 

 

The total cell population was gated based on light-scatter properties to eliminate cell aggregates and debris. For 

each trial, cells without treatment (no dye) were used to optimize the experiment and to remove background 

autofluorescence. The gate for positive PE-OCN expression was established at 1% of the cells without treatment 
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population. The results were presented as the percentage of the total cell population positively expressing PE-

OCN. 

 

2.5.4 Mineralization: Alizarin Red Staining 

Alizarin Red S, a calcium binding dye, was used to qualitatively evaluate in vitro mineralization of hBMSCs on 

uncoated AAO, TiO2-coated AAO, and TCPS. After 28 days cell culture, cells were fixed with 1% 

glutaraldehyde for 24 hours at room temperature. After carefully rinsing in 1X PBS twice, samples were stained 

with 1 mg/mL Alizarin Red S (Fisher Scientific, Pittsburgh, PA) for 15 minutes. Samples were then washed 

three times with deionized water to remove excess dye and were air dried. Digital images of the stained samples 

were acquired using a Nikon Eclipse TE2000 Inverted Microscope with a Nikon Digital Sight DS-Fi2 color 

camera (Nikon Corporation, Tokyo, Japan). 

 

2.5.5 Mineralization: OsteoImageTM Mineralization Assay  

In vitro mineralization by hBMSCs was qualitatively evaluated using OsteoImageTM Mineralization Assay 

(Lonza, Walkersville, MD) for fluorescent staining of hydroxyapatite. After 28 days cell culture, cells were 

fixed with 100% ethanol for 20 minutes and then rinsed with wash buffer. Samples were then incubated in 100 

L staining reagent for 30 minutes at room temperature. After removing the staining reagent, samples were 

rinsed three times with wash buffer for 5 minutes per rinse. Fluorescent images were acquired at 10X 

magnification using a Nikon Eclipse TE2000 Inverted Microscope with a Nikon DS-Qi1 monochrome digital 

camera (Nikon Corporation, Tokyo, Japan). 

 

2.6 Statistics 

The results from each data set were expressed as mean ± standard deviation. Statistical differences between test 

samples were assessed using one-way ANOVA or two-way ANOVA with a Tukey’s post hoc test using Prism 6 

statistical software (GraphPad Inc., La Jolla, CA). A p-value of less than 0.05 was considered significantly 

different for all of the assays. Three trials (n=3) were conducted for all sample types in the absence of 

osteogenic supplements and for uncoated AAO in the presence of osteogenic supplements for cell proliferation 

and osteogenic differentiation assays. Two trials (n=2) were conducted for TiO2-AAO and TCPS in the 

presence of osteogenic supplements for cell proliferation and osteogenic differentiation assays. 

 

 

 

 

 



 

 

224 

 

3. Results 

 

3.1 Physico-Chemical Characterization of Uncoated and TiO2-Coated AAO Nanoporous Membranes 

 

3.1.1 Scanning Electron Microscopy (SEM) & Energy Dispersive X-Ray Spectroscopy (EDS) 

Commercially available nanoporous AAO membranes with 80 nm pore sizes were successfully coated with 

conformal nanoscale thin films of titanium dioxide (8 nm) using atomic layer deposition. 

 

Scanning electron microscopy was conducted to examine the surface morphology and nanopore structure of the 

uncoated and TiO2-coated AAO membranes. SEM micrographs of the 80 nm pore uncoated and TiO2-coated 

AAO membranes are shown in Figure 1. SEM micrographs of the 80 nm pore surface at increasing 

magnifications (Figure 1A-C) exhibited the high-density of pores and the narrow pore size distribution. The 

high magnification image (Figure 1C) showed the surface morphology of the porous membrane, with uniform 

pore sizes and grooves extending radially from the pores. SEM micrographs revealed a uniform TiO2 coating 

with unobstructed pores. SEM was also used to evaluate the pore structure and uniformity of the TiO2-coated 

nanoporous membrane using cross-sectional imaging (Figure 1D-E). SEM micrographs of the cross-section of 

the nanoporous membrane at different magnifications demonstrated highly aligned, cylindrical pores. 

 

 

 



 

 

225 

 

 

Figure 1. SEM micrographs of the 80 nm pore surface and cross-section of the TiO2-coated AAO membrane. (A-C) SEM micrographs of 
the 80 nm pore surface at increasing magnifications. (D-E) SEM micrographs of the cross-section of the TiO2-coated AAO membrane at 
increasing magnifications. 

 
 
 
EDX elemental analysis was used to determine whether the ALD precursors penetrated throughout the entire 

membrane, providing a conformal TiO2 coating on the exterior surface and interior nanopores. EDX was used to 

evaluate the cross-section of the TiO2-coated membranes at three locations: the top, middle, and bottom (Figure 

2A). The representative EDX spectra from all locations on the nanoporous membrane are shown in Figure 2B-

D. Titanium peaks were visible on all spectra obtained throughout the membrane, suggesting conformal TiO2 

coating throughout. The spectra also showed prominent aluminum and oxygen peaks from the AAO membrane.  
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Figure 2. Cross-sectional SEM and EDS elemental analysis of the TiO2-coated AAO membrane. (A) Cross-sectional SEM of the membrane 
showing the uniformity of the nanopores and areas of EDX analysis. (B-D) EDX spectra obtained from the top, middle, and bottom of the 
membrane pores, showing titanium, oxygen, and aluminum peaks. 
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3.1.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy was performed to further analyze the surface topography of the nanoporous 

membranes and to evaluate roughness amplitude. AFM analysis of both surfaces of the TiO2-coated AAO 

membrane showed the variation in surface morphology and pore size. AFM micrographs of the 80 nm pore 

surface (Figure 3A) showed the uniform pore distribution and the roughness amplitude of the grooves, as 

indicated in the SEM micrographs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. AFM micrographs of both sides of the TiO2-coated AAO membrane, showing the differences in surface morphology. 
 
 
 

3.2 Cellular Response of hBMSCs to Uncoated and TiO2-coated AAO Nanoporous Membranes 

 

3.2.1 Cell Morphology: Actin and Nuclei Fluorescent Staining  

hBMSCs were fluorescently stained for f-actin and nuclei and evaluated using fluorescence microscopy to 

examine cell morphology of hBMSCs on uncoated AAO, TiO2-coated AAO, and control TCPS in the absence 

of osteogenic supplements. hBMSCs adhered to all test materials by 24 hours after seeding. The cells were 

seeded using a small volume of concentrated cell suspension pipetted directly on the surface to ensure cell 

attachment to the test material. In doing so, the cells inadvertently adhered in a lower density (Figure 4 A-C) 

towards the edge of the circular membrane with higher cell density (Figure 4 D-F) in the center of the 

membrane, allowing evaluation of individual cell morphology and denser cell monolayers. Individual hBMSCs 

on the uncoated AAO membranes (Figure 4A) showed elongated cell shapes with moderate cell spreading. 

hBMSCs on the TiO2-coated AAO (Figure 4B) exhibited increased cell spreading with branched, polygonal 

morphologies, similar to the control TCPS (Figure 4C). Cell density in the center of the membranes was similar 

between the uncoated AAO and the TiO2-coated AAO, with cell spreading and filopodia extensions evident on 

both surfaces. No distinct cell orientation or alignment was observed. hBMSCs exhibited higher cell density on 

the TCPS control compared to cells on both the uncoated and TiO2-coated AAO. 
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Figure 4. Fluorescence images of hBMSCs growing on uncoated AAO, TiO2-coated AAO, and control TCPS after 1 day. Nuclei are stained 
green and f-actin filaments are stained red. The top row shows individual cells at low density and the bottom row shows cell monolayers at 
high cell density. 
 
 
 

3.2.2 Cell Proliferation: PicoGreen® DNA Assay 

hBMSCs were cultured for up to 28 days on uncoated AAO, TiO2-coated AAO, and TCPS using cell culture 

media with or without osteogenic supplements. Cell proliferation was evaluated at Day 1, Day 14, and Day 28 

after initial media change following cell seeding using the PicoGreen® DNA quantification assay. The results 

of the cell proliferation assay are shown in Figure 5. Cells grown on all surfaces in the absence of osteogenic 

supplements (-OS) showed a statistically significant increase in cell proliferation from Day 1 to Day 28. 

hBMSCs on the TiO2-coated AAO membrane in the presence of osteogenic supplements (TiO2-AAO+OS) 

showed a marked increase in total DNA from Day 1 to Day 28; however, no statistically significant differences 

in total DNA were measured on any of the surfaces in the presence of osteogenic supplements (+OS). There 

was a statistically significant decrease in total DNA at Day 28 on the AAO+OS and TCPS+OS when compared 

to the same surfaces in the absence of osteogenic supplements (AAO-OS & TCPS-OS). The TiO2-AAO surface 

showed no statistically significant differences in cell proliferation between cells in the presence or absence of 

osteogenic supplements. 
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Figure 5. hBMSC cell proliferation for cells grown in the absence (-OS) or presence (+OS) of osteogenic supplements on uncoated AAO, 
TiO2-coated AAO, and TCPS. Cell total DNA was analyzed at different time points (Day 1, Day 14, and Day 28) using PicoGreen® assay. 

 
 
 
3.3 Osteogenic Differentiation of hBMSCs on Uncoated and TiO2-Coated AAO Nanoporous Membranes 

 

3.3.1 Mesenchymal Stem Cell Surface Marker Expression: Flow Cytometry 

Flow cytometry was used to correlate progression of osteogenic differentiation with changes in expression of 

hBMSC surface markers. Cells grown on uncoated AAO, TiO2-coated AAO, and TCPS in the presence and 

absence of osteogenic supplements were evaluated at Day 1, Day 14, and Day 28 after initial media change 

following cell seeding. The results of the evaluation of mesenchymal stem cell surface marker expression using 

flow cytometry are shown in Figure 6. A decrease in MSC surface marker expression is expected as cells 

undergo osteogenic differentiation.  

 

CD73 surface marker expression is shown in Figure 6A. There were no statistically significant changes in 

percentage of cells expressing CD73 over time on all surfaces in the absence of osteogenic supplements. A 

marked decrease in CD73 expression between Day 1 and Day 28 was seen in cells in the presence of osteogenic 

supplements on all surfaces, though the only statistically significant difference was on TCPS+OS. Cells on 

TCPS+OS at Day 28 showed a statistically significant decrease in CD73 expression compared to TCPS-OS as 

well as AAO+OS and TiO2-AAO+OS. 
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CD90 surface marker expression is shown in Figure 6B. There were no statistically significant changes over 

time in the percentage of cells expressing CD90 on all surfaces in the absence of osteogenic supplements, 

though a marked decrease in surface marker expression was visible in cells on the TiO2-AAO membranes at 

Day 28. There was a statistically significant decrease in CD90 expression in cells on TCPS+OS over time (Day 

1 vs. Day 28, Day 14 vs. Day 28). CD90 expression in cells on TCPS+OS at Day 28 was statistically lower than 

that in cells on TCPS-OS as well as AAO+OS and TiO2-AAO+OS. A decrease in CD90 expression was evident 

in cells on AAO+OS and TiO2-AAO+OS, though the differences were not statistically significant.  

 

CD105 surface marker expression is shown in Figure 6C. hBMSCs on all materials, both in the presence and 

absence of osteogenic supplements, showed a statistically significant decrease in CD105 expression over time. 

There were no statistically significant differences in CD105 expression between cells on different test surfaces 

at all time points for either treatment. The decrease in CD105 expression was observed regardless of the 

presence or absence of osteogenic supplements and regardless of material surface chemistry. 
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Figure 6. hBMSC surface marker expression of CD73, CD90, and CD105 for cells grown in the absence (-OS) or presence (+OS) of 
osteogenic supplements on uncoated AAO, TiO2-coated AAO, and TCPS. hBMSC surface marker expression was evaluated at different 
time points (Day 1, Day 14, and Day 28) using flow cytometry and normalized to the total cell population positively expressing the defined 
cell marker.  
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3.3.2 Alkaline Phosphatase Assay 

Alkaline phosphatase activity of hBMSCs grown in the presence and absence of osteogenic supplements on 

uncoated AAO, TiO2-coated AAO, and TCPS was evaluated at Day 1, Day 14, and Day 28 after initial media 

change following cell seeding. The results of the ALP assay, normalized to the total DNA content from the 

PicoGreen® assay, are shown in Figure 7. There were no statistically significant changes in ALP activity over 

time of hBMSCs on all materials in the absence of osteogenic supplements. At Day 14, there were no 

statistically significant differences in ALP activity between hBMSCs grown on different coatings. For hBMSCs 

in the presence of osteogenic supplements, cells on TiO2-coated AAO (TiO2-AAO +OS) exhibited a statistically 

significant increase in ALP activity at Day 28 compared to TiO2-AAO-OS as well as AAO+OS and TCPS+OS. 

A gradual increase in ALP activity was observed on TiO2-AAO+OS, with a statistically significant difference in 

ALP activity between all time points, despite the large error bar for Day 28.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. hBMSC alkaline phosphatase (ALP) activity for cells grown in the absence (-OS) or presence (+OS) of osteogenic supplements 
on uncoated AAO, TiO2-coated AAO, and TCPS. ALP activity at different time points (Day 1, Day 14, and Day 28) was measured using 
the Stanbio Alkaline Phosphatase LiquiColor® Absorbance assay. Results were normalized to the total DNA measured using the 
PicoGreen® assay and expressed as ALP units per nanogram DNA. 
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3.3.3 Osteocalcin Expression: Flow Cytometry 

Intracellular osteocalcin expression in hBMSCs grown in the presence and absence of osteogenic supplements 

on uncoated AAO, TiO2-coated AAO, and TCPS was evaluated using flow cytometry at Day 1, Day 14, and 

Day 28 after initial media change following cell seeding. The results for the intracellular OCN expression are 

shown in Figure 8. There were no statistically significant differences in intracellular OCN expression in 

hBMSCs grown on different materials with the same treatment; however, there was a statistically significant 

increase in OCN expression on TiO2-AAO+OS compared to TiO2-AAO-OS at Day 14. Increased levels of OCN 

expression were observed on Day 14 compared to Day 1 and Day 28 for all materials for both treatments, 

though statistically significant differences were observed only for the surfaces in the presence of osteogenic 

supplements.  

 
 
 

 

Figure 8. Intracellular osteocalcin expression for cells grown in the absence (-OS) or presence (+OS) of osteogenic supplements on 
uncoated AAO, TiO2-coated AAO, and TCPS. Intracellular osteocalcin was evaluated at different time points (Day 1, Day 14, and Day 28) 
using flow cytometry and normalized to the total cell population positively expressing the osteogenic protein. 
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3.3.4 Mineralization: Alizarin Red Staining  

Alizarin Red was used to qualitatively evaluate in vitro mineralization of hBMSCs on uncoated AAO, TiO2-

coated AAO, and TCPS after 28 days cell culture (Figure 9). There were no mineral deposits (stained red) 

observed on any of the surfaces in the absence of osteogenic supplements, though dense cell layers were visible 

on all surfaces. Mineralization was evident on all surfaces with cells in the presence of osteogenic supplements, 

indicated by the red-stained mineral deposits. Individual cells and small aggregates of cells were visible with 

mineral deposits on the AAO+OS and TCPS+OS surfaces. A dense cell layer was visible on the TiO2-AAO+OS 

sample with mineral deposits throughout the surface, except in a few small areas where cell detachment was 

observed.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Alizarin-red stained hydroxyapatite mineral deposits on cells grown in the absence (-OS) or presence (+OS) of osteogenic 
supplements on uncoated AAO, TiO2-coated AAO, and TCPS at Day 28. 

 
 
 
3.3.5 Mineralization: OsteoimageTM Mineralization Assay 

In vitro mineralization by hBMSCs was further evaluated using OsteoImageTM Mineralization Assay for 

fluorescent staining of hydroxyapatite. Mineralization on samples with cells in the presence and absence of 

osteogenic supplements is shown in Figure 10. There were no fluorescently stained mineral deposits visible on 

any of the surfaces in the absence of osteogenic supplements. Small mineral deposits were visible on few areas 

of cell aggregation on the AAO+OS surface. Both TiO2-AAO+OS and TCPS+OS exhibited significant 

mineralization, with fluorescently-stained mineral deposits visible throughout the surfaces.  
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Figure 10. Hydroxyapatite mineral deposits fluorescently stained using OsteoImage Mineralization assay on cells grown in the absence       
(-OS) or presence (+OS) of osteogenic supplements on uncoated AAO, TiO2-coated AAO, and TCPS at Day 28. 

 
 
 
4. Discussion 

Mesenchymal stem cells are multipotent cells that have the ability to self-replicate and differentiate into 

chondrogenic, adipogenic, fibroblastic, neural, and osteogenic lineages.43, 44 These cells play a critical role in the 

events surrounding bone healing and osseointegration of artificial implants through stimulation of osteogenic 

differentiation and formation of new bone tissue.45 Surface modifications of biomaterials, such as tailoring the 

surface topography and chemistry, to control and enhance osteogenic differentiation of MSCs may improve 

implant stability and accelerate healing.6, 46, 47  

 

Titanium dioxide coatings are of particular interest for surface engineering of biomaterials, as it is the stable 

oxide layer found on the surface of titanium and titanium alloy implants that provides the corrosion resistance 

and the biocompatible interface.30, 48, 49 Nanoporous titanium dioxide surfaces have demonstrated enhanced cell 

adhesion and differentiation of hBMSCs in vitro as well as improved bone bonding capabilities in vivo.9, 50-52 

Anodized TiO2 with 30 nm and 50 nm pore sizes have promoted human mesenchymal stem cell osteogenic 

differentiation without the use of osteogenic supplements.9 These surfaces also demonstrated increased bone-to-

implant contact percentages and tensile pull-out forces compared to smooth titanium after implantation in rat 

tibial tissue.  
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The goal of this study was to evaluate the effects of TiO2 thin films on the osteogenic differentiation of 

hBMSCs grown on nanoporous AAO membranes. Titanium dioxide coatings are of interest for implantable 

biomaterials due to its high corrosion resistance, good biocompatibility, and osseointegrative properties.53, 54 

Deposition of TiO2 coatings may improve the biocompatibility and bioactivity of the implant due to the more 

stable chemical composition of the oxide layer.  

 

In this study, atomic layer deposition was used to deposit 8 nm thick titanium dioxide thin films on nanoporous 

AAO membranes with 80 nm pore sizes. Physico-chemical characterization of the uncoated and TiO2-coated 

AAO membranes demonstrated differences in surface chemistry without significant variation in surface 

topography of the nanoporous AAO substrate. SEM and AFM micrographs showed uniform coatings with no 

defects, maintaining the narrow pore distribution of the AAO membranes. EDS spectra from the TiO2-coated 

AAO cross-section confirmed the presence of TiO2 throughout the nanopores, suggesting the ALD precursors 

penetrated the high-aspect-ratio nanopores to produce a conformal coating. These results are similar to our 

previous work showing deposition of conformal coatings of zinc oxide and aluminum oxide on the exterior and 

interior of nanoporous AAO membranes using atomic layer deposition.32, 36 These results highlight the 

advantages of using ALD for deposition of TiO2 thin films on surfaces with complex, nanoscale features. 

Nanoporous materials, such as the AAO membranes used in this study, are difficult to coat using line-of-sight 

coating methods and may result in obstructed nanopores or uncoated surfaces on the interior of the substrate. 

ALD, however, enables deposition of conformal coatings with atomic precision on all exposed surfaces. ALD 

may be used to alter the surface chemistry of complex, nanostructured materials while maintaining the intricate 

nanoscale morphology of the substrate, as shown in this study.  

 

The uncoated and TiO2-coated AAO membranes were evaluated in terms of hBMSC responses with regard to 

cell morphology, proliferation, and osteogenic differentiation. All assays showed that both the uncoated AAO 

and TiO2-coated AAO membranes supported cell adhesion and long-term cell growth, indicating good 

biocompatibility. hBMSCs exhibited increased cell spreading on the TiO2-coated AAO compared to the 

uncoated AAO, similar to the control TCPS. The increased cell spreading may be due to the increased 

hydrophilicity of the TiO2 coatings. Previous studies on titanium dioxide coatings for enhanced cellular 

response has also demonstrated improved wettability as well as enhanced cell adhesion and spreading on TiO2-

coated biomaterials compared to uncoated.39, 40 Since cell adhesion and cell morphology play a critical role in 

differentiation of MSCs, biomaterials may be engineered to enhance these responses to control osteogenesis.55-58 

 

Cells proliferated for up to 28 days on both uncoated and TiO2-coated AAO, similar to the TCPS control, when 

in the absence of osteogenic supplements. Cells cultured in the presence of osteogenic supplements, however, 

showed markedly less cell proliferation on all surfaces. The decrease in cell proliferation over time in cells in 
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the presence of osteogenic supplements is probably due to the differences in proliferative rates of the cells as 

they undergo differentiation. Mesenchymal stem cells initially differentiate into osteoblast progenitors which 

proliferate extensively; however, when they transition into pre-osteoblasts, these cells undergo limited 

proliferation. Lastly, pre-osteoblasts differentiate into non-proliferative osteoblasts.59, 60 The decrease in total 

DNA content at Day 28 may also be due to cells detaching from the substrate material as the tissue-like cellular 

matrix formed, as seen in the uncoated AAO and TCPS. The TiO2 coating did not affect the proliferation of 

hBMSCs when in the presence or absence of osteogenic supplements.  

 

Osteogenic differentiation was evaluated using several endpoints including hBMSC surface marker expression, 

alkaline phosphatase activity, intracellular osteocalcin expression, and hydroxyapatite mineral deposition. Flow 

cytometry was used to correlate progression of osteogenic differentiation with changes in expression of 

HBMSC surface markers. The International Society for Cellular Therapy (ISCT) defines the minimal criteria 

for human mesenchymal stem cells as those that are plastic-adherent in standard culture conditions, express 

surface markers CD73, CD90, and CD105, and lack expression of hematopoietic lineage markers (CD14, 

CD19, CD34, CD45, HLA-DR).44 Our flow cytometry results of the control cell population indicate near-pure 

population of MSCs as defined by the ISCT minimal criteria for MSC surface marker phenotyping. hBMSCs 

co-expressed CD73, CD90, and CD105 surface markers and were negative for hematopoietic lineage markers. 

Evaluation of hBMSCs grown on test materials showed no changes in surface marker expression in cells in the 

absence of osteogenic supplements for CD73 and CD90, though a marked decrease in expression was observed 

in cells in the presence of osteogenic supplements. These surface marker changes suggest variation in the 

stemness of the cells, indicative of the progression of differentiation due to the chemical mediators. For CD105, 

a decrease in expression was observed over time on all surfaces in the presence and absence of osteogenic 

supplements, possibly from changes in the cell due to long-term cell growth. There were no differences in 

surface marker expression between the different test materials at all time points for both treatments, suggesting 

the TiO2 coatings do not significantly affect changes in hBMSC stem cell surface marker expression. 

 

Alkaline phosphatase activity is an early-stage marker of osteogenic differentiation. There were no changes in 

ALP activity on materials in the absence of osteogenic supplements. The ALP activity on the TiO2-coated AAO 

in the presence of osteogenic supplements was higher at Day 28 compared to the uncoated AAO and TCPS 

control in the presence of osteogenic supplements. Therefore, in the absence of osteogenic supplements, TiO2 

coatings do not influence ALP activity, suggesting the coating alone does not induce osteogenic differentiation. 

In the presence of osteogenic supplements, however, the TiO2 coating may enhance early osteogenic 

differentiation of hBMSCs as indicated by the increased ALP activity. 
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Osteocalcin, a bone matrix protein, is a late-stage marker of osteogenic differentiation. Though increases in 

osteocalcin levels were observed in the presence of osteogenic supplements, no differences between TiO2-

coated and uncoated AAO were observed.  

 

Deposition of hydroxyapatite, the inorganic component of natural bone tissue, can be used as a late marker of 

osteogenesis.39 In vitro mineralization of hBMSCs was evaluated using two assays, Alizarin Red and 

OsteoImageTM Mineralization Assay. Alizarin Red is a calcium-staining dye which can bind to non-

hydroxyapatite minerals containing calcium. The OsteoimageTM mineralization assay uses specific binding of 

the fluorescent OsteoImageTM Staining Reagent to hydroxyapatite to assess bone cell mineralization. Both 

assays showed mineralization on all test materials in the presence of osteogenic supplements and no 

mineralization on those in the absence of osteogenic supplements. The degree of mineralization was increased 

on the TiO2-coated AAO and TCPS at Day 28; therefore, the higher mineralization on the TiO2-coated AAO 

may be due to increased adherent cells, as indicated by the Picogreen® proliferation assay. Formation of a 

tissue-like cell matrix was visible on the TiO2-coated AAO, suggesting enhanced cell attachment due to the 

TiO2 coating. These results correspond to the cell morphology results which show increased cell spreading on 

the TiO2-coated AAO compared to the uncoated AAO, also indicative of better cell adhesion.  

 

In summary, the ALD TiO2 coating results in improved cell adhesion and may enhance osteogenic 

differentiation of hBMSCs when in the presence of osteogenic supplements, as indicated by the increased levels 

of ALP activity, decreased MSC surface marker expression, and deposition of hydroxyapatite; however, the 

TiO2 coating alone, in the absence of osteogenic supplements, does not induce osteogenic differentiation.  

 

A recent study by Logan et al. also demonstrated the use of TiO2 coatings on cobalt-chromium-molybdenum 

(CoCrMo) alloy for enhanced cell adhesion and osteogenic differentiation of human mesenchymal stem cells 

(MSCs) to improve the efficacy of orthopaedic implants.39 MSCs on TiO2-coated CoCrMo surfaces exhibited 

enhanced markers of adhesion and osteogenesis compared to uncoated CoCrMo, including increased vinculin 

expression and f-actin distribution, increased calcium content, and greater hydroxyapatite mineral formation. 

The authors, however, noted that the TiO2 coating deposited using chemical vapor deposition results in an 

increase in surface roughness compared to the uncoated CoCrMo and that the differences in cellular response 

observed in vitro may be due to differences in the surface topography which have been shown to influence MSC 

adhesion and differentiation.39 By using ALD for precise, conformal deposition of nanoscale thin films of TiO2, 

our study confirms enhanced cell adhesion and osteogenic differentiation of hBMSCs in vitro by the application 

of a TiO2 coating without effects of surface topography.  
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5. Conclusions 

Titanium dioxide thin films are promising biomaterial coatings for orthopaedic implants due to high corrosion 

resistance and excellent biocompatibility of this material. Conformal TiO2 thin films were deposited on 

nanoporous AAO membranes using ALD, altering the surface chemistry while maintaining the nanostructured 

topography. Cellular adhesion, proliferation and osteogenic differentiation of hBMSCs on uncoated and TiO2-

coated AAO were evaluated to determine if thin films of TiO2 deposited by ALD may improve efficacy of 

orthopaedic implants. hBMSCs on TiO2-coated AAO demonstrated improved cell adhesion and enhanced 

osteogenic differentiation when in the presence of osteogenic supplements compared to the uncoated AAO, as 

indicated by the increased levels of ALP activity, decreased MSC surface marker expression, and increased 

hydroxyapatite deposition. TiO2 coatings deposited by ALD may be implemented for improved device-tissue 

interactions for orthopaedic implants, potentially resulting in enhanced osseointegration. 
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Abstract 

Long-term clinical success of orthopaedic and dental devices depends on stable fixation of the implant by 

formation of a strong bone-implant interface. Anodic aluminum oxide (AAO) membranes are biocompatible 

nanomaterials that have been investigated for biomedical applications, though alumina is known to be a bioinert 

material that does not promote osseointegration. Surface modification of AAO membranes using atomic layer 

deposition (ALD) of titanium dioxide coatings (TiO2) may be useful for improving bioactivity. The aim of this 

study was to investigate the effects of TiO2 thin films on the in vitro apatite-forming ability of nanoporous AAO 

membranes using simulated body fluid (SBF). The effects of surface chemistry and nanostructured surface 

topography on the apatite-forming ability of AAO were evaluated using standard SBF and modified SBF. The 

presence or absence of apatite after incubation in SBF was evaluated using scanning electron microscopy, 

energy dispersive spectroscopy, X-ray diffraction, and fourier transform infrared spectroscopy. No apatite 

formation was observed on uncoated AAO and TiO2 coated AAO after incubation in 1X SBF for up to 21 days, 

suggesting both materials are bioinert. The absence of apatite formation on TiO2-coated AAO may be due to the 

nanoscale thickness (8 nm) of the TiO2 coating. TiO2-coated AAO demonstrated apatite formation after 

incubation in modified SBF while uncoated AAO showed no apatite formation. ALD of TiO2 coatings on 

nanostructured biomaterials should be further evaluated for enhancing bioactivity of orthopaedic and dental 

devices.  
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1. Introduction 

Effective tissue integration and long-term success of orthopaedic and dental devices depend on stable fixation 

of the implant by development of a strong bone-implant interface. Biomaterials for bone applications should 

promote the formation of new bone at the implant surface and bond to the surrounding living tissue.1 Bioactive 

materials bond to living bone via the formation of a biological apatite layer on its surface when implanted in the 

physiological environment.2-4 The apatite layer formed is similar to the bone mineral hydroxyapatite in its 

composition and structure, rich in calcium and phosphate.2 In vivo apatite formation can be imitated in vitro 

using an acellular, protein-free simulated body fluid (SBF) with ion concentrations nearly equal to those of 

human blood plasma.3 Studies have shown that the in vitro apatite-forming ability of a biomaterial in SBF is 

correlated to bioactive, bone-bonding behavior in vivo.5-8 

 

Anodic aluminum oxide (AAO) membranes are biocompatible nanoporous materials with large surface area, 

highly ordered pore structures, well-controlled and uniform pore size, and robust chemical and mechanical 

properties.9 Nanoporous AAO membranes with tunable surface properties can be fabricated using a simple, 

efficient, and low-cost electrochemical anodization technique.10-12 AAO membranes have been investigated for 

a variety of medical applications including molecular separation, catalysis, optics and photonics, drug delivery, 

biosensing, tissue engineering, and implant coatings.10, 13 Nanoporous AAO has demonstrated significant 

potential as a stable, tunable, and biocompatible platform for hard tissue applications, such as bone tissue 

engineering and orthopaedic/dental implant coatings.14-18 

 

Surface modifications of AAO have been used to improve surface properties and enhance functionality of AAO 

for biomedical applications. Atomic layer deposition (ALD) is one surface modification technique that has been 

applied to modify AAO nanoporous membranes for improving the biological and chemical properties of the 

membranes as well as altering the pore size.12, 19-21 ALD uses alternating chemical reactions between two 

gaseous precursor molecules and a solid substrate surface to deposit nanoscale, conformal thin films in a layer-

by-layer manner.22 TiO2 coatings are frequently used in dental and orthopaedic implants to minimize 

biocorrosion, to prevent release of harmful metal ions, and to enhance biocompatibility.23-26 Previous work by 

our group has shown that ALD TiO2-coated AAO is a suitable biomaterial to support in vitro cell growth of a 

variety of cell types (keratinocytes, fibroblasts, macrophages, bone stem cells).20, 27 Though titanium is typically 

considered a bioinert material, studies have demonstrated surface modifications of titanium-based biomaterials 

to elicit bioactivity.7, 8, 28-31 Titanium implants with thin, nanoscale layers of TiO2 have demonstrated enhanced 

biological properties while maintaining the existing surface topography.32, 33 Atomic layer deposition of thin 

films of TiO2 may improve the apatite-forming ability of AAO nanoporous membranes, indicative of the 

material’s in vivo bioactivity. 
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The goal of this study was to investigate the effects of nanoscale TiO2 thin films on the in vitro apatite-forming 

ability of nanoporous AAO membranes using simulated body fluid. The effects of surface chemistry and 

nanostructured surface topography on the apatite-forming ability of nanoporous AAO were evaluated. 

Furthermore, the effects of SBF composition on biomimetic apatite deposition were investigated. 

 

2. Materials & Methods 

 

2.1 Atomic Layer Deposition of Titanium Dioxide on Nanoporous Alumina Membranes 

Nanoporous anodic aluminum oxide (AAO) membranes with 55 nm pore sizes were obtained from a 

commercial source (Synkera Technologies, Inc., Longmont, CO). Membranes exhibited thicknesses of 100 m, 

outside diameters of 13 mm, a pore density of 5 x 109 pores/cm2, and an estimated porosity of 12%.  

 

Titanium dioxide (TiO2) thin films of 8 nm thickness were deposited on the nanoporous AAO membranes using 

atomic layer deposition. Nanoporous alumina membranes were cleaned in situ using flowing ozone prior to 

deposition. Samples were treated with an ozone partial pressure of ~0.1 Torr at a flow rate of 400 standard cubic 

centimeters per minute (sccm) at standard temperature and pressure; ozone was obtained from ultra high purity 

oxygen and exposed to the substrate materials for 5 minutes. TiO2 coatings were deposited by ALD using 

alternating exposure to water and titanium tetrachloride (TiCl4) at a deposition temperature of 300°C. A 

precursor exposure time of 8 seconds, a purge period of 10 seconds, and a precursor partial pressure of ~0.15 

Torr were applied. An ultra high purity nitrogen (N2) flow rate of 350 sccm and a steady-state N2 pressure of 1 

Torr were utilized. A total of 88 cycles of H2O/TiCl4 were applied for a TiO2 coating thickness of 

approximately 8 nm. 

 

2.2 Physico-Chemical Characterization of Uncoated and TiO2-Coated AAO Nanoporous Membranes 

 

2.2.1 Scanning Electron Microscopy (SEM) & Energy Dispersive X-Ray Spectroscopy (EDS) 

Prior to characterization, uncoated AAO and TiO2-coated AAO membranes were sequentially washed with 

acetone, ethanol, and deionized (DI) water to remove any organic contaminants or particulates, and then blown 

dry with high purity nitrogen gas. The pore size, pore structure, and surface morphology of the TiO2-coated 

nanoporous AAO membranes were examined using a FEI Quanta 3D FEG FIB-SEM (FEI, Hillsboro, OR). 

SEM images were acquired using a voltage of 20 kV with a 10 mm working distance. The instrument was 

equipped with an energy dispersive X-ray spectrometer attachment. Chemical composition was analyzed using 

an Oxford energy dispersive X-ray spectrometer (EDS) (Oxford Instruments, Oxfordshire, UK) using an 

acceleration voltage of 20 kV.  
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2.2.2 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) imaging was performed using an MFP-3D-Bio AFM (Asylum Research, 

Santa Barbara, CA). A silicon probe with resonant frequency of 150 kHz (Bruker, Santa Barbara, CA) was used 

for tapping mode AFM imaging in air. An area of 3 m x 3 m was scanned and roughness analysis was 

performed.  

 

2.3 Bioactivity Testing  

 

2.3.1 Preparation of Simulated Body Fluid (SBF) 

Preparation of standard 1X simulated body fluid (SBF) was conducted according to the guidelines outlined in 

ISO 23317 “Implants for surgery – In vitro evaluation for apatite-forming ability of implant materials”.2 The 

following analytical grade chemicals were used to prepare the SBF: sodium chloride, sodium hydrogen 

carbonate, potassium chloride, di-potassium hydrogen phosphate trihydrate, magnesium chloride hexahydrate, 

hydrochloric acid, calcium chloride, sodium sulfate, and tris-hydroxymethyl aminomethane (TRIS). Each 

reagent was sequentially dissolved in distilled water in polystyrene bottles at 37°C with a magnetic stirrer. The 

buffering agent TRIS and hydrochloric acid (HCl)were used to control the pH of the solution. The temperature 

and pH of the solution were monitored throughout SBF preparation until a final pH of 7.4 was obtained at 37°C. 

The 1X SBF solution had ionic concentrations nearly equal to those in human blood plasma (Table 1).  

 
 
 
Table 1. Ion concentrations of 1X SBF and human blood plasma. 

 

 
 
 
 

 

 

 

 

 

 
 
 
 
 
An additional modified SBF solution with 2X increased concentrations of Ca2+ and PO4

2- ions in solution was 

prepared using the same procedure, referred to as 2X-modified SBF. For preparation of 2X-modified SBF, the 

amount of each chemical reagent added was similar to that of the 1X SBF, as specified in ISO 23317, except the 

Ion 

Ion Concentrations (mM) 

1X SBF 
(pH 7.4) 

Human Blood Plasma 
(pH 7.2-7.4) 

Sodium (Na+) 142.0 142.0 

Potassium (K+) 5.0 5.0 

Magnesium (Mg2+) 1.5 1.5 

Calcium (Ca2+) 2.5 2.5 

Chloride (Cl-) 147.8 103.0 

Bicarbonate (HCO3
-) 4.2 27.0 

Hydrogen Phosphate (HPO4
2-) 1.0 1.0 

Sulfate (SO4
2-) 0.5 0.5 
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amount of di-potassium hydrogen phosphate trihydrate and calcium chloride were doubled. Due to the change 

in ionic concentrations and its effect on the saturation stability, the pH of 2X-modified SBF was optimized to 

prevent precipitation. Preliminary experiments determined the maximum pH for 2X-modified SBF without 

precipitation to be 6.7, so all 2X-modified SBF solutions were prepared to pH 6.7 by titrating with TRIS and 

HCl.  

 

After preparation, both 1X and 2X-modified SBF solutions were sterilized by filtration with 0.22 m vacuum 

filters to remove particulates and bacteria. SBF solutions were stored in polystyrene bottles in the refrigerator at 

4°C and used within 30 days of preparation. 

 
2.3.2 Incubation of Test Samples in Simulated Body Fluid 

Bioactivity testing was conducted by immersing the uncoated and TiO2-coated AAO membranes in simulated 

body fluid (SBF) at 37°C for 1, 7, 14, and 21 days with SBF solution replaced three times per week. A surface 

area to volume ratio of 0.1 cm2/mL was used. Samples were vertically oriented in polystyrene tubes using 

sterile polystyrene pipette tips so that homogeneously precipitated apatite did not deposit on the surface of the 

test sample.2 The vertical alignment also exposed both surfaces of the nanoporous membranes to similar 

experimental conditions, enabling comparison of the apatite-formation on the different surface topographies of 

the AAO membrane. At each time point, samples were removed from the SBF solution, carefully rinsed in DI 

water, dried at room temperature, and evaluated for the presence of apatite. 

 

2.4 Apatite Characterization 

 

2.4.1 Scanning Electron Microscopy (SEM) & Energy Dispersive X-Ray Spectroscopy (EDS) 

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) was used to confirm the 

presence or absence of apatite and to evaluate the morphology of the apatite layer formed at all time points. 

SEM images were acquired using a FEI Verios 460L high resolution FE-SEM (FEI, Hillsboro, OR) with an 

acceleration voltage of 20 kV and a 10 mm working distance. The instrument was equipped with an Oxford 

Aztec EDS with an X-Max50 detector (Oxford Instruments, Oxfordshire, UK), which was used to evaluate the 

chemical composition of the apatite. An acceleration voltage of 20 kV and a current of 3.2 nA was applied. 

 

2.4.2 X-Ray Diffraction (XRD) 

Phase structure of the samples after incubation in SBF was evaluated using a PANalytical Empyrean X-ray 

diffractometer (PANalytical, Almelo, Netherlands) in the range of 5-60 degrees 2 using CuK (=1.54). 

Measurements were obtained using a scanning step of 0.0262 degrees 2and a dwell time of 56 seconds per 

step.  
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3. Results  

 

3.1 Physico-Chemical Characterization of Uncoated and TiO2-Coated AAO Nanoporous Membranes 

Commercially available nanoporous AAO membranes with 55 nm pore sizes were successfully coated with 

conformal thin films of titanium dioxide using atomic layer deposition. The surface morphology and nanopore 

structure of the uncoated and TiO2-coated AAO nanoporous membranes were evaluated using scanning electron 

microscopy (Figure 1). SEM micrographs of the uncoated AAO (Figure 1 A&B) and TiO2-coated AAO 

membranes (Figure 1 C&D) with 55 nm pore sizes are shown in Figure 1. Both sides of the nanoporous 

membranes were evaluated at high magnification, demonstrating the high-density of the pores and the narrow 

pore size distribution. The high magnification SEM micrographs showed a uniform TiO2 coating with no pore 

obstruction. The surface morphology of the TiO2-coated AAO is nearly identical to that of the uncoated AAO. 

The SEM micrographs also demonstrate the difference in the surface morphology of the two sides of the porous 

membranes. Side 1, shown in Figure 1 A&C, exhibited grooves extending radially from the pores forming 

nodule-like nanoscale features. Side 2, shown in Figure 1 B&D, exhibited shallow pits at the edge of the pores 

with thin, rounded ridges between the pores.  

 

Atomic force microscopy was performed to further analyze the surface topography of the nanoporous 

membranes and to evaluate the surface roughness. AFM analysis of the TiO2-coated AAO membrane shows the 

variation in surface morphology and pores for each side of the membrane (Figure 1 E&F). AFM micrographs of 

both sides of the membrane showed uniform pore distribution and the roughness amplitude of the grooves. 

AFM micrographs of Side 1, shown in Figure 1E, further demonstrated the grooves extending from the pores as 

well as the moderately flat surface between pores, as demonstrated in the SEM micrographs. The AFM 

micrographs of Side 2, shown in Figure 1F, exhibited the wider pore openings with narrow, rounded ridges 

between pores, similar to the SEM. 

 

SEM micrographs of the cross-section of the nanoporous membranes (Figure 2A) were used to further evaluate 

the pore structure and TiO2 coating uniformity. The cross-sectional image of the nanoporous membrane showed 

highly aligned, uniform cylindrical pores.  

 

EDS elemental analysis was used to determine whether a homogeneous TiO2 coating was deposited on the 

exterior surface and the interior nanopores of the AAO membranes. EDS analysis was conducted on the cross-

section of the TiO2-coated membrane at three locations (top, middle, and bottom) to ensure the ALD precursors 

penetrated throughout the membrane, providing a conformal TiO2 coating within the high-aspect-ratio 

nanopores. Representative EDS spectra from all locations on the nanoporous membranes are shown in Figure 2 
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B-D. Titanium peaks were visible on spectra obtained from all three locations. The EDS spectra also showed 

prominent aluminum and oxygen peaks from the AAO membrane.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Surface morphology evaluation of uncoated AAO and TiO2-coated AAO. (A-D) SEM micrographs of both sides of uncoated 
AAO (A-B) and TiO2-coated AAO (C-D). (E-F) AFM micrographs of both sides of TiO2-coated AAO, showing the difference in surface 
topography of the nanoporous membrane.  
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Figure 2. Cross-sectional SEM and EDS elemental analysis of the TiO2-coated AAO membrane. (A) Cross-sectional SEM of the membrane 
showing the uniformity of the nanopores and areas of EDX analysis. (B-D) EDX spectra obtained from the top, middle, and bottom of the 
membrane pores, showing titanium, oxygen, and aluminum peaks. 
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3.2 Bioactivity Testing & Apatite Characterization 

SEM micrographs of uncoated AAO and TiO2-coated AAO after incubation in 1X SBF and 2X-modified SBF 

are shown in Figure 3 (low magnification) and Figure 4 (high magnification). SEM micrographs showed no 

differences in the presence or absence of apatite formation on Side 1 vs. Side 2 of the membranes, suggesting 

the small differences in nanotopography did not affect apatite formation. Representative SEM micrographs from 

Side 1 of all samples are presented (Side 2 not shown). Apatite formation was not observed on either uncoated 

or TiO2-coated AAO after incubation in 1X SBF at any time point. After incubation in 2X-modified SBF for 1 

Day, TiO2-coated AAO exhibited very sparce, circular apatite nuclei (Figure 3O). These apatite nuclei were 

observed on both sides of the TiO2-coated AAO membrane and measured between 2-20 m diameter. Both 

sides exhibited ~20 m diameter apatite nuclei with a large fissures permeating from the edge (Figure 3O 

insert). High magnification images of the apatite nuclei show small, needle-like crystalline features on the 

nanoscale, with thicknesses of approximately 20 nm and lengths of up to 200 nm (Figure 4O). Further apatite 

formation was visible on TiO2-coated AAO incubated in 2X-modified SBF at Day 7, Day 14, and Day 21 

(Figure 3 P-R). The apatite formed on these substrates contained spherical nuclei merged into aggregate 

structures deposited irregularly across the surface of the substrate, rather than a uniform coating across the 

entire surface. The large, spherical apatite nuclei measured in the range of 100 to 120 m, with smaller 

geometrically shaped features as small as 20 m in length in the aggregated areas (Figure 3 P-R). The apatite 

particles consisted of numerous needle-like crystalline features with structures measuring approximately 20-60 

nm thick and lengths up to 2 m (Figure 4 P-R). Apatite formation was visible on both sides of the TiO2-coated 

AAO at all time points after incubation in 2X-modified SBF.  

 

EDS was conducted to confirm the elemental composition of the apatite formed on the surfaces and to evaluate 

the AAO substrate for the presence of any non-visible apatite and/or residual salts. EDS spectra of both sides of 

the membranes were similar for both uncoated and TiO2-coated AAO at each time point for each SBF type; 

therefore, Side 1 spectra are presented (Side 2 not shown) (Figure 5 & 6). EDS spectra from both uncoated 

AAO and TiO2-coated AAO after incubation in 1X SBF showed minimal to no calcium or phosphorus for all 

time points (Figure 5 A-E & Figure 6 A-E), confirming the absence of apatite. In some samples, negligible 

amounts of sodium, chloride, and magnesium were present from residual salts. Carbon was also present in some 

samples due to environmental contamination. EDS spectra of uncoated AAO after incubation in 1X SBF at all 

time points showed only prominent peaks for aluminum and oxygen, as with the control AAO membrane 

(Figure 5 A-E). EDS spectra of TiO2-coated AAO after incubation in 1X SBF at all time points exhibited 

dominant peaks for titanium, aluminum, and oxygen, similar to the control TiO2-coated membrane (Figure 6 A-

E). EDS spectra of uncoated AAO incubated in 2X-modified SBF at all time points exhibited no significant 

levels of calcium or phosphorus but showed dominant peaks for aluminum and oxygen (Figure 5 F-I). For TiO2-
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coated AAO incubated in 2X-modified SBF, strong calcium and phosphorus peaks, characteristic of apatite, 

were visible for Day 1, Day 7, Day 14, and Day 21 (Figure 6 F-I).  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Low magnification (250X) SEM micrographs of uncoated AAO (A-I) and TiO2-coated AAO (J-R) at Day 0, Day 1, Day 7, Day 
14, and Day 21. No apatite formation was observed on uncoated AAO at any time point during incubation in 1X SBF or 2X-modified SBF 
(B-I). Similarly, no apatite formation was observed on TiO2-coated AAO after incubation in 1X SBF at any time point (K-N). Apatite 
formation was observed at all time points for TiO2-coated AAO in 2X-modified SBF (O-R).  
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Figure 4. High magnification (25kX) SEM micrographs of uncoated AAO (A-I) and TiO2-coated AAO (J-R) at Day 0, Day 1, Day 7, Day 
14, and Day 21. No apatite formation was observed on uncoated AAO at any time point in 1X SBF or 2X-modified SBF (B-I). Similarly, no 
apatite formation was observed on TiO2-coated AAO after incubation in 1X SBF at any time point (K-N). Apatite formation was observed 
at all time points for TiO2-coated AAO in 2X-modified SBF (O-R). Early stage apatite formation was visible on TiO2-coated AAO at Day 1 
in 2X-modified SBF, with small crystalline grains (O). Larger apatite crystals were observed at later time points (P-R). 
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Figure 5. EDS spectra of uncoated AAO after incubation in 1X SBF (A-E) and 2X-modified SBF (F-I) at Day 1, Day 7, Day 14, and Day 
21. No calcium or phosphorus peaks were visible on any spectra, indicating no apatite formation. 
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Figure 6. EDS spectra of uncoated TiO2-coated AAO after incubation in 1X SBF (A-E) and 2X-modified SBF (F-I) at Day 1, Day 7, Day 
14, and Day 21. Calcium and phosphorus peaks, indicative of apatite formation, were visible at all time points on samples incubated in 2X-
modified SBF.  
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EDS mapping was performed in areas where apatite formation was visible. EDS mapping confirmed the 

presence of calcium, oxygen, and phosphorus in the apatite as well as the absence of calcium and phosphorous 

in other areas of the TiO2-coated AAO where apatite was not visible (Figure 7). EDS confirmed the chemical 

composition of calcium-phosphate apatite for the small, apatite crystals observed on TiO2-coated AAO at Day 1 

after incubation in 2X-modified SBF, as shown in Figure 7A. EDS also confirmed the presence of calcium and 

phosphorous in areas of apatite formation on TiO2-coated AAO after incubation in 2X-modified SBF at Day 7, 

Day 14, and Day 21, as shown in Figure 7 B-D. EDS mapping of areas without apatite formation showed the 

presence of titanium, aluminum, and oxygen, and the absence of calcium and phosphorous. Calcium and 

phosphorous were visible in areas of apatite formation at Day 1, Day 7, Day 14, and Day 21.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. EDS mapping of apatite formation on TiO2-coated AAO after incubation in 2X-modified SBF at (A) Day 1, (B) Day 7, (C) Day 
14, and (D) Day 21. Calcium and phosphorous were visible in areas of apatite formation while aluminum and titanium were visible in areas 
without apatite formation.  
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XRD spectra of the samples before and after immersion in 1X SBF and 2X-modified SBF at various time points 

(Day 0, Day 1, Day 7, Day 14, and Day 21) is shown in Figure 8. For both surfaces of the uncoated AAO and 

TiO2-coated AAO incubated in 1X SBF, there were no changes in the XRD spectra from the control material at 

any time point, suggesting no apatite formation (Figure 8 A&C). Similarly, there were no changes in the XRD 

spectra over time for uncoated AAO incubated in 2X-modified SBF (Figure 8B). The XRD spectra for both 

surfaces of the TiO2-coated AAO incubated in 2X-modified SBF exhibited two prominent peaks at 26° and 32° 

after 7 days incubation (Figure 8D). These two prominent peaks are correlated to the (002) apatite diffraction 

and the (112) apatite reflection of hydroxyapatite.34, 35 Additional, less well-defined diffraction apatite peaks 

were observed at approximately 28°, 47°, 49°, and 53°, correlating to the (102), (222), (213), and (004) apatite 

peaks.35 The XRD spectra are characteristic of low crystallinity apatite, similar to biological apatite.3 The 

apatite peaks were observed on TiO2-coated AAO samples incubated in 2X-modified SBF at Day 7, Day 14, 

and Day 21 (Figure 8D).  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. XRD spectra for uncoated AAO (A-B) and TiO2-coated AAO (C-D) after incubation in 1X SBF and 2X-modified SBF. 
Prominent peaks at 26° and 32°, characteristic of biological apatite, were visible on TiO2-coated AAO after incubation in 2X-modified SBF 
at Day 7, Day 14, and Day 21.  
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FTIR spectra of uncoated AAO and TiO2-coated AAO before and after immersion in 1X SBF and 2X-modified 

SBF at Day 0, Day 1, Day 7, Day 14, and Day 21 is shown in Figure 9. The FTIR spectra further confirmed the 

absence of apatite formation on uncoated AAO and TiO2-coated AAO in 1X SBF as well as uncoated AAO in 

2X-modified SBF. The FTIR spectra are similar to the control Day 0 samples Figure 9 A-C). The FTIR spectra 

for the TiO2-coated AAO sample incubated in 2X-modified SBF (Figure 9D) is similar to those of commercial 

hydroxyapatite, similar to the mineral content of bone.36 The FTIR band at 873 cm-1 corresponds to the 2 

vibrational mode carbonate ions. FTIR bands observed at 560, 602, and 1020 cm-1 correspond to phosphate 3 

and 4.
36  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. FTIR spectra for uncoated AAO (A-B) and TiO2-coated AAO (C-D) after incubation in 1X SBF and 2X-modified SBF. 
Prominent carbonate and phosphate peaks were visible on TiO2-coated AAO after incubation in 2X-modified SBF at Day 1, Day 7, Day 14, 
and Day 21. 
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4. Discussion 

Nanoporous anodic aluminum oxide membranes have demonstrated significant promise as a robust, 

biocompatible platform to study tissue-material interactions in hard tissue applications, such as bone tissue 

engineering and orthopaedic/dental implants.14-17, 37-39 The mechanical, thermal, and chemical stability of AAO 

permits applicability in in vivo applications.40-42 The highly tunable nanoporous structure of AAO is biologically 

advantageous as several different nanostructured biomaterials have demonstrated enhanced osteogenesis and 

osseointegration.38, 43 Studies have shown that AAO membranes promote osteogenic cell adhesion, 

proliferation, and differentiation.14, 18, 37, 38 Despite these advantageous biomaterial properties, alumina is an 

inert ceramic material which does not promote direct bonding to surrounding bone tissue.44-46 Alumina 

biomaterials have demonstrated an inability to form bone-like apatite in vitro47-50 as well as poor 

osseointegration in vivo.44, 51  

 

Titanium dioxide coatings are of particular interest for surface modification of orthopaedic implants, as it is the 

stable oxide layer found on the surface of titanium and titanium alloys that provides corrosion resistance and 

biocompatibility.52, 53 Deposition of TiO2 coatings may improve the biocompatibility and bioactivity of bioinert 

implants due to the more stable chemical composition of the oxide layer. Titanium dioxide surfaces have 

exhibited enhanced cellular response of bone cells in vitro and improved bone bonding abilities in vivo.24, 43 

Furthermore, nanoscale thin films of titanium dioxide have promoted enhanced cellular response as well as 

bone-like apatite formation in vitro.32-34  

 

In this study, nanoscale thin films of titanium dioxide with 8 nm thickness were deposited on nanoporous AAO 

membranes with 55 nm pore sizes using atomic layer deposition. Physico-chemical characterization of the 

uncoated and TiO2-coated AAO membranes exhibited variation in surface chemistry and wettability while 

preserving the nanopore architecture and surface morphology of the AAO membranes. SEM and AFM 

micrographs demonstrated uniform coatings with no visible imperfections. No pore obstruction was observed 

and the narrow pore size distribution of the AAO membranes was maintained. Evaluation of surface 

morphology using SEM and AFM also demonstrated the small differences in topography on each side of the 

AAO membrane. EDS spectra of the TiO2-coated AAO cross-section confirmed the presence of TiO2 

throughout the nanopores, indicating the ALD gaseous precursors penetrated throughout the high-aspect-ratio 

nanopores to deposit a conformal TiO2 coating. Previous work in our lab has demonstrated deposition of 

uniform zinc oxide, platinum, and titanium dioxide coatings on the exterior and interior of the nanoporous AAO 

membranes.20, 21, 54, 55 ALD enables deposition of conformal coatings with atomic precision on intricate 

architectures, altering the surface chemistry of the material while preserving the nanostructured topography of 

the underlying substrate.  
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Bioactivity of uncoated and TiO2-coated AAO was evaluated by incubation in simulated body fluid. Both 

uncoated and TiO2-coated AAO showed no apatite formation after incubation in 1X SBF for up to 21 days. FE-

SEM micrographs showed no apatite crystals visible on any surface at any time point. EDS and XRD analysis 

of the samples showed no change in chemical composition or crystallinity compared to the control materials at 

any time point. The procedure for testing with 1X SBF follows the standard ISO 23317 for in vitro evaluation of 

apatite-forming ability of implant biomaterials and is the accepted method for evaluation of bioactivity. Our 

results suggest that uncoated AAO and TiO2-coated AAO are bioinert materials, with no apatite-forming ability 

when tested in 1X SBF. These results are in agreement with previous studies evaluating apatite-forming ability 

of alumina without surface treatment, suggesting the inertness may be due to the positive surface charge, the 

lack of affinity of Al-OH groups for calcium and phosphate ions, and/or formation of stable alumina-phosphate 

complexes.47-49 TiO2 coatings have previously demonstrated apatite-formation after incubation in SBF, 

indicative of bioactivity;34, 56 however, studies have shown that the apatite-forming ability of TiO2 coatings may 

be dependent on the surface area, thickness, and/or morphology of the TiO2 coating.57-60 Titania gel coatings 

deposited via sol-gel and thermo-chemical processes have suggested a minimum thickness of 200 nm for in 

vitro apatite deposition.58 Further studies have shown a direct relationship between TiO2 coating thickness and 

apatite induction time, with 0.41 m thick coatings inducing apatite formation within 5 days in SBF while 0.12 

m thick coatings required 21 days to induce apatite formation.61 Bioactivity evaluation of ALD thin films of 

TiO2 showed apatite formation on TiO2 coatings as thin as ~30 nm after 12 days incubation in SBF, though 

details of SBF preparation and composition were not reported.34 Further studies to evaluate the minimum TiO2 

coating thickness for apatite-formation of nanoporous AAO should be conducted.  

 

The apatite-forming ability of uncoated and TiO2-coated AAO was further investigated using 2X-modified SBF, 

containing two times the ionic concentrations of calcium and hydrogen phosphate as compared to standard 1X 

SBF. This modified SBF solution has previously been applied for biomimetic deposition of bone-like apatite, 

and the apatite formed is similar in composition and crystallinity (confirmed by EDS, XRD, and FTIR) to 

apatite grown with standard 1X SBF.62, 63 Uncoated AAO exhibited no apatite-formation after incubation in 2X-

modified SBF for up to 21 days. TiO2-coated AAO, however, demonstrated apatite nucleation after 1 day in 2X-

modified SBF with significant apatite-formation visible by Day 7. The apatite observed after 1 day consisted of 

individual, small nuclei with nanoscale needle-like crystallites. The apatite continued to grow with the addition 

of calcium and phosphate ions for up to 21 days with larger, fused spherical nuclei and crystallites observed. 

Evaluation of the apatite formed on the surface using EDS, XRD, and FTIR confirmed similar composition and 

crystallinity to bone-like apatite.  

 

Since SBF is a highly supersaturated metastable solution, spontaneous crystal growth occurs after apatite 

nucleation; therefore, the apatite nucleation process is the controlling mechanism for apatite formation in SBF.4, 
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64 The absence of apatite on uncoated AAO indicates the apatite formation on TiO2-coated AAO in 2X-

modified SBF does not occur by precipitation or non-specific nucleation. Our results suggest that 2X-modified 

SBF may enhance the initial nucleation induction, thereby promoting apatite formation on favorable surface 

chemistries, such as TiO2 coatings. Previous studies have shown that SBF composition and pH may affect 

apatite-formation, and the ISO standard is optimal for testing apatite-forming ability using standard 1X SBF 

solution;65, 66 therefore, the apatite-formation observed on TiO2-coated AAO after incubation in 2X-modified 

SBF should not be considered an indicator of bioactivity. Further evaluation of 2X-modified SBF for predicting 

in vivo bioactivity of materials should be conducted.  

 

5. Conclusions 

Titanium dioxide coatings are of particular interest for surface modification of orthopaedic implants, as it 

provides corrosion resistance and excellent biocompatibility. TiO2 surfaces have previously demonstrated 

enhanced osteogenic cellular responses and bioactive apatite formation in vitro as well as enhanced 

osseointegration in vivo. Conformal, uniform TiO2 thin films of 8 nm thickness were deposited on nanoporous 

AAO membranes with 55 nm pores using ALD, altering the surface chemistry while maintaining the 

nanostructured topography. The in vitro apatite-forming ability of uncoated AAO and TiO2-coated AAO were 

evaluated using simulated body fluid. Both uncoated AAO and TiO2-coated AAO showed no apatite formation 

after incubation in 1X SBF for up to 21 days, suggesting bioinert (not bioactive) materials. The absence of 

apatite formation on TiO2-coated AAO may be due to the nanoscale thickness of the TiO2 coating. TiO2-coated 

AAO demonstrated apatite formation after incubation in 2X-modified SBF while uncoated AAO showed no 

apatite formation. Nanoscale TiO2 coatings deposited by ALD should be further evaluated for enhanced 

bioactivity of nanostructured biomaterials to optimize TiO2 coating thickness and morphology for improved 

osseointegration of orthopaedic and dental implants.  
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Abstract 

Two-photon polymerization is a technique that involves simultaneous absorption of two photons from a 

femtosecond laser for selective polymerization of a photosensitive material. In this study, two-photon 

polymerization was used for layer-by-layer fabrication of 3-D scaffolds composed of an inorganic-organic 

zirconium oxide hybrid material. Four types of scaffold microarchitectures were created, which exhibit layers of 

parallel line features at various orientations as well as pores between the line features. Long-term cell culture 

studies involving human bone marrow stromal cells (hBMSCs) were conducted using these 3-D scaffolds. 

Cellular adhesion and proliferation were demonstrated on all of the scaffold types; tissue-like structure was 

shown to span the pores. This study indicates that two-photon polymerization may be used to create 

microstructured scaffolds out of an inorganic-organic zirconium oxide hybrid material for use in 3-D tissue 

culture systems. 
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1. Introduction  

Cellular response is strongly influenced by the surrounding biological environment through complex 

interactions with biochemical stimuli, mechanical forces, and structural components of the extracellular matrix 

(ECM).1-3 The three-dimensional architecture of the ECM consists of interwoven fibrillar proteins embedded 

within a network of proteoglycans; this structure provides mechanical and physical cues that regulate cellular 

function. Since it is well known that cells are highly influenced by the local microenvironment, it is important to 

understand the underlying mechanisms of the cell-structure relationship.4-7  

 

To evaluate the effect of ECM structure on cellular response, researchers employ micro- and nanoscale 

topographies and complex 3-D architectures to mimic the native cell environment. Incorporating 3-D structures 

for advanced cell culture and tissue engineering provides a more physiologically relevant model of the in vivo 

environment compared to 2-D structures. Unlike 2-D surfaces which confine cells to a single plane of growth 

and may limit cells from exhibiting their natural morphologies and cell-cell interactions, 3-D scaffolds provide 

porous microarchitectures similar to those of the natural ECM, providing physical and chemical cues.8, 9 Several 

studies have utilized both textured surfaces and 3-D scaffolds with physiologically relevant features to evaluate 

cell adhesion,10-12 morphology,13 alignment,14 migration,15, 16 differentiation,16-19 proliferation,20 protein 

expression,21 and gene expression.21 Further, studies have demonstrated increased cell attachment, proliferation, 

and differentiation of bone-derived cells on 3-D scaffolds compared to 2-D surfaces.22, 23 Understanding how 

cells respond to structural cues in 3-D will contribute to development of advanced biomaterials for implants, 

improved in vitro tissue models, and optimized tissue engineering scaffolds for enhanced tissue regeneration. 

 

For a systematic approach to assess cellular responses to surface topographies and 3-D architectures, materials 

with micro- and nanoscale features must be fabricated using precise, reproducible methods. Advances in 

microfabrication technology have enabled production of complex structures at high resolution for a variety of 

biomaterials. Two-photon polymerization (2PP) is a rapid prototyping technique that enables fabrication of 3-D 

structures with high spatial resolution down to 100 nm.24 The process uses the two-photon effect, which 

involves almost simultaneous absorption of two photons from a femtosecond laser to polymerize a 

photosensitive polymer resin in a layer-by-layer fashion. In 2PP, an ultrashort-pulsed laser beam is highly 

focused on a small, three-dimensional unit volume (voxel) of liquid resin. Since the two-photon effect is 

confined to this small volume, the chemical reactions between the photoinitiator molecules and the monomers 

(and subsequent polymerization of the material) are localized.24 2PP enables fabrication of structures with 

complex geometries and precise dimensions. A wide variety of photosensitive polymers, fillers, and 

photoinitiators have been utilized with 2PP; as such, fabrication of materials with a wide range of surface 

chemistries and mechanical properties is possible using this approach. This versatility in material properties and 
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high fidelity between computer design and 2PP-fabricated structures may facilitate processing of more accurate 

models of the biophysical environment.  

 

Several researchers have utilized 2PP for fabrication of 3-D microarchitectures and textured surfaces to examine 

cellular activity. Studies have incorporated 2PP structures with various geometries and dimensions to evaluate 

cell adhesion,1, 25 morphology,4, 26, 27 orientation,4, 26, 27 viability,28 proliferation,28 and cell functionality.29 

Recently, cell response has been evaluated using 2PP-fabricated structures composed of photosensitive 

inorganic-organic hybrid copolymers, such as commercially available ORMOCER® material (Microresist 

Technology GmbH, Berlin, Germany).4, 26, 30 ORMOCER® material is synthesized using a sol-gel process; the 

final material contains cross-linked networks of inorganic and organic components. This hybrid sol-gel material 

exhibits high thermal stability, high chemical stability, good mechanical properties, and biocompatibility.31 

 

In this study, we demonstrate reproducible fabrication of 3-D scaffolds composed of an inorganic-organic 

zirconium oxide hybrid material using two-photon polymerization. Four different scaffold microarchitectures 

were produced with different layers of parallel lines at various orientations. Long-term tissue culture studies 

were conducted using human bone marrow stromal cells (hBMSCs) to evaluate cellular attachment, alignment, 

and growth on the 3-D microstructures and to assess the potential of two-photon polymerization technology for 

long-term 3-D stem cell culture for enhanced tissue engineering applications. 

 

2. Materials & Methods 

 

Zirconium Oxide Hybrid Material Synthesis and Film Preparation 

The zirconium oxide hybrid material is a photosensitive sol-gel material that was prepared using a procedure 

similar to that previously described by Ovsianikov et al.30, 32, 33 The zirconium oxide hybrid material was 

synthesized from methacryloxypropyl trimethoxysilane (MAPTMS) (Sigma-Aldrich, St. Louis, MO), 

methacrylic acid (MAA), and zirconium n-propoxide (ZPO). The chemical structures for the inorganic-organic 

hybrid copolymer components are shown in Figure 1. Both organic monomers, MAPTMS and methacrylic acid, 

contain methacrylate moieties that are photopolymerizable. The inorganic network components include 

alkoxysilane groups of MAPTMS and zirconium n-propoxide.  

 

During synthesis, the resin precursors first underwent catalytic hydrolysis and condensation. MAPTMS and 0.1 

M hydrochloric acid were combined at a molar ratio of 385:1, and the resulting solution was mixed for 40 min 

at room temperature. Simultaneously, methacrylic acid and 70% zirconium n-propoxide were mixed at a molar 

ratio of 10:7 (MAA/ZPO) for 40 min at room temperature. The two solutions were then combined and mixed 

for an additional 40 min. Water was then added to achieve a final MAPTMS/H2O molar ratio of approximately 
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1:2. The resulting solution was mixed an additional 40 min. The final MAPTMS:ZPO molar ratio of the resin 

was approximately 6:4.  

 

The photoinitiator 4,4′-Bis(diethylamino) benzophenone (Sigma-Aldrich, St. Louis, MO), also known as ethyl 

Michler’s ketone (Figure 1), was added to the solution at 1% w/w concentration and was mixed for 

approximately 20-30 min. The mixture was filtered with a 0.22 µm syringe filter to remove any polymerized 

material and undissolved particulates.  

 
 
 
 

 

 

 

 

 
 
 
 
 
 
Figure 1. Chemical structures of the inorganic-organic zirconium oxide hybrid material components and the photoinitiator used for two-
photon polymerization.  

 
 
 

The final step of resin synthesis involved further condensation using heat treatment. During this step, solvents 

were removed and gelation took place. The zirconium oxide hybrid material was drop-cast onto glass substrates. 

Approximately 50 uL of resin was deposited on 10 mm round glass coverslips, resulting in complete surface 

coverage. The resulting films were baked using a 1 hr ramp time to 100°C and cured for 2 hrs at this 

temperature to form a hard gel for subsequent photopolymerization by 2PP. 

 

Two-Photon Polymerization and Post-Processing of Scaffolds 

A frequency doubled (Yb:KGW) femtosecond laser (FLINT oscillator) (Light Conversion Ltd, Vilnius, 

Lithuania) with a center emission wavelength at 515 nm was applied for two-photon polymerization-based 

fabrication of tissue engineering scaffolds composed of the zirconium oxide hybrid material. The laser system 

delivered pulses of 60 fs duration at a repetition rate of 75.6 MHz. The beam was passed through an ND4 

neutral density filter, and average power was further modulated using a quarter wave plate-polarizing beam 

splitter pair.  
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An acousto-optical modulator was applied to trigger exposure of the sample. The beam was then passed through 

an EC Plan-Neofluar 20X objective (Zeiss, N.A=0.5) and focused into the sample. The sample was translated 

perpendicular (x- and y-direction) to the beam path by a set of linear stages (Aerotech Inc., Pittsburgh, PA) 

while the laser focus height was controlled by moving the microscope objective in the z-direction using a third 

identical stage. The sample was mounted on an aluminum platform which was leveled relative to the stages 

using a VM1 kinematic mount (Thorlabs, Newton, NJ). Process observation was achieved by mounting a CCD 

camera behind a dichroic mirror and by attaching a red LED to the mount for illumination.  

 

Eight samples of four different scaffold designs were produced of parallel lines to form scaffolds exhibiting 

pore sizes in the range of 10-20 m. The scaffold design was chosen to provide a simplistic model exhibiting 

pore sizes within the ideal pore size distribution for cell attachment and alignment of cell growth for bone tissue 

engineering (1-20 m).34 Each line of the scaffolds were fabricated using a single line scan using 2PP. Scaffold 

#1 contains one set of parallel lines spaced 20 µm apart. Scaffold #2 contains a set of perpendicular lines to 

make a square pattern, which covers the surface. Scaffold #3 contains the features associated with Scaffold #2 

as well as one set of diagonal lines that is located at angle of 45 degrees with respect to the set of perpendicular 

lines. Scaffold #4 includes a second diagonal set that is perpendicular to the first diagonal set (i.e., the set of 

diagonal lines associated with Scaffold #3). The additional lines incorporated into Scaffolds #3 and #4 are 

located 14.14 m apart and are aligned diagonally to the structures of Scaffold #2; intersections between the 

diagonal lines and the perpendicular lines are incorporated within the design. The different scaffold designs 

exhibited various interconnecting pore sizes and three-dimensionality. 

 

The laser focus was aligned with the glass-polymer interface by searching for the point where an approximately 

100 microsecond flash would produce an observable polymerized dot. The laser focus was moved 10 µm 

upwards into the glass at this point; the voxel dimensions for the planned processing parameters would ideally 

result in 20 µm tall lines at this depth. 2PP processing proceeded in a raster pattern across the resin where each 

line is drawn across the surface. Each line was produced with a single scan produced by moving the stages at 

the chosen angle (i.e. 0, 90, 45, and 135 degrees) and at a linear speed of 5 mm/s; the sample was exposed to 1 

mW of laser power measured before the objective. At the end of the line, the stages would move either 20 or 

14.1 µm in a perpendicular manner with respect to the previously-drawn line before starting the next line. One 

set of parallel lines was entirely produced before proceeding to the next set of parallel lines (i.e. a full set of 

parallel lines oriented at 0 degrees was finished before a full set of parallel lines at 90 degrees was started). 

After 2PP was complete, the structures were developed by immersion in 1-propanol.  

 

Non-patterned zirconium oxide hybrid samples were prepared on the 10 mm glass coverslips. These structures 

were used as control materials for the cell studies. Fabrication of these samples included drop-casting 500 L of 
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the zirconium oxide hybrid resin onto the glass. The samples were then baked with a 1 hr ramp time to 100°C; 

this temperature was held overnight. Photopolymerization was performed using UV illumination at a 

wavelength of 255 nm and 8 W total power for a duration of 24 hrs. The 2PP-fabricated scaffolds as well as the 

drop-cast controls were then soaked in 100% ethanol for one week. The solvent was replaced twice during this 

duration to ensure complete removal of unpolymerized material and excess photoinitiator.  

 

Physico-Chemical Characterization: SEM, AFM, & EDS 

Scanning electron microscopy (SEM) was used to evaluate the zirconium oxide hybrid material scaffold 

architecture. Secondary electron images (SEI) of the zirconium oxide hybrid material 2PP scaffolds were 

obtained using a JEOL JSM-6390LV scanning electron microscope (JEOL, Tokyo, Japan). An acceleration 

voltage of 0.5-1.0 keV and a working distance of 10 mm were used for image acquisition.  

 

Atomic force microscopy (AFM) analysis of zirconium oxide hybrid material scaffolds was obtained using a 

MFP-3-D microscope (Asylum Research, Santa Barbara, CA). A NCH type silicon non-contact high resonance 

frequency cantilever (spring constant 42 N/m) (NanoWorld, Neuchâtel, Switzerland) was used for tapping mode 

AFM imaging in air. The scan rate was set to 0.3-0.5 Hz at various scan size and the images were collected 

using a resolution of 512 pixels x 512 lines. First-order flattening of AFM height profiles was applied to remove 

Z offset of scan lines. The areas with higher Z profile were masked from flattening to minimize the influence of 

image processing artifacts. 

 

Elemental analysis of the zirconium oxide hybrid material scaffolds was obtained using energy dispersive X-ray 

spectroscopy (EDS). A 6733A-1NUS-SN EDS spectrometer (Thermo Fisher, Waltham, MA) was used in this 

study. An acceleration voltage of 15 kV was utilized for EDS analysis. The spot size was optimized to keep the 

dead time around 25%-30% for point shoot EDS analysis. Spectral data were acquired for 30 seconds. 

 

Cell Culture and Cell Seeding of Scaffolds 

Primary human bone marrow stromal cells (hBMSCs) (Lonza, Basel, Switzerland) were cultured under cell 

culture conditions (37°C, 5% CO2) in alpha-minimum essential medium (-MEM) (Life TechnologiesTM, 

Carlsbad, CA) supplemented with 16% fetal bovine serum (FBS) (Atlanta Biologicals, Flowery Branch, GA), 

1% Penicillin, Streptomycin, Neomycin antibiotic mixture (PSN) (Gibco, Carlsbad, CA), and 1-2% L-glutamine 

(Gibco, Carlsbad, CA). Once the hBMSCs reached approximately 80% confluency, cells were dissociated with 

0.25% mass fraction trypsin and re-suspended in medium prior to cell counting. Passage 3 cells were used for 

all experiments.  
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All four scaffold types, zirconium oxide hybrid material drop-cast samples, glass coverslides, and wells without 

scaffolds (tissue culture polystyrene controls) were used for cell culture experiments. Prior to cell seeding, all of 

the samples were sterilized in 100% ethanol for 30 minutes and rinsed 3 times in sterile 1X PBS (30 min/rinse). 

Samples were then incubated for 30 minutes at room temperature in 1X Gibco® PSN antibiotic mixture, rinsed 

in sterile PBS, and air-dried overnight.  

 

Scaffolds and control samples were placed in 24-well tissue culture polystyrene plates for cell culture 

experiments. hBMSCs were carefully seeded on the scaffolds at a concentration of 400,000 cells/mL in a 0.05 

mL droplet; seeding 20,000 cells per scaffold was achieved using this approach. Cells were allowed to adhere to 

the scaffold for 1 hr incubation before carefully adding 1 mL of fresh medium to each well. Three days 

following initial cell seeding, osteogenic supplements (Sigma-Aldrich, St. Louis, MO) were added to the culture 

medium such as 10 nM of dexamethasone, 0.05 mM of ascorbic acid, and 20 mM of -glycerophosphate. The 

medium with osteogenic supplements was changed 2-3 times per week with fresh media that was prepared 

weekly. hBMSCs were cultured for 45 days on the scaffolds and on the control substrates.  

 

Preparation and SEM Imaging of Cells on Scaffolds 

After 45 day cell culture, the cell-scaffold and cell-control samples were rinsed with sterile PBS and fixed with 

1% volume fraction of glutaraldehyde for one 1 hr at room temperature. Samples were then subjected to a 

graded alcohol dehydration (10%, 25%, 50%, 70%, 95%, and 100% ethanol) in 10 minute intervals and 

immersed in hexamethyldisilazane (HMDS) for 10 minutes. After removal from HMDS, samples were air-dried 

overnight. Samples were then sputter coated with gold prior to SEM imaging.  

 

3. Results & Discussion 

 

Two-Photon Polymerization of Zirconium Oxide Hybrid Material Scaffolds 

Zirconium oxide is a biocompatible ceramic that provides high strength, stiffness, and hardness, making it an 

ideal material for hard tissue applications.35 Due to these material properties, zirconium oxide is a common 

component of both orthopedic35, 36 and dental implants.36, 37 In the present study, we fabricated scaffolds 

composed of zirconium oxide hybrid materials that combine the unique properties of the organic polymer 

components and the zirconium oxide inorganic ceramic material. The organic polymers enable 

photopolymerization of the material by two-photon polymerization, while the zirconium oxide contributes to the 

biocompatibility and mechanical stability of the scaffold. Similar zirconium oxide-polymer hybrid materials, 

including photopolymerizable materials, have been previously evaluated for applications as dental 

composites.38, 39  
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Scaffolds with microarchitectures were successfully fabricated from zirconium oxide hybrid material using two-

photon polymerization. Using 2PP, four grid-like structure designs were fabricated based on lines with height of 

14-20 µm and width of 1.7-2 µm. The scaffolds incorporated different layers of parallel lines at various 

orientations to create microporous structures. Scanning electron micrographs of the scaffolds (Figure 2) 

demonstrate the different geometries of the four scaffold types and the uniform nature of the 2PP-fabricated 

structures. Scaffold #1 (Figure 2A) exhibits parallel ridges with 20 µm spacing. Fragments of material are 

visible between the ridges; it is hypothesized that these fragments resulted from fracture of the scaffold ridge 

walls. Improvements to the scaffold design may serve to minimize this phenomenon. Scaffold #2 (Figure 2B) 

incorporates horizontal and parallel ridges that are oriented perpendicular to one another. A square, grid-like 

structure with 20 µm spacing is formed by the intersection of the ridges. The perpendicular ridges in Scaffold 

#2 provide a much more stable structure. Scaffold #3 (Figure 2C) has a square grid-like structure with 

additional diagonal lines that are oriented at 45 degrees and exhibit ~14 µm spacing. The diagonal ridges are 

well aligned and intersect with the cross-sections of the lower grid throughout the scaffold. Scaffold #4 (Figure 

2D) exhibits the same features as Scaffold #3 and also exhibits an additional layer of diagonal lines that are 

perpendicular to the layer seen in Scaffold #3. The orientation of the set of upper diagonal ridges exhibits some 

minor variations from the computer design; for example, the overlapping portions of the layers do not align 

perfectly throughout the structure.  

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 
 

 
 

 

 
Figure 2. Scanning electron microscopy images (400X magnification) of the 3-D zirconium oxide hybrid material scaffolds fabricated 
using two-photon polymerization. 
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Atomic force microscopy was further used to evaluate the scaffold geometries and to obtain quantitative 

information on the scaffold dimensions. 3-D representative images of the scaffolds obtained by AFM are shown 

in Figure 3A. These micrographs further demonstrate the uniform nature of the biograting patterns and indicate 

the presence of peak-like nodules at the overlapping regions of the ridges on Scaffold #2, Scaffold #3, and 

Scaffold #4. It should be noted that the 3-D images do not accurately portray the scaffold architecture since the 

height of the scaffold structures and the overlapping nature of the designs limited the image acquisition process; 

this phenomenon is particularly relevant for Scaffold #3 and Scaffold #4. AFM was also used to measure the 

ridge height of scaffold #1 as well as the ridge spacing of Scaffold #2; a ridge height of 14.2±0.5 µm was noted 

for Scaffold #1 and a ridge spacing of 20.1±0.3 µm was noted for Scaffold #2 (Figure 3B).  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

Figure 3. Representative atomic force microscopy 3-D images of two-photon polymerization-fabricated scaffolds (A). Scaffold structural 
measurements obtained using atomic force microscopy, showing a ridge height of 14.2 m for Scaffold #1 and a pitch of 20.1 m for 
Scaffold #2 (B). 
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The structure heights were notably lower than the 20 µm target since fidelity between the design and the 

features in the fabricated structure was traded for a reduction in the 2PP fabrication time. Objects of this height 

are usually fabricated using at least three separate layers and are processed using a lower average laser power. 

The peaks observed at the intersections and the overlapping lines in Scaffold #3 and Scaffold #4 are indicative 

of lensing effects that occur whenever the laser passes over a previously polymerized spot. It is anticipated that 

these artifacts may be minimized by creating structures using multiple layers. The persistence of the structures 

after development in 1-propanol and soaking in ethanol demonstrates the stability of the zirconium oxide hybrid 

material after photopolymerization and post-processing. The shrinkage properties of 2PP-based structures 

formed from this zirconium hybrid resin has been previously demonstrated by Ovsianikov et al.33 By optimizing 

the laser parameters, zirconium oxide hybrid material structures may be fabricated by 2PP without significant 

shrinkage, facilitating good fidelity between the 2PP-fabricated structure features and the computer design on 

which they were based. 

 

The elemental analysis of the zirconium oxide hybrid material scaffolds by EDS (Figure 4) showed the 

representative peaks for the inorganic and organic constituents, including carbon, oxygen, silicon, and 

zirconium. The characteristic Zr L peak is visible at 2.042 keV on the EDS spectrum (Figure 4A). Prior to cell 

culture, samples were post-processed using an alcohol soaking procedure for one week to remove excess 

monomers and photoinitiator; these components of 2PP-fabricated samples may reduce cell viability.33 The lack 

of a nitrogen peak in the EDS spectrum suggests the removal of photoinitiator 4,4′-Bis(diethylamino) 

benzophenone. The EDS scan (Figure 4B) mapping of Zr, O, and C on Scaffold #2 (Figure 4C) illustrates the 

presence of elements associated with the zirconium oxide hybrid material in the structure patterned by 2PP.  

 

Cellular Response to 2PP-Fabricated Zirconium Oxide Hybrid Material Microstructured Scaffolds 

Due to the prevalence of zirconium oxide in orthopedic implants and dental implants, cellular response to the 

scaffolds was evaluated using human bone marrow stromal cells (hBMSCs). These non-hematopoietic 

progenitor cells can differentiate into musculoskeletal tissues that come in contact with a variety of implantable 

medical devices. Long-term tissue culture studies were conducted to evaluate the cellular attachment, 

orientation, and growth on the 3-D microstructures and to determine the potential of these scaffolds for long-

term 3-D cell culture of stem cells for tissue engineering applications.  

 

For evaluation of cell interactions with the 2PP fabricated zirconium-based scaffolds, hBMSCs were seeded on 

the scaffolds at a density of 20,000 cells/scaffold and cultured for 45 days in the presence of osteogenic 

supplements. The scaffolds maintained their structure with minimal distortion or degradation, demonstrating 

their stability in a physiologically relevant environment. The cells adhered to all of the scaffold types and 

remained viable for up to 45 days, forming a dense, tissue-like matrix that bridged across the ridges of the 
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scaffolds. SEM images of this tissue matrix on the scaffolds show that cell attachment conforms to the 

topographical features of the scaffolds (Figure 5). Comparison of the scaffolds with cells and without cells 

illustrates that tissue matrix was formed by cells; the peak-like nodules at the ridge joints and the ridge walls 

served as the initial cell attachment sites. Evenly distributed cell seeding and/or cell growth is evident in the 

formation of the tissue-like matrix throughout the entire surface of the scaffolds. High magnification SEM 

images of the tissue matrix reveal the spatial alignment of cells on the scaffolds; the relationship between cell 

alignment and ridge orientation varied for each scaffold design. For Scaffold #1, Scaffold #2, and Scaffold #3, 

the cells align diagonally to the uppermost scaffold ridges. For Scaffold #4, the cells align parallel to the top 

ridge layer. Cells on the 2-D drop-cast zirconium oxide hybrid material control films and cells on the glass 

surfaces formed a dense cell layer, though no specific orientation was observed. These results demonstrate cell 

alignment that is dependent on the 3-D scaffold geometry. 

 

 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 4. EDS spectrum (A), line scan (B), and mapping (C) of a scaffold fabricated out of the inorganic-organic zirconium oxide hybrid 
material by 2PP. 

 
 
 
Cells were less densely grown in some regions towards the edge of Scaffold #2 (Figure 6). Individual cells can 

be seen spanning across and adhering to the walls of the grid. Cellular projections of the hBMSCs are visible, 

extending across the gaps between the scaffold ridges. Figure 6B shows a high magnification image of Scaffold 

#2. In this image, cells have infiltrated the scaffold, stretching and forming adhesions on the scaffold in a three-

dimensional fashion. Infiltration of hBMSCs into the interior of the scaffold and formation of a tissue-like 

matrix on the 2PP-fabricated 3-D scaffolds demonstrates significant cell attachment and proliferation.  
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Figure 5. SEM images (500X magnification) of hBMSCs grown on glass control substrate (A), drop-cast film of zirconium oxide hybrid 
material (B), Scaffold #1 (C), Scaffold #2 (D), Scaffold #3 (E), and Scaffold #4 (F) after 45 day cell culture.   

 
 
 
 

 

 

 
 
 
 
 
 
 
 
 

 
Figure 6. SEM images of hBMSCs on Scaffold #2, demonstrating cellular attachment (A) and ingrowth within the scaffold 

microarchitecture (B). 
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4. Conclusions 

Four types of scaffold microarchitectures were fabricated out of a zirconium oxide hybrid material using two-

photon polymerization. Scanning electron microscopy and atomic force microscopy demonstrated that the 

scaffolds exhibit uniform dimensions that correspond closely with the computer designs used in scaffolding 

processing. Energy dispersive X-ray spectroscopy was used to confirm presence of elements that are consistent 

with the organic and inorganic moieties in the fabricated structure and the absence of residual photoinitiator; no 

unanticipated impurities were noted in the 2PP-fabricated structures. Multiple identical samples of each scaffold 

design were fabricated, demonstrating the reproducibility of the two-photon polymerization process. Long-term 

cell culture studies using hBMSCs showed cellular adhesion and cellular alignment on all scaffold 

microarchitectures; a dense, tissue-like structure was noted to span the gaps of the porous scaffolds. The cell 

orientation was shown to be dependent on the microarchitectures of the scaffolds. This study demonstrates the 

potential of zirconium oxide hybrid material-based 3-D microarchitectures for long-term growth of hBMSCs. 

These microstructured materials may be used as a model for development of a 3-D tissue culture system and as 

a valuable tool for bone tissue engineering. 
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Abstract 

Microneedles are minimally invasive transdermal medical devices that are utilized for various applications, 

including drug delivery, fluid sampling, micro-dialysis, and electrochemical sensing. These devices are 

associated with less pain and tissue damage as compared with conventional hypodermic needle-based devices. 

In this study, we demonstrate fabrication of titanium alloy microneedle arrays with nitrogen-incorporated 

ultrananocrystalline diamond (N-UNCD) coatings. Microneedles were micromachined from ASTM F136 ELI 

Ti-6Al-4V alloy, a widely used medical-grade titanium alloy. N-UNCD coatings were deposited on the 

microneedles using microwave plasma enhanced chemical vapor deposition to enhance mechanical strength, 

increase hardness, improve biocompatibility, and provide an electrochemically stable surface. The structural 

and chemical properties of the N-UNCD titanium alloy microneedle arrays were evaluated using scanning 

electron microscopy and Raman spectroscopy. The mechanical robustness and skin penetration capability of the 

devices were demonstrated using cadaveric porcine skin. Finally, the electrochemical properties of the N-

UNCD electrodes were evaluated; in vitro electrochemical detection of uric acid and dopamine was 

demonstrated using unmodified N-UNCD electrodes. These results demonstrate the application potential of N-

UNCD-coated titanium alloy microneedles for transdermal electrochemical biosensing applications. 
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1. Introduction 

In vivo biosensors enable real-time and continuous detection of physiologically relevant analytes for monitoring 

patient health; as such, these devices are of significant interest to the biomedical community.1 The development 

of electrochemical microneedle-based sensors may allow for minimally invasive transdermal sensing of 

biomolecules with reduced tissue damage and minimized pain.2 These devices use microneedles to access 

biological fluids and integrated electrodes for highly sensitive, selective electrochemical detection of 

biomolecules.  

 

Although more extensively evaluated for drug delivery applications, microneedle arrays have been successfully 

integrated with electrochemical biosensors for analytical sensing of physiologically relevant analytes. For 

example, glucose sensors have been developed that contain microneedles in conjunction with sampling 

mechanisms and enzyme-based sensing substrates.3-6 Hollow microneedle arrays fabricated by 

stereolithography have been integrated with carbon fiber and carbon paste electrodes for detection of ascorbic 

acid, hydrogen peroxide, glucose, glutamate, and lactate.1, 2, 7, 8 For example, Windmiller et al. used pyramidal-

shaped hollow microneedle arrays and carbon paste electrodes for selective monitoring of lactate, demonstrating 

lactate detection in the presence of common physiological interferents such as ascorbic acid, uric acid, and 

acetaminophen.7 Miller et al. developed a multiplexed, hollow microneedle-based biosensor array for 

simultaneous detection of pH, glucose, and lactate to monitor exercise-induced metabolic acidosis and tumor 

microenvironments.8 These microneedle-based sensors provide an attractive platform for minimally invasive 

and real-time biosensing of several analytes. Clinical translation of these microdevices for in vivo physiological 

monitoring will require ease of microneedle fabrication, mechanically robust and biocompatible sensor 

components, as well as electrochemically sensitive and stable electrodes.  

 

Diamond is an extremely stable material that exhibits excellent biocompatibility, chemical inertness, and 

mechanical robustness.9 Advances in thin film technology have enabled deposition of nanocrystalline diamond 

thin films, which have been considered for use as a biointerface in many types of medical devices.9-11 Synthesis 

of highly conducting NCD thin films through doping has led to use of doped NCD thin films for several 

electrical and electrochemical applications.12 Doped diamond electrodes have demonstrated superior 

electrochemical properties with low background currents, wide potential windows, high current density 

electrolysis, and high over potential for oxygen evolution.13-17 For biosensing applications, diamond electrodes 

have exhibited low detection limits as well as excellent precision and response stability for detection of 

numerous analytes without surface modification.16, 18 Non-functionalized diamond electrodes have been applied 

for electrochemical detection of numerous physiologically relevant molecules, including acetaminophen,19 

adenosine,20 ascorbic acid,19, 21 caffeine,22 chlorpromazine,21 cysteine,23 dopamine,24, 25 glutathione,26 

histamine,27 nicotinamide adenine dinucleotide (NADH),24 oxalic acid,28 and serotonin.27, 29 
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In addition to their superior electrochemical properties, conductive diamond electrodes may function in the 

harsh, electrolytic physiological environment without degradation, unlike other microelectronic materials such 

as silicon, SiOX, and gold.30 The chemical stability and inertness of diamond facilitates its use for biological 

applications. Furthermore, low adsorption of proteins and contaminants by diamond reduces fouling, enabling 

extended in vivo use of diamond electrodes.16  

 

In this study, we demonstrate fabrication of titanium alloy microneedle arrays with nitrogen-incorporated 

ultrananocrystalline diamond (N-UNCD) coatings. The integration of conductive nanocrystalline diamond on a 

microneedle platform enables minimally invasive, highly stable electrochemical biosensing of transdermal 

fluids. Microneedle arrays were machined from a medical-grade titanium alloy and coated with nitrogen-

incorporated ultrananocrystalline diamond using microwave plasma chemical vapor deposition. The N-UNCD 

coating provides a biocompatible interface with an electrochemically stable surface. The structural and chemical 

properties of the N-UNCD-coated titanium alloy microneedle arrays were examined using scanning electron 

microscopy and Raman spectroscopy. The microneedle arrays were evaluated for their mechanical robustness 

and skin penetration capabilities using a mechanical testing instrument. Finally, the electrochemical properties 

of the N-UNCD electrodes were evaluated; in vitro electrochemical detection of uric acid and dopamine at 

physiologically relevant concentrations was examined using unmodified N-UNCD electrodes. To our 

knowledge, this is the first development of nitrogen-incorporated ultrananocrystalline diamond microneedle 

arrays for transdermal electrochemical biosensing applications. The results suggest that N-UNCD microneedle-

based device may serve as an attractive platform for minimally invasive, continuous monitoring of 

physiologically relevant molecules. 

 

2. Materials & Methods 

 

2.1 Fabrication of Nitrogen-Incorporated Ultrananocrystalline Diamond-Coated Titanium Alloy 

Microneedle Arrays  

 

Microneedle arrays were micromachined from a medical-grade ASTM F136 ELI Ti-6Al-4V alloy bar 

(Allegheny Technologies, Pittsburgh, PA) using 3-axis computer numerical control (CNC) milling. The 

titanium microneedle arrays were fabricated with 7 microneedles in a staggered orientation. The solid 

microneedles were conical in shape and exhibited heights of approximately 340 m and base diameters of 

approximately 230 m. Titanium alloy disks with diameters of 1.6 cm and thicknesses of 2.5 mm were also 

fabricated to provide flat substrates for electrochemical testing.  
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Nitrogen-incorporated ultrananocrystalline diamond was deposited on the titanium alloy microneedle arrays and 

titanium alloy disks using a 915 MHz microwave plasma chemical vapor deposition (MPCVD) (Lambda 

Technologies, Raleigh, NC) facility located at Argonne National Laboratory. To clean the titanium alloy 

substrates, samples were sonicated in acetone and subsequently rinsed in methanol to remove debris and 

contaminants. Prior to N-UNCD deposition, the titanium alloy substrates underwent nucleation pretreatment via 

sonication in nanodiamond suspension in methanol for 20 minutes with subsequent rinsing steps in acetone, 

isopropanol, and methanol. The titanium alloy samples were then adhered to a silicon wafer with minimal silver 

paste before loading into the CVD chamber. N-UNCD deposition was conducted over a deposition time of one 

hour; a gas mixture of argon:methane:nitrogen at a ratio of 160 sccm:3 sccm:40 sccm was used in this study. 

The deposition was conducted at a substrate temperature of 850oC, a working pressure of 80 mbar, and an input 

power of 2500 W.  

 

2.2 Physico-Chemical Characterization of Uncoated and N-UNCD-Coated Microneedles and Disks 

Uncoated and N-UNCD-coated titanium alloy microneedle arrays and disks were evaluated using scanning 

electron microscopy (SEM). The surface morphology and microneedle structure were examined using a Nova 

600 NanoLab dual-beam scanning electron microscope/focused ion beam instrument (FEI, Hillsboro, OR). 

Image acquisition was performed using an acceleration voltage of 20 keV and a current of 0.62 nA. 

 

Confocal Raman microscopy was conducted on the N-UNCD coatings with a Renishaw inVia Raman 

spectrometer (Renishaw, Gloucestershire, UK) in extended mode and a He-Ne laser with a wavelength of 633 

nm. The laser was introduced to the sample through a 50X objective lens. For microneedle arrays, Raman 

spectra were obtained at both the microneedle tip and the flat base of the substrate.  

 

2.3 Porcine Skin Penetration Testing of N-UNCD Microneedles 

Microneedle arrays were imaged with a Leica EZ4 D stereo microscope (Leica Microsystems, Wetzlar, 

Germany) before and after insertion into cadaveric porcine skin. Excised, full-thickness cadaveric porcine skin 

was obtained from a local abattoir and cut to 4.5 cm x 4.5 cm. The cadaveric porcine skin was inserted into a 

customized tissue holder to maintain tension in the tissue during penetration testing. The customized tissue 

holder was screwed into the base fixture of a Bose Electroforce® 3100 mechanical testing instrument (Bose 

Corporation, Framingham, MA) (Figure 3A). Using double-sided adhesive tape, a single microneedle array was 

fixed to the top platen of the instrument (Figure 3A). The microneedle array was placed in contact with the 

porcine skin to a load of 0.2 N prior to testing. The microneedle array was lowered onto the skin at a rate of 0.1 

mm/s to a load limit of 7 N.  
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After withdrawal of the microneedle array, the cadaveric porcine skin was dyed with a few droplets of 1 mg/mL 

methylene blue dye for 20 minutes to stain the penetrated tissue. Excess dye was then removed by gently 

wiping the skin surface with sterile saline swabs followed by ethanol swabs. Subsequently, the stained tissue 

was observed under a Leica EZ4 D stereo microscope and the penetration holes were imaged.  

 

Following porcine skin penetration testing, the N-UNCD microneedle arrays were imaged using SEM to 

determine if the microneedles were damaged during insertion. Secondary electron images (SEI) of the 

microneedle arrays were obtained using a JEOL JSM-6390 HV scanning electron microscope (JEOL, Tokyo, 

Japan). An acceleration voltage of 15 keV and a working distance of 11 mm were used for image acquisition. 

 

2.4 Electrochemical Characterization of N-UNCD Electrodes 

Nitrogen-incorporated ultrananocrystalline diamond-coated titanium and uncoated titanium substrates were 

cleaned prior to electrochemical measurements by sonicating in ethanol for 10 minutes with subsequent rinsing 

in nanopure DI water and drying with nitrogen. Initial electrochemical characterization of the electrodes was 

performed using cyclic voltammograms in 5 mM potassium ferricyanide in 0.1 M KCl aqueous solution on a 

Model 273A Potentiostat/Galvanostat (Princeton Applied Research, Oak Ridge, TN). A platinum wire auxiliary 

electrode served as the counter electrode and an external Ag/AgCl (3M NaCl) electrode was used as the 

reference electrode. The N-UNCD coated titanium alloy disk working electrode was covered with polyethylene 

cleanroom tape (ITW ALMATM, ThermoFisher Scientific, Waltham, MA) containing a 1/8 inch diameter 

exposed active area (8 mm2). Cyclic voltammetric scans were performed from -0.1 V to 0.6 V at scan rates 

ranging from 10-300 mV/s. 

 

2.5  Electrochemical Detection of Uric Acid and Dopamine Using Unmodified N-UNCD Electrodes 

For electrochemical detection of uric acid and dopamine, the N-UNCD working electrodes were cleaned as 

described above. The working area of the electrode was controlled by laser cutting (Universal Laser Systems, 

Scottsdale, AZ) 1/8 inch diameter circles into electroplating tape and applying the tape to the N-UNCD 

electrodes by hand. Patterns for the working area were drawn in CorelDraw (Corel Corporation, Ottawa, 

Canada) and imported into the Universal Laser Systems software with laser cutting parameters of 100% power, 

75% write speed, 300 DPI, and 0.0 inch stage height. Detection of uric acid and dopamine was made using 

linear sweep voltammetry (LSV) with a commercial potentiostat (DropSens, Llanera, Spain). Scans were 

conducted from -0.2 V to 0.8 V at a scan rate of 10 mV/s. Dopamine concentrations were varied from 1M to 

30 M and uric acid concentrations were varied from 25 M to 200 M. All electrochemical measurements 

were made against an Ag/AgCl reference and platinum wire counter electrode.  
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3. Results & Discussion 

 

3.1 Fabrication and Characterization of N-UNCD Coated Titanium Alloy Microneedles 

Development of a microneedle-based electrode enables minimally invasive transdermal detection of 

biomolecules. These devices use microscale needles to access interstitial fluids containing important 

biomolecules for monitoring patient health and disease diagnosis (e.g., glucose sensing for diabetes regulation). 

Microneedle-based platforms eliminate the stress and pain of traditional hypothermic needles and do not require 

a trained medical professional for application.2 Furthermore, microneedles can access biological fluid without 

interference of perspiration and skin irritation, common issues for noninvasive transdermal sensors.31 

Microneedle arrays may also be functionalized for simultaneous detection of a variety of analytes, enabling 

multiplexed biosensing.8 These devices are significant in the biomedical community for real-time, continuous 

detection of physiologically relevant molecules for evaluating patient health in a rapid, simple manner.  

 

Ti-6Al-4V is a titanium alloy that is widely used in biomedical applications, including orthopedic implants, 

dental screws, dental implants, and cardiovascular devices.32 ASTM F136 ELI Ti-6Al-4V alloy was chosen as 

the microneedle substrate material due to its biocompatibility, mechanical robustness, and ease of fabrication. 

Furthermore, Ti-6Al-4V has been previously shown to be a suitable substrate material for deposition of 

nanocrystalline diamond thin films.33 

 

Titanium alloy microneedle arrays were successfully fabricated in a reproducible manner using 3-axis CNC 

milling. The uncoated titanium alloy microneedle arrays showed minimal variation in microneedle dimensions 

and in spatial orientation. The microneedles were arranged in two rows in a staggered orientation with 

horizontal center-to-center spacing of 1.4 mm and diagonal center-to-center spacing of 1 mm. The conical 

microneedles exhibited heights of approximately 340 m and base diameters of approximately 230m, giving 

an aspect ratio of approximately 1.5. The microneedle tip diameters measured approximately 10-20 m. 

Microneedle heights of a few hundred micrometers were chosen to enable penetration of the epidermis of 

human skin (50-150 m) but preclude interaction with nerve receptors in the deeper layers of the tissue.34 High 

magnification SEM images show no significant defects; the rough surface topology and the visible striations, 

grooves, and pits on the surface were attributed to the milling process (Figure 1 A-C).  

 

Nanocrystalline diamond was chosen as the electrode material since it is a stable, chemically inert substrate that 

exhibits mechanical robustness and excellent biocompatibility. Nanocrystalline diamond has been widely 

considered for electrochemical biosensing applications due to its advantageous electrochemical properties such 

as wide band gap and large electrochemical potential window.35, 36 The surface chemistry of nanocrystalline 

diamond enables functionalization to produce exceptionally tunable biomolecular interfaces.37 Comparison of 
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DNA-modified UNCD with commonly used substrates for biological functionalization (gold, glass, glassy 

carbon, silicon) demonstrated higher stability and sensitivity of UNCD compared to the other surfaces, making 

it an ideal substrate for biological modification in biosensing.38 Furthermore, the mechanical robustness and 

chemical resilience of nanocrystalline diamond makes these electrodes less susceptible to physical and chemical 

degradation in the harsh, physiological environment, permitting long-term sensing applications.   

 

 

 

Figure 1. SEM images of uncoated titanium alloy microneedle arrays (A-C) and N-UNCD coated arrays (D-F). High magnification images 
show the surface morphologies of the uncoated titanium alloy microneedles (C) and the N-UNCD coated microneedles (F).  

 
 
 
To synthesize electrically conductive diamond films, doping is applied during the CVD deposition process. 

Nanocrystalline diamond may be doped with boron to create a p-type semiconductor or nitrogen to create a n-

type semiconductor.39 Nitrogen incorporation during growth leads to enhanced sp2-bonded carbon regions at the 

grain boundaries of the UNCD film, resulting in improved electrical conductivity.40, 41 Compared to boron-

doped diamond, nitrogen-doped nanocrystalline diamond shows a wide working potential window and 

minimized background current.10 N-UNCD films have been used for electrochemical sensing of several 

important physiologically relevant analytes, including glucose10 and dopamine.25, 42 Xu et al. used nitrogen-

doped diamond electrodes for amperometric detection of glucose, demonstrating long-term stability up to 10 
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days with good temperature stability of glucose detection.10 Shalini et al. demonstrated detection of dopamine in 

the presence of common biological interferences, ascorbic acid and uric acid.25, 42  

 

In our study, nitrogen-incorporated ultrananocrystalline diamond films were deposited on the titanium alloy 

microneedle arrays and titanium alloy disks using MPCVD. The thickness of the electrically conductive N-

UNCD film that was deposited for one hour was approximately 350 nm. SEM micrographs of the N-UNCD 

coating on the titanium substrates show a uniform, conformal N-UNCD coating with small grain sizes (Figure 1 

D-F). The N-UNCD film deposited was densely packed and continuous, even on the microneedle tips that 

contained grooves and pits.  

 

Confocal Raman spectra of the N-UNCD coatings are shown in Figure 2. Raman spectra were obtained on the 

N-UNCD coated microneedles at the microneedle tip and at the flat base of substrate to confirm the chemical 

bonding at these locations. Raman spectra were also obtained on the N-UNCD coated titanium alloy disks to 

ensure the chemical bonding of the films on titanium alloy disks was similar that on the microneedles. Raman 

spectra of the microneedle tip, flat substrate of the microneedle, and the N-UNCD coated disk all exhibited the 

same three primary peaks. The broad shoulder observed at 1140 cm-1 is associated with transpolyacetylene at 

the grain boundaries of the nanocrystalline diamond film.43 The D-band peak observed at 1340 cm-1 and the G-

band peak observed around 1580 cm-1 are both attributed to sp2-bonded carbon. Typically, the G-band peak is 

observed closer to 1550 cm-1; however, a shift in the position of the G-band to higher wavenumbers has been 

observed in nitrogen-incorporated UNCD films due to a slight variation in the configuration of the sp2-bonded 

carbon at the grain boundaries.44, 45 The flat base of the microneedle substrate and the coated disk exhibit similar 

ratios between the D-band peak and the G-band peak. This ratio is slightly higher than that for the microneedle 

tip, potentially due to differences in film growth from temperature variation within the device during deposition. 

Birrell et al. observed an increase in this ratio as increasing concentrations of nitrogen were incorporated into 

the plasma during NCD deposition.45  

 

 

 

 

 

 

 

 

 

 
 



 

 

292 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2. Raman spectra of the N-UNCD coating on titanium alloy disk, microneedle tip (MN tip), and flat base (MN flat) of microneedle 
array.  

 
 
 
3.2 Porcine Skin Penetration Testing of N-UNCD Microneedles 

Microneedle arrays were applied to cadaveric porcine skin at a rate of 0.1 mm/s to a load limit of 7 N using a 

Bose Electroforce® 3100 mechanical test instrument, as shown in Figure 3A. Assuming an equal distribution of 

force within the device, a 7 N load limit was chosen to provide 1 N of load per microneedle within the 7-

microneedle array. A previous study by Davis et al. on the penetration force required for microneedle tissue 

penetration showed an approximately linear relationship between the insertion force and the interfacial area of 

the microneedle tip, with in vivo testing on human skin requiring insertion forces of 0.1-3 N for a single 

microneedle.46  

 

In our study, the microneedle arrays demonstrated penetration of the cadaveric porcine skin, as evidenced by 

methylene blue staining of the tissue following microneedle withdrawal. Methylene blue cannot penetrate skin 

with the stratum corneum intact; however, compromised skin with broken stratum corneum enables methylene 

blue diffusion, thus dying the tissue at the location of tissue damage.47 Optical images of the methylene blue-

stained tissue show three distinct puncture marks; two potential puncture marks were noted below the distinct 

puncture marks (Figure 3B). Two of the top puncture marks are approximately 1360 m apart; this 

measurement closely corresponds with the 1400 m microneedle-to-microneedle spacing of the microneedle 

design. The increased spacing between the other puncture marks is possibly due to the creases within the skin 

and the elastic nature of the tissue. The porcine hairs shown in the image potentially obstructed the other 

microneedles within the array, preventing penetration of the tissue by all of the microneedles within the array. 

Control porcine tissue which was treated with methylene blue without microneedle application shows no 

distinct puncture marks, though discoloration of the tissue due to the dye is visible.  
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Evaluation of the microneedle structure and N-UNCD coating after porcine skin penetration testing was 

conducted using the stereomicroscope and SEM. SEM images of N-UNCD titanium microneedle array after 

insertion into cadaveric porcine skin show the microneedle tips remained fully intact with no N-UNCD film 

delamination or fracture (Figure 3C). The results suggest that the microneedle arrays are suitably robust for skin 

penetration and that the N-UNCD coating has sufficient adhesion to the titanium alloy substrate for skin 

penetration.  

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3. Skin penetration test setup (A). Optical micrographs of full-thickness cadaveric porcine skin stained with methylene blue after 
penetration by a microneedle array (B). SEM micrograph of N-UNCD titanium microneedle array tip after insertion into cadaveric porcine 
skin (C). 

 
 
 
3.3 Electrochemical Characterization  

N-UNCD coated titanium substrates and uncoated titanium substrates were electrochemically characterized in 

potassium ferricyanide using cyclic voltammograms (CV’s) as seen in Figure 4A. Uncoated Ti-6Al-4V alloy 

chips and N-UNCD coated chips run at 10 mV/s scan rate in potassium ferricyanide showed the uncoated 

titanium alloy substrates demonstrated no redox activity towards the ferricyanide solution with no oxidation or 

reduction peaks visible (Data not shown). The N-UNCD coated sample, run using the same parameters, showed 

reversible oxidative and reductive peaks.  
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For further characterization of the N-UNCD coatings, CV’s were run from -0.1 to 0.6 V at scan rates varying 

from 10 to 300 mV/s. The N-UNCD CV’s showed reversible oxidative and reductive peaks, ΔEp = 180 mV at 

100 mV/s, indicating facile electron transfer at the diamond surface and stability over three cycles. Plots of the 

reduction and oxidation peak currents versus square root of the scan rate are seen in Figure 4B. A linear 

relationship was seen for both the reduction and oxidation peaks to the scan rate, indicating diffusion-controlled 

reaction, as described by the Cottrell Equation.48  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 4. Cyclic voltammetric scans of potassium ferricyanide in 1X PBS pH 7.4 versus a Ag/AgCl reference and Pt wire counter electrode 
at varying scan rates from 10-300 mV/s (A) and plots of the reduction and oxidation peak currents versus square root of the scan rate (B). 
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These results are similar to other studies using nitrogen-doped diamond electrodes for electrochemical sensing. 

Zhang et al. evaluated the electrochemical properties of nitrogen-doped, boron-doped, and undoped diamond. 

The study demonstrated characteristic CV behavior for ferricyanide redox couple on the nitrogen-doped 

diamond films.12 Shalini et al. also demonstrated quasireversible response of nitrogen-doped diamond films for 

ferricyanide, exhibiting ΔEp values ranging from 90-175 mV for nitrogen-doped diamond deposited at different 

temperatures.42 The study compared the electrochemical characteristics of the nitrogen-doped diamond to 

boron-doped diamond and graphite, which demonstrated ΔEp values of 98 mV and 210 mV.42  

 

3.4 In Vitro Electrochemical Detection of Uric Acid and Dopamine using N-UNCD Electrode 

In vivo sensors enable real-time detection of physiologically relevant molecules that may aid in diagnosis, 

monitoring of patient health, and development of therapeutic treatments. Uric acid is produced through 

metabolic breakdown of purine nucleotides and is present in human blood serum and urine. At high levels, uric 

acid is associated with various medical conditions including gout, arthritis, diabetes, hypercholesterolemia, as 

well as cardiovascular and kidney diseases.49 Dopamine is a primary neurotransmitter molecule that is present 

in the central and peripheral nervous system. The neurotransmitter functions in the nervous system as well as 

the renal, hormonal, and cardiovascular systems; it has been used for investigation of neural disorders such as 

Parkinson’s and schizophrenia.25 Both biomolecules are of considerable importance for patient health, requiring 

reliable and sensitive detection mechanisms.     

In this study, linear scanning voltammetry was used to detect uric acid and dopamine by running scans from -

0.2V to 0.8V at 10 mV/sec (Figure 5). Uric acid concentrations varying from 0 to 200 M were evaluated. A 

distinct oxidation peak was observed at a potential of 0.48 V (Figure 5A). A linear relationship was observed 

between the uric acid concentration and the peak current throughout the detection range (Figure 5B). Oxidation 

peak potentials were consistent across the range of tested concentrations. Dopamine concentrations varying 

from 0-30 M were detected at an oxidation peak potential of 0.65 V (Figure 6A). The small oxidation peak at 

0.3 V for the 30 M concentration was due to experimental error, with no additional peaks visible on other 

scans. Varying concentrations of dopamine were tested from 0 to 30 M with a linear relationship seen across 

this range (Figure 6B). Detection above this value resulted in inaccurate readings with variable peak currents. 

The oxidative peaks between the two analytes were separated by ~200 mV when tested separately; however, 

attempts to detect the two analytes simultaneously were unsuccessful and only a single peak was observed due 

to overlapping of the individual signals. Previous studies have demonstrated simultaneous detection of uric acid 

and dopamine using nitrogen-incorporated UNCD electrodes.25 Shalini et al. demonstrated simultaneous 

detection of dopamine, uric acid, and ascorbic acid with significant peak separation using nitrogen-doped 

diamond electrodes.25, 42 They noted that the nitrogen-doped diamond electrodes demonstrated superior peak 

separation compared to the boron-doped diamond, graphite, and glass carbon electrodes.25, 42 A detection limit 
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for dopamine of 0.36 M in the presence of ascorbic acid was demonstrated. These results show the sensitivity 

and high selectivity of nitrogen-doped diamond for simultaneous detection of physiologically relevant analytes.  

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Linear sweep voltammograms of N-UNCD electrodes in a 1X PBS pH 7.4 solutions containing uric acid concentrations ranging 
from 0 to 200 M versus an Ag/AgCl reference and Pt wire counter electrode (A) and a plot of uric acid oxidation peak currents at various 
concentrations (B).  
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Figure 6. Linear sweep voltammograms of N-UNCD electrodes in a 1X PBS solution containing dopamine concentrations ranging from 0 
to 30 M versus an Ag/AgCl reference and Pt wire counter electrode (A) and a plot of the dopamine oxidation peak currents at various 
concentrations (B). 

 
 

Future studies using the nitrogen-doped diamond coatings for the microneedles will investigate varying 

deposition parameters and detection procedures to improve the N-UNCD electrode and further resolve the two 

peaks. 

 

Although unmodified doped diamond electrodes have shown excellent capabilities for detection of 

physiologically relevant small molecules, the major advantage of using diamond-based electrodes lies in the 

potential of these electrodes for biofunctionalization. The surface of nanocrystalline diamond may be 
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chemically functionalized to produce exceptionally tunable biomolecular interfaces.50 Developments in 

chemical and photochemical processes for covalent attachment of functional biomolecules have further 

broadened the use of NCD electrodes in advanced biosensors. Future studies will investigate the use of N-

UNCD microneedle electrodes with immobilized biomolecules (e.g., enzymes and antibodies) for sensitive and 

highly selective electrochemical detection of biomolecules.  

 

4. Conclusions 

We have demonstrated successful fabrication of nitrogen-incorporated ultrananocrystalline diamond-coated 

titanium alloy microneedle arrays that are capable of electrochemical detection of dopamine and uric acid. The 

N-UNCD coated microneedle arrays were fabricated in a straightforward and reproducible manner; minimal 

microneedle-to-microneedle variation in microneedle dimensions was noted. The N-UNCD coating deposited 

by CVD was continuous with small grain sizes and exhibited the typical carbon bonding signatures 

representative of N-UNCD thin films. Diamond-coated titanium microneedle arrays penetrated full-thickness 

cadaveric porcine skin without microneedle fracture or diamond film delamination, demonstrating suitable 

robustness for transdermal applications. Electrochemical analysis of the N-UNCD coatings on the titanium alloy 

show suitable electron transfer rates and reversibility for electrochemical biosensing applications. In vitro 

electrochemical detection of uric acid and dopamine using unmodified N-UNCD electrodes were observed 

across physiologically relevant concentrations for each analyte. By utilizing the superior electrochemical 

properties of N-UNCD as well as its potential for biofunctionalization, we envision the use of these N-UNCD-

coated titanium alloy microneedle arrays for many types of transdermal electrochemical biosensing 

applications. 
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5. Conclusions 
 

The goal of this work was to evaluate biological responses to microstructured and nanostructured materials via 

reproducible fabrication of microscale and nanoscale surface topographies of model implant biomaterials, 

comprehensive physico-chemical characterization of biomaterial surface properties, and systematic evaluation 

of biological responses targeted towards specific biomedical applications. 

 

Upon implantation, the first biological interactions occur at the interface of the biomaterial surface and the 

physiological environment, with cell-material interactions affected by the implant surface properties including 

chemistry, surface energy, and topography. The complex cell-material interactions at the tissue-implant 

interface affect a variety of biological processes, including cell adhesion, morphology/alignment, migration, 

proliferation, protein production, gene expression, and differentiation; therefore, it is essential to develop 

advanced biomaterials to modulate cellular responses for specific applications. Biomaterials that mimic the 

microscale and nanoscale architecture of the native tissues may be used for design of improved medical devices 

and tissue engineering scaffolds.  

 

Fabrication of Microscale & Nanoscale Surface Topographies of Implant Biomaterials 

Several studies have investigated the effects of microscale and nanoscale topography on biological interactions; 

however, determining relationships between biological responses and surface topography are difficult to 

establish due to variable results from differences in biomaterial surface properties; therefore, it is important to 

precisely engineer biomaterials at the micrometer and nanometer scale to elicit optimal interactions between 

cells and the implanted device. In this work, we applied various fabrication methods to reproducibly produce 

biomaterials with uniform, controllable microscale and nanoscale surface features. Implant coatings with 

random topographies as well as organized, patterned structures were fabricated. 

 

Physical vapor deposition (RF sputtering) and chemical vapor deposition (MPCVD) techniques were used to 

fabricate thin coatings of inorganic compounds (titanium dioxide, tantalum) and carbon-based materials 

(nanocrystalline diamond). The coating roughness and topographies were controlled using the deposition 

parameters and/or post-treatment processing (annealing). These techniques demonstrated fabrication of random, 

non-patterned surface topographies with controllable feature sizes and roughness values on the microscale and 

nanoscale. Though surface topographies fabricated using these processes exhibited less well-defined features 

than lithographic processes, the fabrication processes were simple, efficient, and can easily be applied to 

medical implants with complex geometries for practical applications.  
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Additional fabrication methods were used to produce well-defined, patterned nanoscale and microscale 

structures of specific surface chemistry. Two-photon polymerization, a stereolithography-based rapid 

prototyping technique, was used to create patterned zirconium oxide tissue engineering scaffolds with precise 

geometries for long-term cell growth. This technique enables fabrication of precise, 3-D nanoscale and 

microscale structures with high resolution. Additional well-defined, patterned surfaces were fabricated using a 

multi-step microfabrication process, using electron beam lithography, photolithography, and reactive ion 

etching to fabricate nanopores of different sizes in nanocrystalline diamond films. These porous diamond 

membranes exhibited high porosity and uniform pore distribution; however, the fabrication process was 

complex, time-consuming, and required advanced equipment. In subsequent studies, we demonstrated 

fabrication of microporous diamond membranes using MPCVD onto commercially available microporous 

substrates, enabling simple, fast processing of precise pore sizes with specified surface chemistry. Similarly, 

atomic layer deposition (ALD) was used to surface modify commercial nanoporous membranes with well-

defined pore sizes using ceramic coatings for improved biological properties. ALD was used to alter the surface 

chemistry of complex, nanostructured materials while maintaining the intricate nanostructured topographies. 

ALD thin films promoted enhanced antimicrobial properties (ZnO) as well as improved bioactivity and 

osteogenesis (TiO2). This study demonstrates the variety of microscale and nanoscale surface topographies that 

can be reproducibly fabricated in a variety of ceramic, metal, and polymeric biomaterials using numerous 

processing techniques.  

 

Physico-Chemical Characterization of Biomaterial Surface Properties 

The work presented here highlights the importance of comprehensive physico-chemical characterization of 

microstructured and nanostructured materials prior to evaluation of biological responses. For all biomaterial 

surfaces, scanning electron microscopy and atomic force microscopy were used to evaluate the lateral and 

vertical dimensions of the surface topographies. Together, these characterization techniques identify the surface 

feature characteristics (e.g., size and shape) as well as the roughness values of the surfaces. When evaluating 

biological responses to microscale and nanoscale topographies, it is important to extensively characterize the 

surface features, as studies have shown that biological response is affected by surface feature geometry, 

orientation, and dimensions. Furthermore, comprehensive evaluation is critical for comparison of results with 

those reported in the literature. 

 

All engineered biomaterials require a unique set of characterization techniques to appropriately evaluate the 

surface chemistry, energy, and structure. For example, nanocrystalline diamond coatings were evaluated using 

Raman spectroscopy to confirm the carbon-carbon bonding, verifying the sp3-hybridized carbon typical of 

diamond. Similarly, X-ray diffraction spectroscopy was used to evaluate the crystalline structure of titanium 

dioxide coatings, as studies have demonstrated variable biological responses to coatings with amorphous, 
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anatase, and rutile structure. These techniques can be used to confirm similar surface chemistry of biomaterials, 

ensuring evaluation of surface topography without effects of variable chemistry.  

 

Through comprehensive physico-chemical characterization of microstructured and nanostructured model 

biomaterials, we were able to identify surface feature size-dependent biological responses and correlate those 

results to studies previously reported in the literature. 

 

Evaluation of Biological Responses for Specific Biomedical Applications 

Optimal biological responses for a surface engineered biomaterial may vary depending on the desired 

application, such as increased cell proliferation and matrix synthesis for implant tissue integration and wound 

healing, minimized protein adsorption and cell adhesion for preventing biofouling, and stimulated cell 

differentiation for tissue engineering; therefore, it is important to identify specific surface feature characteristics 

(e.g., geometry, size, spacing) to optimize biological response for a particular application and tissue type. For 

evaluation of orthopaedic biomaterials, cell adhesion, proliferation, osteogenic differentiation and bioactivity 

are of particular interest. For cardiovascular biomaterials, protein adsorption, cell adhesion (endothelial cell and 

platelet), and platelet activation are critical.  

 

The studies presented here were designed based on the biomaterials being investigated and their anticipated 

biomedical applications. For example, nanocrystalline diamond is being considered for orthopaedic and 

cardiovascular applications; therefore, we evaluated the biological responses of bone-derived stem cells, 

endothelial cells, and blood cells/platelets to identify the effects of surface topography on cell-specific 

biomaterial interactions. Our studies confirmed the variable responses of different cell types, as endothelial cells 

exhibited enhanced cell activity on smooth NCD surfaces with surface features below 150 nm, whereas the stem 

cells and blood cells/platelets showed no surface feature size-dependent responses. Evaluation of nanostructured 

titanium dioxide coatings demonstrated surface feature size-dependent responses of bone-derived stem cells, 

exhibiting enhanced osteogenic differentiation on coatings with larger nanoscale surface features. 

 

Outlook 

The fabrication, physico-chemical characterization, and biological evaluation of microstructured and 

nanostructured implant surfaces described have contributed to a better understanding of the effects of 

microscale and nanoscale structures on biological responses for biomedical applications. We demonstrated 

unique surface properties of microscale and nanoscale materials that have potential to enhance the antimicrobial 

properties, tissue integration, hemocompatibility, and/or bioactivity of implantable medical devices. The results 

of this study have demonstrated specific surface characteristics for desirable biological responses in specific 

biomedical applications (e.g., cardiovascular, orthopaedic, wound healing); however, the surface feature 
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characteristics, biomaterials, and applications evaluated here was limited; further studies should be conducted to 

optimize implant surfaces for specific biomaterials to modulate cellular responses and improve device 

functionality. The relationship between in vitro cellular responses to surface topography and the in vivo 

biological responses should also be evaluated.  
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