ABSTRACT
PETROCHENKO, PETER EVGENIYEVICH. Fabrication and Biological Evaluation of
Micro- and Nanostructured Surfaces, Coatings, and 3D-printed Scaffolds to Improve
Function and Biocompatibility of Medical Devices. (Under the direction of Dr. Roger J.
Narayan and Dr. Peter L. Goering).
There is a considerable gap in nanotoxicological research on nanofeatured surfaces.
The current understanding of nanomaterials and their toxicity is largely based from studies
using discreet nanoparticle systems, which do not translate to surface mediated toxicity but
are nevertheless useful for understanding the means of nanomaterials toxicity. Cytotoxicity in
a discrete rare earth engineered nanoparticle model was investigated; internalization of
nanoparticles by cells, supernatant toxicity, as well as the role of endotoxin in nanoparticle
formulations was reported and discussed. Aside from nanoparticles, however, numerous
current and proposed immobilized nanomaterials are of benefit to the medical device
industry. Nanomaterials can be coated, etched or formed directly into the surface of a
medical device, improving its antimicrobial activity, biocompatibility, material properties
and much more. Several methods for reliable coating of immobilized nanomaterials were
investigated in detail and a 3D printing method using two photon polymerization for creating
free standing constructs was reported. Pulsed laser deposition was shown to have the
capability of fabricating uniform controllable antimicrobial zinc oxide coatings as well as
creating composite polymer/metal material coatings such as PMMA and silver. The leaching
parameters from such surfaces were evaluated and toxicological in vitro exposure endpoints
were drawn based on a given concentration of a toxic leachate, such as ionic zinc or silver.
The amount of nanosilver coating into the PMMA composite was optimized to create a
coating that was antibacterial but non-cytotoxic to human cells. Initial characterization of
fabricated nanomaterials was given high importance due to the fundamental need of

understanding the physical and chemical basis of both adverse and desired toxicological
outcomes. A variety of nanoscale features were characterized for their unique
physicochemical characteristics (controllable roughness, enhanced UV absorption, adjustable
stiffness) and were examined for their contribution to a number of observed unique
biological responses (increased protein adsorption, enhanced cell proliferation, antimicrobial
activity, and many others). Advancements in chemical coating methods of delicate
nanomaterials structures were reported in both a ceramic nanoporous alumina model as well
as a polymeric polyethersulfone (PES) model. Atomic layer deposition of titanium dioxide
was shown to successfully coat intricate nanoporous alumina membranes without affecting
their intrinsic permeability, while drastically improving the UV-protection of PES and
preventing the resulting toxicity. In the field of 3D printing, the first instance of medium
throughput fabrication of custom scaffold materials with submicron texture was
demonstrated. The scaffold constructs were 3D printed from a custom designed elastomer
that matched both the stiffness and the nanotexture experienced by cells in the bodily
environment. The improvements in nanoscale fabrication of device surface coatings,
chemical surface modification, and submicron 3D printing described in this thesis have
advanced the current understanding of parameters that affect toxicity, biocompatibility, and
long term success of medical devices incorporating nanotechnology.
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INTRODUCTION
The case for understanding the nanotoxicology of immobilized nanomaterials in
medical devices.

The concept of nanotechnology evolved from the ideas of physicist Richard Feynman, who
suggested the possibility of “molecular” machines and the manipulation of materials on much
smaller scales than was previously done. Since then numerous scientific fields and
disciplines have formed to study this idea, later termed nanotechnology by Norio Taniguchi.
Taniguchi promoted the idea of nanotechnology as a subset of materials with unique
properties compared to bulk materials in the 70s.1 Since then many types of materials have
been examined for altered properties in nanoscale creating promise for improved drugs for
cancer treatment2, faster bone healing3, more stable imaging probes4, and much more. As a
result of this rapid advancement and potential benefits, engineered nanomaterials have raised
serious health, environmental, and ethical concerns.5-7 From a toxicological standpoint, the
vast array of toxicity concerns from a range of exposure routes, target organs, and selective
material toxicities spurred the development of an entire discipline of nanotoxicology.8 Since
scaling down materials to nanoscale formulations provides numerous desirable properties, it
is only reasonable to assume that undesirable toxicological properties may form as a result as
well. The field of nanotoxicology is built upon the idea of finding information about the
undesirable properties of nanomaterials and forming unique means of avoiding such
properties.

1

Nanoscale modification of medical materials:
The field of nanotoxicology has largely relied on toxicological endpoints from
discrete nanoparticle studies.8 The unique interactions between nanomaterials and cells,
including the major signaling pathways, intracellular trafficking, endocytosis and other
cellular events have been largely studied through discrete particle interactions 9 but the
information gained is only partially translatable to examining surfaces coated with
nanoparticles or other immobilized particulates. There is a considerable gap in understanding
whether there are events specific to nanofeaturedsurfaces, since nanoscale surfaces have been
shown to modulate a variety of cell functions including cell motility10 , proliferation11, and
differentiation12. A literature characterization study by Ostrowski et al, showed that nanoenabled products, including immobilized nanomaterials constitute a large subset of all
nanomaterials; the bulk of nanotoxicological research, however, focuses on discrete particle
systems and does not paint a complete picture of nanomaterial use.13 In the medical device
industry, it is increasingly important to understand the toxicology of products with
immobilized nanomaterials, especially those on the device surface, to ensure safety and
efficacy of said devices. An implant’s surface is a barrier that interacts with the bodily
environment and is a major factor in determining the overall success of an implant. Surface
modification techniques have been in use for decades and gained more attention with the
rapid development of nano-scale topographical and chemical patterning methods such as
pulsed laser deposition14, atomic layer deposition15 , two photon polymerization16,
photolithography, nanoimprinting, surface roughening, anodic oxidation, dip-pen
lithography, and many others.17 Present techniques allow for manipulation of surface shape
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on the order of nanometers. Surfaces can be optimized on to create microporous and
nanoporous scaffolds and tissue replacement implants. Electrospun fibrous meshes can be
manufactured with nanoporosity to increase surface area and improve cell adhesion and
viability,18 nanoporous ceramic surfaces have the potential to promote bone cell
differentiation19 , and Ti modified with nanotubes may improve aspects ranging from cell
adhesion, proliferation, migration, and differentiation of several cell types.20 One of the main
uses of nanometer-scale patterning has been to improve on two aspects of surfaces: (1) to
fabricate surface features with small enough length scales with which cells can easily interact
for motility, adhesion, and growth (with some claims establishing a specific length scale, ex.
15 nm)20 and to (2) increase the overall surface area for cells to adhere to.21

3

Literature Review: Nanostructured surfaces for preventing bacterial contamination of
medical device surfaces.

Nanoparticles and antimicrobial resistance:
Creating notexture surfaces, such as polystyrene, for example, can alter their physical
properties including friction and hydrophobicity.22 For medical devices, however, an area of
increasing interest has been to fabricate biocompatible device materials that additionally have
antimicrobial properties. The intuitive approach involves simply embedding antimicrobial
agents directly into the material surface. However, nanotechnology has allowed for several
advancements in combating bacterial contamination of surfaces. Nanoparticle formulations
of antimicrobial agents such as silver or copper have been shown to be highly effective
against multiple species of bacteria.23,24 Such nanoparticles can be coated onto complex
polymeric25 and other surfaces26 to impart their antimicrobial efficacy into a surface that is
otherwise susceptible to bacterial colonization.

4

Nanoscale topography and bacterial biofilm resistance:
Aside from immobilizing nanoparticulate antimicrobial agents, direct surface
modification has been postulated to prevent and reduce bacterial contamination. Using
nanoscale topography for bacterial fouling control may bring superior surface properties that
can selectively promote a specific cell type and simultaneously resist bacterial adhesion.27
Bacterial adhesion to surfaces is of major importance to any implantable device due to its
connection with the formation of antibiotic-resistant biofilms. Certain implantable devices
such as catheters, pacemakers, stents, valves, and others28 are more susceptible to formation
of a biofilm on the implant surface. The formation of a biofilm on medical devices may
constitute a failed device or result in prolonged infections, increased treatment time, and
treatment revisions.29 Initial bacterial surface attachment is both a critical and vulnerable step
in biofilm development that may be modulated to a degree with surface topography in the
nanoscale size range. Bacterial adhesion initiates many organizational signaling pathways
between neighboring cells that eventually lead to the formation of an interconnected
protective biofilm.30 Possible tactics for interrupting or slowing the critical initial adhesion
step could prove to be an additional anti-microbial measure to supplement and improve
existing antimicrobial treatments. Some possible advantages of topographical modification
is that it does not directly contribute to chemically resistant strains resulting from high dose
antibiotic treatments, and may reduce the requirement for damaging sterilization procedures
that can alter surface properties in sensitive materials.31
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Background on bacterial infection of biomaterial surfaces:
Biofouling in medicine is defined as any undesirable accumulation of cells, proteins,
and other biological materials on a device surface. It is a common phenomenon, since it
occurs to some extent on any implant surface and begins immediately upon implantation.
Adhesive and adsorptive interactions form between cells and proteins in a biological
environment and the material surface, alter surface properties, cause infections and heighten
immune responses.32 Biofilms are exceptionally difficult to treat due to their increased
antibiotic resistance and account for over 60% of human infections.1 In this text, a biofilm is
defined as any matrix-encased communitiy of bacteria that are tightly attached and
networked between each other and a material surface. Once individual bacteria form such a
close proximity colony, they experience a phenotype shift that usually makes them more
virulent and strongly embedded in a self-produced dense polysaccharide matrix, which, in
turn, can respond to even minute environmental stresses such as shear forces.33 Bacteria also
communicate between individual cells and colonies and form distinct spatial patterns on hard
surfaces based on environmental conditions.

34

The microorganisms then disperse along the

material surface using “rolling migration”35 and secrete protective compounds that buildup
the matrix and create a physical barrier to antimicrobial agents. Tight packing of neighboring
microbes additionally promotes lateral gene transfer that accelerates the development of
immunity to antibiotics. Bacteria are thought to rely on direct contact-dependent
communication to modulate growth and behavior within a biofilm.36,37 After a detectable
biofilm have formed, some bacteria strains have been shown to activate genes that result in
efflux of antibiotics and other chemicals out of the colony, trap antibiotic-degrading enzymes
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and inactivate the antibiotic.38,39 However, that is only one of the many defenses formed
within a biofilm including but not limited to quorum sensing of neighboring bacteria for gene
transcription, activation of the RpoS stress factor that limits growth and controls biofilm
growth rate40, changes in outer membrane proteins, and efflux of chemically unrelated
antimicrobial agents using multidrug pumps.39
To prevent the spread and development of biofilms it is first necessary to prevent
successful attachment and disrupt contact communication of bacteria to the material surface.
Unattached bacteria are more susceptible to antibiotics and are more easily controlled by
bodily host defense mechanisms.41 Surface features such as pores are known to contribute to
biofouling by physically trapping cells and proteins in the material surface. The reverse,
however, is also possible. Microorganisms are known to selectively prefer specific surfaces
42

for attachment.

Due to their relatively small size and interaction with sub-micron

environments, it is important to focus on the nano-scale surface properties when examining
bacterial adhesion and biofilm formation. Human cells, for example, are also known to
interact with nanometer-size features. The extracellular matrix is composed of nanometer
sized features, such as pores, fibers, and ridges that have an effect on cell migration and
orientation.

43,44

Comparatively less is known about the nanoscale behavior and material

properties of bacterial biofilms than human cells.
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Unique examples of functional nanostructured surfaces found in nature.
Many biological organic surfaces are intrinsically nanoscale45 and serve functional
purposes as a result of their size. A famous example is the lotus leaf which exhibits
superhydrophobicity in a phenomenon called the Lotus effect. It has micron-sized papillae
with nano-sized branchlike structures covered with a dense layer of epicuticular waxes. The
nano branchlike structures along with the wax layer are thought to be responsible for the
superhydrophobic lotus leaf surface. Some nano surface structures present in nature are
attributed to having biofouling resistance.46 For example, species of cetaceans have a surface
free of all fouling organisms47. The pilot whale (Globicephala melas) has nano-ridge pores
(0.1–1.2 µm2) on the surface of the skin48 which are smaller than most fouling organisms
and provide fewer contact points for adhesion. Microtopographies mimicking the skin of the
shark have been produced (Sharklet Technologies LLC) and shown viable in reducing the
adhesion of algae spores.49 The application of nanotechnology in medicine has several
rapidly developing fields such as biomolecular and cell analysis, microfluidics, drug delivery
and so on, but the possibility of successfully mimicking or generating a biological resistance
to microbial biofouling is truly novel. Bacteria are much smaller than other organisms
responsible for biofouling. Biofouling resistance is a common concept in water treatment and
marine applications. These fields deal with microorganisms on length scales far larger than
bacteria. However, the same concepts of employing topography to modulate adhesion of
unwanted organisms can be scaled down for bacterial resistance. The methods for fabricating
controlled nanoscale topographies for bacterial resistance are rapidly developing, but several
limitations still exist. The major milestones required for large-scale use of nanomaterials
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surfaces are the availability of high resolution microscopy such as electron and atomic force
microscopy and cost-effective large scale fabrication of consistent nanotopographies. Many
of the current approaches discussed in this review are very costly and time consuming,
leaving the opportunity for advancements in high throughput nanosurface fabrication
techniques.

9

Bacterial adhesion on the nanoscale.
Bacteria come in a variety of sizes and cell shapes. The average size of a bacterium is
about 0.5-1.0 microns in diameter and 2.0-5.0 microns in length but can get as large as 50100 microns and 0.5 mm in diameter and length, respectively.50 Cells may be shaped like
rods, cones, spirals, spheres, helices and may additionally be branched or tapered.51 Cell
shape in a bacterial cell regulates nutrient flow, motility, reproduction, attachment,
differentiation and more.52 Cell shape is primarily determined and maintained by the
continuous reorganization of the peptidoglycan network of the cell wall.53 This stress and
load-bearing element consists of a meshwork of glycan strands cross-linked by peptide
bridges54 for enhanced rigidity. Analysis of bacterial adhesion and attachment is also
complicated by the variety of surface structures present. Many bacteria have a capsule
structure covered by a slime layer, which some bacteria can excrete for attachment
functions.55 Additionally, a mass of tangled polysaccharides, called the glycocalyx is usually
present. The glycocalyx must be present for biofilm formation and is the “glue” that holds it
together. Finally, some bacteria have hair-like appendages called pili, which also aid in
attachment and adhesion by physically “grabbing” the substrate.50 Altogether bacterial
attachment is a complex multi-dimensional and not an entirely clearly understood process.
Bacterial cell adhesion depends on a number of surface properties. Aside from
topography, hydrophobic and hydrophilic interactions, surface charge of both the substrate
and the bacteria play a role. Ionic strength and pH also play a role since they determine the
surface charges.56 Chemical properties can sometimes be altered in bodily environments,
leaving topography as the more influential factor for bacterial adhesion. A recent study
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cultured bacteria on microstructured and nanostructured metal surfaces and found that
topography affected bacterial adhesion more than the physicochemical properties of the
metals.57 The patterns were kept constant between metals with different physicochemical
properties (defined as charge and contact angle). The metals used were gold (an inert
substrate), copper (a biocidal material) and polyisobutylcyanoacrilate (PBCA) (a highly
biocompatible material). The results showed that the structure of bacterial aggregates during
biofilm formation was strongly affected by surface topography, roughness, and toxicity, but
did not depend on physicochemical surface properties. Bacterial cells responded similarly to
the same topographical features on chemically different substrates. This study and similar
studies58 underline the importance of topographical surface features in addition to chemical
features when engineering an implant surface with anti-bacterial properties. The authors
hypothesize that the chemical surface features may be masked by the excreted bacterial
extracellular polymeric substance (EPS) during early biofilm formation or adsorbed organic
species from the culture media.
Masking of chemical properties of a material is a known problem for antimicrobial
materials. For example, if bacteria cannot directly attach to a material, protein fouling or
attachment of wetting agents may provide an intermediate substrate for bacterial adhesion.59
Bacteria do seem to have a similar response to topography on different surfaces, although
they may use different strategies for adhesion. One study looked at the effects of
topographical features with dimensions similar to that of Pseudomonas aeruginosa cells on
cell ordering and biofilm development.60 Nanostructured substrates were fabricated with
high-aspect ratio nanometer-scale polymer posts and selectively sputter-coated with thin
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layers of bimetallic Pt-Pd or Au-Pd. The post spacing had a direct effect on bacterial
arrangement and was consistent on both coated and uncoated substrates. Bacteria
preferentially maximized their contact area by using the posts as extensions of the surface.
The underlying topography of the substrate directly influenced spatial arrangements, which
could be fine tuned by altering the distance between neighboring posts. If the distance
between adjacent posts was larger than the length of a bacterial cell, the bacteria adhered in a
random packing arrangement as they would during biofilm formation on a flat surface. The
study also showed that this phenomenon may be independent of species type, adhesion
mechanism, and shear flow. Mutants without either pili or flagella and two other species,
Bacillus subtilis and Escherichia coli that exhibited similar spatial ordering as the
Pseudomonas aeruginosa cells.60 In order to disturb the local interactions necessary for
bacterial aggregation and biofilm formation it will become increasingly useful to understand
and control bacterial spatial arrangement on their native nanoscale dimensions.
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Preferential adhesion of mammalian cells over bacterial cells:
Aside from preventing bacterial contamination, nanoscale surface modifications may
create a preferential adhesion property for desired cells. The selective adhesion of osteoblasts
over fibroblasts has been previously demonstrated with the use of carbon nanotube modified
surfaces.61 Going from the microscale to the nanoscale has the potential to create preferential
attachment of human cells over bacterial cells.62,63 Materials such as ZnO, TiO, and AlO are
known for their use as scaffold materials for bone tissue regeneration. A primary example
with effective preferential properties and antimicrobial activity is nanophase ZnO. ZnO is a
well-known and widely used antimicrobial agent. 64,65 Topographic shapes and effects of
ZnO have been extensively studied for tissue engineering and scaffold applications. ZnO is a
used as an antimicrobial both in the food66 and medical67 industries. ZnO can be fabricated in
a variety of nanostructures, such as wires, rods, flowers, free particles, and many more. For
example, ZnO nanorods68 have an effect on cell adhesion and macrophage responses33,
whereas ZnO nanoflowers69 demonstrate an effective structure for improved bone tissue
ingrowth. There are significant differences between bulk and nanostructured ZnO, yet both
types have antimicrobial properties. Nanophase zinc has several benefits over its microscale
and bulk forms. For example, antibacterial activity of ZnO increases as particle size
decreases from the micro to the nano scale. Nano-scaled zinc, as well as aluminum and
silicon all show higher toxicity towards Bacillus subtilis, Escherichia coli and Pseudomonas
fluorescens in comparison with the original bulk oxide material.70

Nanostructured ZnO

has been shown to modulate macrophage activity as well. ZnO nanorods, for example, tend
to have lower macrophage adhesion numbers than similar flat ZnO substrates.71
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Specializing and combining properties such as mammalian cell modulation and
increased bacterial toxicity is a useful tactic in modulating osteoblast response for bone tissue
engineering. Both nanophase TiO2 and ZnO have been shown to have decreased bacterial
adhesion along with increased osteoblast adhesion, alkaline phosphatase activity, and
calcium mineral deposition in comparison to their microscale counterparts.72 Another study
found that antibacterial activity of ZnO was dependent on concentration and also increased
with decreasing particle size.73 Substantial loss of membrane integrity and changes in cell
morphology were seen in E. coli as a result of ZnO exposure. The proposed mechanism
occurs through interactions between the oxygen deficient (positive) zinc surface and the
negatively charged cell wall. The smallest particle size was the most effective antimicrobial
agent above a specific concentration. As particle size decreases, both surface area to mass
ratio and surface charge increase. The proposed action of ZnO is attributed to a stronger
electrostatic interaction between ZnO and the cell wall for smaller particles. The
antimicrobial effect of ZnO was noticeably less on Gram positive bacteria (S. aureus), which
may be due to Gram positive bacteria having a considerably thicker cell wall than the Gram
negative E. coli. Nanophase ZnO was also less toxic towards normal osteoblasts and more
toxic towards cancerous osteoblasts than micron sized ZnO. Selective anticancer activity of
ZnO nanoparticles suggests a highly complex mechanism for the material’s mechanism of
interaction with human cancer cells.73
Understanding bacterial and eukaryotic adhesion in a single controlled model is
critical to understanding the modes of bacterial and human cellular adhesion. While the two
cell types exhibit differences in membrane plasticity they do have similarities in their modes
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of attachment such as the pili-like structures in their membranes. One study compared
bacterial and eukaryotic cells on plasma polymer deposited thin films patterned with nano
grooves and varying surface charge.74 The most negatively charged UV-treated polymer as
well as the UV-patterned surface resisted bacterial adhesion at 2 and 14h of incubation. The
rate of osteoblast adhesion, however, was not straightforward or similar to the dynamics of
bacterial adhesion. Cell number increased at different rates between substrates, with the UVtreated surfaces having the highest adhesion at 6h and UV-patterned at 3 days. Osteoblast
progenitor cells also showed alignment with the nano grooves even with variations in surface
chemistry. Bacterial cells, however, remained randomly oriented possibly due to
contradictory effects of surface chemistry and topography.74
Besides utilizing topographical arrays for cell adhesion and orientation with
controlled spacing of features, many prior studies have focused primarily on a roughness
value of amorphous material surfaces. A recent study differentiated between four types of
surface roughening and textures (conventional, nanorough, nanotextured, and nanotubular)
on TiO2 samples based on fabrication method.75 Unmodified titanium had micron-rough
(nano-smooth) surface features, that became nano-rough after electron beam evaporation.
Anodization for 1 min resulted in nanotextured surface features, while increasing the
anodization time and HF concentration to 10 min and 1.5% resulted in nanotubular-like
structures with an inner diameter from 60 to 70 nm.75
All bacteria lines (S. aureus, S. epidermidis, and P. aeruginosa) attached the least to
the nanorough Ti substrates. Nanotubular Ti, followed by nanotextured, showed the highest
bacterial adhesion for all cell lines when compared to both conventional and nanorough Ti.75
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This could support the idea that moving down from micro to the nano regime does not
necessarily bring better bacterial resistance simply due to a larger surface area to volume
ratio, but this study is somewhat inconclusive in terms of topography. The authors mention
that the high numbers of bacterial attachment to nanotextured and nanotubular surfaces may
have come from a higher surface concentration of fluorine. Fluorine is known to increase
bacterial adhesion76-79 and was likely left over on the surface after the anodization process. If
that is the case, it is unclear whether topography tends to have a prevailing effect on bacterial
adhesion. In the study discussed above,75 the nanorough Ti surfaces had both the lowest
adhesion and the lowest number of living cells after a period of 1hr. The surface energy of
each sample correlated proportionally with the amount of protein adsorption. Samples with
the highest surface energy had the highest amount of adsorbed fibronectin: nanotubular
(highest) > nanotextured > nanorough > conventional (lowest).75
Increased surface area of nanomaterials inherently allows more sites for chemical and
physical interactions with its environment. One of the main events in a biological or bodily
environment is the adhesion of proteins to the device surface. Nanorough features have been
shown to increase protein attachment80-82 and selctive protein attachment or coating has been
shown to consequently control whether bacterial or mammalian cells adhere in greater
numbers.83,84 Bacterial adhesion is influenced by many chemical factors and cues.
Maintaining similar physiochemical surface characteristics between experimental groups is
essential to successfully determining whether topography plays a significant role. There is a
large number of available nano-fabrication techniques.85 Since bacterial adhesion is
responsive to many chemical and physical cues, it is useful to characterize the chemical
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properties of similar geometrical patterned surfaces made by different fabrication methods.
Ultimately such comparisons would establish an approach for optimizing a widely used
medical material, such as titanium for cellular invasion that will additionally act as a barrier
for bacterial adhesion.86
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Modulating ion release on the nanoscale.
There are certain concerns with the introduction of nanoroughened, nanotextured or
other nanoscale surface modifications.87,88 Certain metallic materials are them well known
antimicrobial agents due to their chemical properties. Silver and zinc, for example, are used
in antimicrobial nanostructured surface coatings, also known as thin films.89 The
antimicrobial property of silver thin films is related to Ag+ ion release from the nanoparticles
into the surrounding aqueous medium and can be confirmed by using inductively coupled
plasma mass spectrometry (ICP-MS).90 This release is mediated by preliminary oxidation of
inert silver when exposed to an aqueous environment. Little attention is paid to topography
since ion release is mainly determined by the surface area to volume ratio. Nanosilver
coatings can be fabricated by methods such as flame assisted chemical vapor deposition91
and plasma spraying onto substrates such at titanium.92 When nanosurfaces are fabricated by
using a powdered starting material, the resulting surface morphology is not necessarily on the
same size scale as the starting powder, but it is greatly dependent on the size distribution of
the starting powder. Nanostructured surface coatings used in the plasma sprayed silver study
had distinct morphologies with isolated structures as a result of a starting powder material of
a controlled size. Control over the amount of silver powder mixed with titanium powder
additionally allowed to create a surface which released a concentration of ions that would be
less than the maximum cytotoxic concentration

92

Aside from metallic powders like titanium,

silver and zinc nanoparticles can be combined with other materials to successfully impart
antimicrobial efficacy. Nanostructured polymer surfaces have used elemental silver
nanoparticles as an additive or a coating with good antimicrobial results. Organosilicon,90
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polyamide,93 polyurethane,94,95 polyethylene,94,96,97 polyethylene oxide,98 chitin99,100 and
many others have all shown improved resistance to various bacteria when incorporated with
metallic nanoparticles such as silver or zinc.
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Literature Review: Novel Approaches to Bone Grafting: Porosity, BMPs, Stem Cells,
and the Periosteum

Abstract:
The disadvantages involving the use of a patient’s own bone as graft material have led
surgeons to search for alternative materials. In this review, several characteristics of a
successful bone graft material are discussed. In addition, novel synthetic materials and
natural bone graft materials are being considered. Various factors can determine the success
of a bone graft substitute; for example, design considerations such as porosity, pore shape
and interconnection play significant roles in determining graft performance. Effective
delivery of bone morphogenetic proteins and the ability to restore vascularization play
significant roles in determining the success of a bone graft material. Among current
approaches, shorter bone morphogenetic protein sequences, more efficient delivery methods,
and periosteal graft supplements have shown significant promise for use in autograft
substitutes or autograft extenders.
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Current bone grafting techniques:
Critical size bone defects result from one or more pathological events (e.g., tumor, trauma,
inflammation, or radiotherapy)1 and can lead to a delayed union or a nonunion of fracture.
The lost bone mass can be replaced using a number of techniques and materials. In some
cases, a patient’s own bone may not be available or may not be obtainable in sufficient
volume to repair a given defect. In these cases, natural, synthetic, and artificial materials can
be used to replace autograft materials; a variety of clinical outcomes have been achieved with
these bone graft materials.
Autogenous iliac crest bone graft (AICBG) is considered the gold standard for bone
grafting procedures due to its natural osteoinductivity; however, the disadvantages of
autografting procedures such as donor site pain, increased operative time, and the limited
amount of obtainable material have led surgeons to search for alternative materials.
Acceptable bone substitutes should offer one or more of three characteristics that are
provided by autograft materials: osteoinductivity, osteoconductivity, and osteogenicity. For
example, allograft materials eliminate the need for donor site tissue removal and provide
good osteoconductivity; however, these materials are associated with poor osteoinductivity.2
Unlike patients receiving autograft materials, patients receiving allograft materials undergo
shorter operative times as well as receive satisfactory outcomes; however, allograft recipients
have been shown to experience longer post-operative fevers.3 In addition, allograft
transplantation is relatively safe from infection transmission; current sterilization practices
used in hospital bone banks virtually eliminate infection transmission from frozen cadaver
bone.4
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Synthetic materials exhibit several beneficial properties, including unlimited supply,
straightforward sterilization, and simple storage5. Novel composite materials such as nanohydroxyapatite/poly-lactic acid are fabricated to mimic both the natural porosity of bone as
well as having similar mineral properties.6 Such novel composite nanomaterials can be
engineered to exhibit osteoinductive properties through the incorporation of bone
morphogenic proteins (BMPs).7 BMPs are important supplements to synthetic materials since
they can induce bone and cartilage formation as well as other biological activities, such as
cell proliferation, migration, and apoptosis.8 Their increased application in clinical fracture
healing, however, raises efficacy and dose concerns9; in addition, there is room for possible
improvement through use of shorter bone morphogenetic protein 2 related peptide
sequences.10 Ensuring good vascularity is also a problem that faces any bone graft material.
Use of periosteal grafts, growth factors, and porous surfaces in combination may provide an
approach for increasing the success of graft vascularization. Advances in cell harvesting,
three-dimensional matrices, and recombinant signaling molecules may also provide graft
material improvements. This review will consider advances in synthetic materials, tissue
engineering approaches, and allograft enhancements that are used in bone grafting
procedures. It will also outline the necessary general evaluation criteria that must be
considered for any given bone graft material including nanomaterials. The optimal bone graft
material should possess mechanical and structural properties similar to bone, provide
controllable BMP delivery, and exhibit sufficient porosity as well as microscale and
nanoscale features for bone regeneration. In addition, the material should be simple to
sterilize, nontoxic, and dissolve at a controlled rate.
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Pore Size and Shape:
Porosity is an important factor in determining tissue-implant material integration.
Porosity can be incorporated within natural and synthetic scaffold materials in order to
impart desirable properties to these materials. For example, polymers such as poly(lactic-coglycolic acid) (PLGA) and polycaprolactone (PCL) can be prepared with porous structures in
order to obtain improved protein loading and controllable degradation rates.11 Porous
ceramics and composites such as beta tricalcium phosphate and hydroxyapatite can be
prepared with strength equaling or exceeding that of human cancellous bone.12,13 In addition,
these materials can be prepared with interconnected porosity, including both macroporous
and microporous features similar to that of bone.14 Nanoporosity may additionally be
introduced into hydroxyapatite through the use of composite HA and polymer materials such
as polyvinyl alcohol. The polymer can act as a pore former to create open interconnected
pore structures as well as improve the bending strength of the ceramic HA component.15
Features such as pores are known to facilitate BMP loading and delivery.14 The properties of
natural materials as well may be improved through incorporation of porous structures and
BMP loading. For example, a recent study involving collagen scaffolds found that cell
spreading and migration in collagen were more dependent on porosity and pore size than on
matrix stiffness.16 It should be noted that an increase is porosity is associated with several
drawbacks. Collagen and scaffold materials exhibit increases in absorption rates and
decreases in mechanical properties with decreases in density (i.e., increases in porosity).17
Scaffold materials are commonly engineered to have interconnected porosity and controlled
pore dimensions, which may be used to modulate cell growth, seeding, and differentiation.18
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Novel advancements in scaffold fabrication, such as computer-assisted solid freeform
fabrication (SFF), facilitate preparation of structures with precise shapes and uniform pore
characteristics.19 In addition to scaffolds with large pores, porous scaffolds with multiscale
porosity more closely resembling that of natural bone have been created. Sponge-like iliac
crest bone, which is commonly used as an autograft material, exhibits a natural supporting
structure that is made up of a network of smaller trabeculae (micropores); these trabeculae
enclose larger voids (macropores), providing 55–70% interconnected porosity.20
Macroporosity alone, however, does not completely replicate the native bone structure.
Calcium phosphate ceramics have been fabricated with both micro- and nano-porosity as
well as inherent nanotexture which was shown to decrease soft tissue ingrowth while
improving new bone formation in a rabbit model.21 Pore size and pore shape in scaffolds
must be similar to those of natural bone for the given type of bone defect; in addition, the
pore characteristics, such as interconnection, must facilitate diffusion of oxygen and other
nutrients. Although there has been significant discussion regarding optimal micropore size,
most studies focus on scaffolds with pore sizes above 100 μm.22 One concern regarding pore
size involves optimizing the surface area that is available for cell attachment. If the pores are
too small, they may inhibit cellular migration and produce necrosis23; if the pores are too
large, they may not provide sufficient surface area for cell attachment24,25 and they may
compromise structural integrity.12,17 A recent study of interconnected porous
polycaprolactone (PCL) scaffolds found that 350 μm and 800 μm pores play a limited role in
bone regeneration, indicating that pore features other than size may play important roles.26
Another study showed that while initial cell adhesion (48 hour post seeding) reaches a
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maximum value for a mean pore size of 120 μm, overall cell migration is greatest for pore
sizes larger than 300 μm.27 This study suggests that it is important to consider parameters
other than size (e.g., pore shape, interconnection and overall permeability). In addition, coneshaped (diameter gradient) pores were associated with significantly higher oxygen
concentrations and cell proliferation than uniform-diameter pores.28 An increase in porosity,
particularly with interconnected pores, may be associated with a decrease in mechanical
stability; this relationship is dependent on the material. For example, scaffolds based on pure
hydroxyapatite (HA) have much better mechanical properties than biphasic composites based
on HA/beta-tricalcium phosphate (HA/β-TCP).29
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Oxygen Diffusion and Permeability
The role of oxygen diffusion through pores has been studied extensively by means of in vitro
studies, which indicate that oxygen diffusion plays an important role in angiogenesis. A
problem for bone graft materials has been the inability to induce angiogenesis at the center of
the scaffold as well as at the periphery of the scaffold30; in addition, there are difficulties
associated with maintaining a nutrient supply to newly formed tissue.31,32 The lack of oxygen
can reduce cellular respiration as well as pore invasion; alternatively, lack of oxygen (when
reduced to a degree) promotes angiogenesis through the hypoxia-inducible factor-1
pathway.33 When cells adhere to a given surface, they need additional space in the form of
interconnected pores for acquisition of nutrients, removal of wastes, and transport of
proteins.34,35 An alternative approach to looking at pore size and structure alone is to
determine the overall permeability of a scaffold material. One study used Forchheimer’s
equation and Darcy’s Law to find values for overall permeability that are consistent with
literature data for porous hydroxyapatite scaffolds.34 Forchheimer’s equation is an empirical
relationship that describes a parabolic dependence of the pressure drop (DP) through a
scaffold with the resulting superficial velocity.35-38 Darcy’s Law is a linear relationship
between fluid velocity and pressure drop.35 This relation accurately determines flow
permeability and takes porosity, pore size, and tortuosity (amount of curvature in the
network) into account. Permeability should be obtained in a simulated environment that
resembles in vivo fluid, pressure, temperature, and velocity conditions as closely as possible.
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Roughness and Microporosity on the Nanoscale:
Scaffold surface properties have a significant influence on cell-material interactions; these
properties should be examined at the nanometer and micrometer scale. The extracellular
matrix of a cell is composed of nanometer sized features, such as pores, fibers, and ridges;
these features have influence on cell migration and orientation.39,40 It is a goal of scaffold
processing to fabricate a scaffold that exhibits the appropriate surface topography for a
desired cell response. The relationship between titanium implant surface roughness and
osteoblast behavior or Staphylococcus behavior has been examined; osteoblasts and
Staphylococci had dissimilar preferences for surface roughness types.41 The study suggests
that lateral lengths of topographical features and vertical roughness parameters on a titanium
surface can be optimized to simultaneously promote osteoblast adhesion and minimize
bacterial interaction. These effects of surface topography are independent of scaffold
chemistry; surface topography-dependent properties provide specific contribution to
toxicity,42 immune response,43 cell motility,44 and other factors. Recent advances have
provided more precise control over the surface features of nanoscale materials. Cell
proliferation studies have been used to examine various surface features, including the
incorporation of microporous features within bone scaffold materials. In a study comparing
TiO2 nanotubes to moderately rough blasted surfaces that are used in bone implants,
nanotube surfaces were shown to provide significantly increased osseointegration and new
bone formation; in addition, more cell contact at the bone-implant interface was noted. The
diameters and heights of the nanotubes were modulated by altering reaction times; nanotubes
with diameters of around 90 and 108 nm were obtained. These dimensions are orders of
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magnitude smaller than those of macroporous features; macroporous features are typically
one hundred micrometers or more in diameter.22 Studies have also shown the positive effects
of incorporating microporosity within macroporous scaffolds in animals.45-47 For example,
significant increases in capillary penetration, bone volume, and mineral apposition rates have
been observed with ceramic constructs, including hydroxyapatite (HA).45 In addition, the
amount of the increase varied with different levels of microporosity.28 Ceramic composites
made from calcium phosphate and hydroxyapatite are attractive scaffolds since one can
obtain structures with microporous features, such as pores and rods.22,48-51 Macroporous
biphasic calcium phosphate (MBCP) is a ceramic material that is similar in composition to
the mineral phase of bone; it forms a very strong attachment to host tissue.52-55 In addition, it
can be custom prepared for bone grafting procedures56 and it can be modified with
microporous features.57 For example, one study used micro-robotic deposition to create
microporosity within MBCP rods; it was found that recombinant human bone morphogenetic
protein 2 was associated with a microscale positive effect; however, no positive macroscale
effect was observed. BMP was not necessary for bone formation within the micropores.22
Microporosity also theoretically eliminated “dead space” in the scaffold, which theoretically
improves load transfer between the tissue and the material and overall toughness. In addition,
it facilitates use of the material for establishment of a continuous mechanosensory
network.11,12,16,19 In addition to ceramics, polymers may also be fabricated with microporous
features.58,59 For example, resorbable polyurethane materials have been fabricated into threedimensional microporous scaffolds, which may be used for cartilage tissue reconstruction58
with an autogenous periosteal flap60,61 (discussed later in this review). Biodegradable
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polyurethane scaffolds have been used to support attachment and proliferation of
chondrocytes and osteogenic cells

62-64

; these materials, which contain open interconnections,

can be used as microporous templates.65 Phase-inversion techniques have been used to
prepare such microporous polymeric membranes with well-controlled and well-defined pore
sizes and geometries.58 Satisfactory mechanical properties make these materials an attractive
choice for microporous tissue engineering scaffolds, providing the ability to supplement or
replace periosteal flaps.58
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Bone Morphogenic Proteins:
At the present time, two BMPs are clinically available, bone morphogenetic protein 7 (BMP7) and recombinant human bone morphogenetic protein 2. BMP-7 (osteogenic protein-1),
which is distributed by Olympus Biotech (Hopkinton, MA), uses a bovine collagen carrier in
granular form. Recombinant human bone morphogenetic protein 2, which is distributed by
Medtronic (Minneapolis, MN), uses a collagen sponge carrier. The carrier materials slow the
release of BMP during administration.5,8,9 Collagen sponges and similar carrier materials
exhibit excellent biocompatibility and have good cell and macromolecule interactions.66
Collagen is also an attractive material for use as a delivery vehicle and as a material coating
due to the fact that it has a favorable influence on cellular infiltration and wound healing.
Collagen can also be processed in an aqueous base, which minimizes potential contact with
toxic chemicals. It is a well-studied material; aqueous injectable collagen dispersions,
powders, sutures, wound dressings, shields, sealants and spongy implants have been utilized
in a clinical setting.67 It is also a well-known hemostatic agent; furthermore, it is suitable for
carrying pharmacologic agents, including protein-based agents and antibiotics. It should be
noted that collagen carriers do have several drawbacks. Bone grafting substitutes require a
large amount of BMP to be delivered to the fracture site. Recombinant human bone
morphogenetic proteins are known to become soluble and can escape the delivery site,
particularly when administered in large doses.68 Due to these factors, recombinant human
bone morphogenetic protein collagen carriers are not ideal materials for sustained ratecontrolled delivery of BMPs. The high market price and the need for large doses of BMPs
have driven the development of highly-controlled delivery vehicles. When used in large
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doses, BMPs have been shown to cause side effects, including local inflammation during
spinal fusion as well as unwanted ectopic bone formation.69
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Gelatin as a BMP Carrier
Gelatin is an attractive alternative to collagen as a BMP carrier. It is a natural biodegradable
polymer that is used in various medical applications, including skin regeneration,70 bone
grafting,71 and controlled drug release.72 Gelatin contains denatured collagen; it also exhibits
lower antigenicity than collagen. The isoelectric point of gelatin can be selected to be acidic
or basic.73 This property allows growth factors with several isoelectric point values to be
loaded into gelatin, while maintaining the biological activity of these factors. The
degradation rate and growth factor release can be varied by controlling the amount of crosslinking in the gelatin, which influences the in vivo rate of enzymatic decay. Thermal
stability, resistance to water dissolution, and collagenase digestion are all dependent on the
amount of cross-linking that is present.74 One study addressed the problem of early diffusion
and absorption of BMP through use of a slow-release gelatin hydrogel layered on top of a
biodegradable poly-L-lactide/ 
-caprolactone copolymer. The results showed that BMP was
released over a period of several days; formation of new healthy bone was noted in a canine
model.75 Gelatin is also suitable for cell delivery; this material may be used for tissue
engineering of bone and other tissues.76 The delivery and slow release properties of gelatin
can be combined with other materials to create protein-loaded gelatin microspheres. A recent
study examined the effect of incorporating gelatin microspheres within calcium phosphate
bone cement (CPC); in this study, the CPC/gelatin composite healed defects more quickly
and had a higher bone mineralization rate than CPC loaded with recombinant human bone
morphogenetic protein 2 without gelatin.77 More recently it has been shown that even

49

smaller, nanoscale gelatin colloidal gels can successfully deliver biological molecules such as
BMP-2 to create a stimulatory effect on bone regeneration.78
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Gelatin-based Absorbable Polymer Matrices.
Gelatin can be cross-linked with chitosan in order to create porous scaffolds for bone tissue
engineering. These scaffolds are able to support adhesion and osteogenic differentiation of
bone marrow mesenchymal stem cells in a rat model.79 Gelatin/beta-chitosan porous
scaffolds can be used to immobilize the amine groups of recombinant human bone
morphogenetic protein 2 on the carboxylic groups of the scaffold surface; this material may
be used for dental applications.80 Gelatin scaffolds can also be used to carry lyophilized
adenovirus encoding BMP-2 (AdBMP-2). This study points to the possibility of using
lyophilized viral BMP and gelatin to prepare pre-made constructs for treatment of bone
defects.81
Another notable gelatin scaffold is an injectable product called E-Matrix (Pioneer Surgical,
Marquette, MI), which is derived from porcine collagen. E-matrix contains gelatin that is
copolymerized with a high-molecular weight branched glucose polysaccharide (dextran).82
The large carbohydrate molecules stabilize unwound collagen strands, which typically
exhibit helical structures. The scaffold attempts to mimic the open extracellular matrix
structure of embryonic mesenchymal tissue in order to encourage increased interactions
between cells and the scaffold surface. Ionic and molecular interactions hold the copolymer
matrix together; polar amino acids (e.g., cysteine, glutamic acid, arginine, and lysine) also
provide structural stability. The exposed polar amino acid binding sites are thought to interact
with host cells, which participate in growth and repair of bone as well as other tissues. Polar
amino acid sequences are typically obscured from host cells in the extracellular matrix by the
tightly wound triple-stranded helix of collagen.82 The modified open gelatin scaffold has the
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potential to promote tissue-specific responses depending on growth factor loading and
enhanced cellular responses (e.g., the osteoinductive response to BMPs). A recent study of Ematrix showed that it enhanced spinal fusion; in this study, it was used as a recombinant
human bone morphogenetic protein 2 carrier in a rat spinal fusion model.83 Overall, gelatin
scaffolds and sponges have promising futures for use as BMP carriers. They have been
shown to be effective in several animal models, including rabbits84 and mice85; in addition,
they are an attractive alternative to collagen BMP carriers for clinical applications.
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P24 Oligopeptide:
Even if delivery can be provided in a controlled manner, natural BMPs have several
shortcomings that limit their clinical use. BMPs are susceptible to rapid degradation;
furthermore, they exhibit complex structures, limited availability, and the potential to
contribute to unwanted reactions.86 Bone morphogenetic protein 2 is known to have the
strongest ability to induce formation of new bone.87 It has two subunits, which are antigenic
determinant epitopes that bind to either receptor type I or type II.88 These epitopes are known
as the “wrist epitope” and the “knuckle epitope.” The knuckle epitope of bone morphogenetic
protein 2 binds to BMP receptor type II.89 The bone morphogenetic protein 2 receptor is
thought to merge at the 73–92 peptide of the knuckle epitope of bone morphogenetic protein
2.87 An alternative to using costly natural BMPs involves creating a synthetic version of this
functional region. The most well-known approach uses solid state synthesis and
chromatography to achieve high yields of oligopeptide P24, which designated the number 24
due to the fact that it contains a 24 amino acid sequence from the bone morphogenetic
protein 2 functional region. Several studies investigated the feasibility of coupling the P24
oligopeptide to alginate; these materials have been evaluated in in vivo studies involving
small animals. Synthetic P24 has been shown to significantly increase osteoinduction on
mineralized recombinant collagen, nano-hydroxyapatite/recombinant human-like
collagen/poly(lactic acid) (nHA/RHLC/PLA) porous scaffold90 and PLGA materials91 when
implanted into rat and rabbit models.92 Another study suggested that P24 exhibits the same
biological activity as natural bone morphogenetic protein 2; in this study, P24 and natural
bone morphogenetic protein 2 showed equal potential to induce ectopic bone formation.93

53

Vascularity and the Periosteum
Allograft material (i.e., cadaveric bone) is commonly used for bone replacement. Allograft
material is utilized in a wide variety of structures, including whole bone segments,
demineralized matrix, and bone chips. One benefit of allograft material over autograft
material is that a donor site is not required. In a follow-up study that involved the use of
autogenous iliac crest bone graft and banked allograft bone in scoliosis surgery, patients
receiving allograft bone demonstrated significantly better post-operative results. Three
months after surgery, half of the patients receiving autograft material had physically limiting
donor site pain at the wound site. On the other hand, patients receiving allograft material had
successful results and returned to their preoperative level of function soon after surgery.94
There are theoretical concerns regarding donor harvesting, donor screening,95 and allograft
material storage; there are also theoretical concerns regarding infection transmission if
allograft material is not properly processed. Allograft material is an effective alternative to
autograft material for anterior cruciate ligament reconstruction.96 One study looked at
postoperative surgical site infection one year following spinal fusion surgery; no significant
difference in the rate of infection was noted among irradiated allograft,
nonirradiated allograft, and autograft materials.97 This result may in part be attributed to the
compatibility of cadaver bone with sterilization methods. Another study evaluated the effect
of sterilization processes on the mechanical strength of cortical bone allograft material prior
to implantation. Cylindrical cortical bone cadaveric materials were sterilized by chemical
sterilization; chemical and gamma irradiation; as well as chemical treatment, lyophilization,
and terminal sterilization with rehydration. Untreated materials were examined for

54

comparison purposes. The cadaveric materials were subsequently tested to failure by means
of axial compression, diametral compression, shear, and bending studies; no significant
differences in ultimate stress, strain, or fracture energy data among the groups were noted.98
Allograft materials are associating with some shortcomings; for example, these materials
exhibit limited resorption and new bone replacement, which tends to occur at the periphery
of the allograft material. The challenge for allograft materials is to achieve well-vascularized
new bone by means of a process known as allograft revitalization. Retrieval studies involving
human subjects have shown only 15-20 % replacement with new bone after five years.99 94
Implanted allografts demonstrate good soft tissue attachment; >80% coverage of graft
surface area after two years has been noted. In addition, they become enveloped by wellvascularized muscle. On the other hand, allograft failure is often associated with insufficient
vascularity. A study involving use of allograft materials in rabbits found no vascularization in
these materials despite the fact that the allograft materials were combined with autograft
adipose-derived stem cells.100 Additional studies have examined a combined approach and
have obtained different outcomes. A more successful study involving a combination of
adipose-derived stem cells, recombinant human bone morphogenetic protein 2, periosteum,
and structural bony porcine mandibular allograft constructs suggested that periosteum plays a
significant role in determining allograft vascularization. The allograft constructs were
implanted within a periosteal envelope after rib extraction (thoracic) or wrapped within
rectus abdominis muscle. The rectus abdominis implants showed little vasculature and were
encased within scar tissue. On the other hand, the periosteal envelope implants resembled
normal healthy bone and were superior in many ways. All of the periosteal envelope
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implants had bony processes in development between them and the native ribs; in addition,
these materials were more firmly affixed and had predominately smoother surfaces.100
Although the individual effects of recombinant human bone morphogenetic protein 2, stem
cells and periosteum could not be determined, the study underscored the importance of
periosteum. In addition, the rectus abdominis implants showed limited new bone growth,
which occurred in locations with sufficient vascularity. In contrast, the periosteal envelope
implants were highly vascular throughout, suggesting that the periosteum was a critical factor
in establishing a good vascular supply.100 It is important to note that the origin of the
periosteal graft material plays an important contribution. The use of periosteum has been
studied extensively for use in chondrogenesis. The chondrogenic potential of periosteum is
known to significantly vary based on the donor site; iliac grafts show the highest potential.
On the other hand, skull grafts show almost no chondrogenesis.101 This variation is likely
caused by differences in mesenchymal stem cell amounts for various locations and by
differences in the structure of periosteum found in various locations. In vivo studies
involving animal models have indicated the possibility of optimizing periosteal graft
performance by pretreatment with transforming growth factor beta 1 (TGF-beta 1)102 or
insulin-like growth factor-I (IGF-1)103 via subperiosteal injection. Although the studies
focused exclusively on osteochondral defects, they suggest possible use in fracture treatment;
TGF-beta injection resulted in increased extracellular matrix production in the region
surrounding a bone graft.104
Periosteal cells have been shown to be biocompatible with synthetic and natural
scaffolds in vivo105; furthermore, these cells have been shown to induce new vascularized
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bone formation on scaffolds in animal studies. The periosteum is composed of an osteogenic
layer that is known to contain mesenchymal stem cells (MSCs), a fibrovascular intermediate
that contains fibroblasts and endothelial cells, and a collagenous outer layer. These layers
contain cellular components that promote osteogenesis and vascularization; in addition, these
layers contain collagenous matrix, which is vital to the success of a bone graft. One study
proposed a technique that gently inverts the periosteum in a manner that allows the
collagenous layer to contact the bone and allows the osteogenic layer to contact the graft
material and the surrounding tissue.106 Although inverted periosteum has less stem cell
potential than bone marrow aspirate, it is considered to be a viable supplement to bone graft
material.106 A human case study using a combination of adipose-derived stem cells, bone
morphogenetic protein 2, allograft material, and periosteum resulted in healthy lamellar
craniofacial bone, obviating the need for osteocutaneous free flaps or additional allograft
material.107 Another study stressed the importance of harvesting the periosteum with the
cortical components, which contain the cambium layer that is thought to be responsible for
osteogenesis. This study further confirmed the efficacy of periosteal flaps; a 75% success rate
in treating recalcitrant nonunions that were resistant to conventional therapies, including
cancellous autografts and cadaveric allografts, was demonstrated.108 Such findings suggest
the possibility of preparing periosteal grafts for both allograft enhancement and synthetic
graft enhancement in situ. Periosteum supplements are a promising solution to poor
vasculature for both synthetic materials and allograft materials; these materials may be used
in combination with BMPs and stem cells. If available, periosteum should be utilized as a
graft or preserved at the site of implantation for improved graft vascularity and osteogenesis.

57

Conclusions:
The ideal alternative to autogenous bone grafts is a combination of existing materials, which
impart the desirable characteristics of the component materials. The surface should exhibit
optimal permeability, cellular ingrowth, and cellular differentiation characteristics. Porosity
should also be optimized in terms of size, shape, distribution, and interconnection on the
macro, micro, and nano scales. Delivery of BMPs should be through the use of slow-release
carriers as well as shorter, more precise peptide sequences, which facilitate controlled
delivery and decrease the unwanted effects of natural BMP, respectively. In addition,
allografts and synthetic materials stand to benefit from periosteal supplements for improved
vascularity.
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CHAPTER 1: In-vitro cytotoxicity of rare earth oxide nanoparticles for imaging
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Abstract:
The in vitro cytotoxicity and cellular uptake of commercially available doped YVO4 was
evaluated in RAW 264.7 macrophages using the MTT assay. The results indicated that 20-50
nm diameter samarium-doped YVO4 showed significant toxicity at concentrations of 25
µg/ml and higher; samples of the same material functionalized with COOH showed less
cytotoxicity. At concentrations of 25-100 µg/ml, 20-50 nm erbium-doped YVO4 showed less
toxicity compared with 20-50 nm samarium-doped YVO4. 10-nm samples showed no
toxicity at concentrations of 100-600 µg/ml. The cytotoxicity of rare earth metal
nanoparticles in macrophages is dependent, at least in part, on size and surface
functionalization.
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Introduction:
The lanthanide element series along with two chemically similar elements, scandium
and yttrium, are known as rare earth elements. Rare earth metal oxides can be synthesized as
mixed oxides1 to obtain a range of desirable physical properties. In our study, we examined
commercially available rare earth metal oxide nanoparticles that have a number of possible
medical and pharmaceutical applications, namely as imaging agents and diagnostic probes.
Rare earth oxides exhibit luminescence and are commonly termed phosphors. Their imaging
properties originate from their shielded f-electrons, which give lanthanides their
characteristic long luminescence lifetimes. Lanthanide ions by themselves, however, are
fairly difficult to excite in order to achieve a sufficiently strong signal. This limitation is
overcome by functionalizing the surface with surface modifying organic ligands and
transferring incoming energy to the metal core.2 The lanthanide surface can be functionalized
with a ligand that is appropriate for a given application.3 Alternatively, the rare earth
elements can be doped into an inorganic host crystal structure. The host material absorbs
photon energy and transfers it through either charge transfer or energy transfer mechanisms
to the rare earth atoms for emission. For the nanoparticles used in this study, yttrium
vanadate (YVO4), the host material, absorbs photons and transfers the energy to the rare earth
component, which subsequently emits the resulting photons. In the case of nanoparticles, the
inorganic compound is generally more stable than the metal complexes at various chemical
conditions. Lanthanides themselves possess sufficient chemical stability to make them
suitable for use as dopants4 and free nanoparticles in solution.5 Rare earth metal nanoparticles
also tend to exhibit characteristic narrow band emission spectra and slow decay rates. Their
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size and dimensions can be optimized6 to improve luminescence properties in order to yield a
reliable imaging agent with a long lifetime.7
Human health safety considerations arise with rare earth metal nanoparticles due to use
of these materials in diagnostics,8 biolabeling,9 drug delivery,10 and other medical
applications. Rare earth metals show varying levels of element-dependent toxicity to certain
plant and aquatic life. For example, ecotoxicity studies of rare earth metal oxide
nanoparticles such as yttrium, samarium, erbium, and holmium oxides indicate that these
materials may pose some risk to aquatic organisms when dissolved in water and present in
sediments.11 Other rare earth metal oxide nanoparticles such as lanthanum, gadolinium, and
ytterbium severely inhibit root elongation of certain plants and have other phytotoxic
effects.12 In contrast, evidence for human toxicity is somewhat limited and depends on the
application. Rare earth doped nanoparticles are cadmium-free alternatives to traditional
quantum dots, which commonly contain toxic heavy metals such as cadmium or lead.
Although quantum dots can be manufactured with a variety of materials including zinc,13
carbon,14 and various non-cadmium materials,15 the best characterized and most commonly
used quantum dot materials contain cadmium. Cadmium is more toxic than rare earth metals;
it should be noted that somewhat considerable cytotoxicity of certain rare earth oxides has
been reported in pulmonary alveolar macrophages.16 In HeLa cells, however, lanthanide
complexes enter freely into the cytoplasm and have no apparent toxic effects.17 When
conjugated with heparin, lanthanide hybrid materials may decrease toxicity, improve cell
adhesion in a PC-12 pheochromocytoma cell model, and decrease coagulation in rabbit
blood.18
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Because of the relative lack of data on the toxicity of rare earth oxides, including in
nanoparticle form, this study was designed to address the following two objectives: (1) to
evaluate cellular interactions and potential cytotoxicity of rare earth-doped YVO4
nanoparticles in macrophages, and (2) to select a potential non-toxic imaging agent for future
experiments. In order to examine potential effects of size and surface functionalization on
cellular response, macrophages were exposed to nanoparticles with two different size
distributions; particle samples had either an average diameter of 10 nm or an average
diameter range of 20-50 nm. Lanthanide nanoparticles with or without COOH surface
functionalization were incubated with macrophages to evaluate the effect of surface
functionalization on cytotoxicity. Cellular uptake with nanoparticles was also investigated.
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Materials and Methods:

Nanoparticle Characterization:
Phosphor-based lanthanide nanoparticles were obtained from Sun Innovations, Inc.
(Fremont, California). The samples consisted of YVO4 doped with either samarium, erbium,
dysprosium, or europium. The YVO4 doped with samarium and YVO4 doped with europium
samples were acquired with and without COOH surface functionalization. Table 1 shows the
various nanoparticle types evaluated in this study with the item number abbreviation. The
emission and excitation wavelengths provided by the manufacturer are also noted. YVD
1001 and YVE 1005, both 10 nm, were synthesized in a similar fashion; YVD 1001 was
doped with dysprosium and YVE 1005 was doped was europium. The YVD 1001, YVE
1005 and YVER 1004 nanoparticle samples were stabilized by citrate, which also acted as a
reducing agent. The YVS 1101 nanoparticle samples did not contain citrate and were instead
stabilized by polyvinylpyrrolidone (PVP). PVP and citrate are both common capping agents
used to prevent aggregation of individual nanoparticles. PVP is known to chelate lanthanide
ions and cover the surface of nanoparticles. It is also used to control size, morphology, and
shape of rare earth nanoparticles while giving them good aqueous dispersibility and a
relatively narrow size distribution.19,

20

After completing nanoparticle synthesis, two samples,

YVE 1005 and YVS 1101, were additionally surface functionalized with carboxyl groups (COOH). Surface functionalization was performed using ligand exchange methods.
Nanoparticle size and shape were characterized using transmission electron microscopy
(TEM). Samples for microscopy were prepared on holey carbon-coated copper grids and
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TEM images were obtained using a Tecnai 12 transmission electron microscope (FEI,
Hillsboro, Oregon).
Cell Culture:
Mouse macrophages (RAW 264.7 cells, TIB-71, American Type Culture Collection,
Manassas, VA) were cultured in Dulbecco’s Modified Eagle Media with 10% fetal bovine
serum. Cells were plated at a density of 2 x 104 per well in a 96-well plate. Prior to
nanoparticle exposure, the cells were allowed to reach 50-60% confluence approximately 24
hours after seeding. The cells were maintained in a 5% CO2 incubator at 37oC and 95%
humidified air.
Limus Amebocyte Lysate (LAL) Assay:
All samples were tested for endotoxin using a chromomeric end-point LAL assay kit
(Lonza, Walkersville, MD). All materials during the assay, including pipette tips, tubes,
reagents, were purchased in endotoxin-free form from the manufacturers. The presence of
endotoxin in the test nanoparticle samples was assessed and the endotoxin concentrations
were calculated from a standard curve. The concentration of endotoxin was expressed as
EU/ml. In order to assess whether nanoparticles interfered with the assay readout, identical
amounts of test samples used in the cytotoxicity experiments were diluted in endotoxin-free
water and run in parallel with the test samples.
Cell Imaging:
To investigate the cell uptake and interactions with test nanoparticles, the macrophages
were plated at a density of 2.4 x 104 cells/ml overnight in Lab-Tek II™ chamber slides
(NUNC, Rochester, NY). After overnight incubation, YVS 1101, YVS 1101 COOH, and
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YVER 1004 nanoparticles at a concentration of 25 µg/ml and YVE 1005, YVE 1005 COOH,
and YVD 1001 nanoparticles at a concentration of 300 µg/ml were added to the cells. After
6 hours incubation, cells were washed with PBS to remove unbounded particles. Cells were
fixed with 4% paraformaldehyde and were sealed with ProLong® mounting medium (Life
Technologies, Grand Island, NY) and a cover slip. Images were acquired using a CytoViva®
high resolution dark field microscope (CytoViva, Inc. Auburn, AL) with a 100x oil
immersion objective.
MTT cell viability assay:
Cell viability was measured by MTT (3-(4,5-dimethyl-2-thiazol)-2, 5-diphenyl-2Htetrazolium bromide) assay (Promega, WI, USA). Cells were seeded in 96-well plate as
described above and exposed to different concentrations of nanoparticles for 24 and 48 hours.

l) was then add

Pre-mixed dye (15
o

C. After each incubation period, the solubilization solution/stop buffer was added and the

plate was incubated for 1 hour before the measurement. Absorbance was measured at
wavelength of 570 nm (the reference wavelength was 650 nm) using a 96-well OPTIMax
plate reader (Molecular Devices, Sunnyvale, CA). Cells treated with 5% and 10% dimethyl
sulfoxide (DMSO) served as a positive control group. In order to assess whether
nanoparticles interfered with the assay readout, cell-free controls with different
concentrations of nanoparticles were included in the assay. Final values were calculated by
subtracting the background absorbance of the nanoparticles and the medium alone group.
In order to evaluate the potential toxicity of chemicals present in the nanoparticle
dispersant/solvent, supernatants were collected from the stock solutions supplied by the

86

manufacturer. Supernatants were collected after centrifuging nanoparticles for 60 minutes at
13,300 rpm. An aliquot from the top half layer of the resulting supernatant was assessed for
cytotoxicity in the MTT assay.
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 treated groups 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 to be significantly different from the
control group.
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Results:

Characterization of nanoparticles:
The size distribution of nanoparticles was assessed using TEM. The average diameters
for the six samples of nanoparticles are summarized in Table 1. YVER 1004 nanoparticles
had a slightly elongated shape (Fig. 1A). YVS 1101 nanoparticles (Fig. 1B), which were
stabilized by polyvinylpyrrolidone (PVP), are shown in Fig. 1B. No differences in
nanoparticle morphologies between YVD 1001 and YVE 1005 (Fig. 1C) were seen from
TEM images; this result may be attributed to their similar synthesis and (citrate) stabilization
methods. COOH functionalization was performed though ligand exchange methods
following synthesis; therefore, no variation in morphology between nanoparticles with
COOH functionalization and nanoparticles without COOH functionalization was observed.
YVER 1004 nanoparticles had a slightly different morphology from YVS 1101 nanoparticles
(Fig. 1A). On the other hand, YVS 1101 nanoparticles with or without COOH
functionalization exhibited similar shapes.
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Figure 1. TEM characterization of nanoparticles. A. Erbium-doped yttrium vanadate
colloid (YVER 1004). B. Samarium-doped yttrium vanadate colloid (YVS 1101). C.
Europium-doped yttrium vanadate colloid (YVE 1005).

Table 1. Physical properties of tested nanoparticles.
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Contamination of medical products with endotoxin due to non-sterile conditions
during fabrication is an important consideration for patient health. Endotoxin can cause lifethreatening reactions and endotoxin limits exist for medical devices.21 Endotoxin
contamination in test samples can activate macrophages and induce an inflammatory
response, including oxidative stress, in macrophages. High levels of endotoxin could cause or
potentiate cell toxicity following exposure to nanomaterials. In this study, we assessed
endotoxin levels in each type of nanoparticle preparation using the LAL assay. The results
showed that two samples were contaminated with endotoxin. YVS 1101 and YVS 1101 with
COOH functionalization had concentrations of approximately 560 and 224 EU/ml of
endotoxin, respectively. The rest of the samples had undetectable amounts of endotoxin.
Cytotoxicity of nanoparticles
To determine the potential toxicity of nanoparticles in macrophages, cell viability was
studied using the MTT assay (Fig. 2). None of the test nanoparticles in cell-free control
experiments were noted to significantly interfere with the identical or similar absorbance
readout wavelengths of the MTT assay. The results indicated that there was no toxicity
observed in cells treated with dysprosium-doped YVO4 colloid (YVD 1001) or europiumdoped YVO4 colloid without COOH functionalization (YVE 1005) after 24 hour exposure at
all tested (100 – 600 g/ml) concentrations (Fig. 2D and 2E). The cell viability trend for the
48 hour exposed cells was lower than that for the 24 hour exposed cells; however, no
significant concentration-dependent response was observed. Dysprosium-doped YVO4
colloid (YVD 1001) and europium-doped YVO4 colloid (YVE 1005) were characterized as
10 nm diameter nanoparticles.
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Figure 2. Cytotoxicity of six rare earth oxide nanoparticle types in RAW 264.7
macrophages. Cells were exposed to different concentrations of each type of rare earth oxide
nanoparticle for 24 and 48 hours. Cell viability was measured by MTT assay. Cell viability
was expressed as percentage of control for six rare earth oxide nanoparticles: A. YVS 1101,
B. YVS 1101 - COOH, C. YVER 1004, D. YVD 1001, E. YVE 1005, F. YVE 1005 COOH. Results are expressed as mean ± SD from three independent experiments. The
positive control, 5% DMSO, exhibited cell viability of 7% after 24 hour exposure and 4%
after 48 hour exposure. Statistical significance is shown as the difference between
nanoparticle-treated and control cells for raw data values. The symbol * indicates p < 0.05.
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Compared to dysprosium-doped YVO4 colloid (YVD 1001) and europium-doped
YVO4 colloid (YVE 1005) above, samarium-doped YVO4 colloid (YVS 1101) (Fig. 2A) and
erbium-doped YVO4 colloid (YVER 1004) (Fig. 2C) represented a population of large
diameter nanoparticles (20-50 nm) and were highly cytotoxic. YVS 1101 was highly
cytotoxic at all tested concentrations (25, 50 and 100 µg/ml); cell viability was below 11%
after 24 hours of exposure and approached 0-5% after 48 hours of exposure. Compared to
YVS 1101, YVER 1004 was mildly cytotoxic, with cell viability approximately 50-60% that
of control cells for both 24 and 48 hour exposures. An apparent size effect may be present,
since the larger size range (20-50 nm) nanoparticles were more cytotoxic than the 10 nm
materials; this effect may be caused in part by the dispersant/solvent (see below).
To determine the effects of nanoparticle surface functionalization on cell toxicity,
macrophages were treated with nanoparticles in which the nanoparticle surfaces were
modified with COOH (YVS 1101 COOH and YVE 1005 COOH). Cell responses for
nanoparticles with COOH functionalization and nanoparticles without COOH
functionalization were compared. The results demonstrated that COOH functionalization
improved cell viability for YVS 1101, with cell viability ranging from 50 to 80% (Fig. 2B).
In contrast, COOH-functionalized YVE 1005 (Fig. 2F) showed no significant changes among
100, 200, and 300 µg/ml compared to non-functionalized YVS 1101 (Fig. 2A) or nonfunctionalized YVE 1005 (Fig. 2E). Cell viability for the COOH-functionalized YVE 1005
nanoparticles decreased to 68% after 24 hour exposure and to 24% after 48 hour exposure to
the highest concentration of 600 µg/mL (Fig. 2F); in comparison, cell viability for the nonfunctionalized YVE 1005 nanoparticles decreased to 93% after 24 hour exposure and to 68%
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after 48 hour exposure (Fig. 2E). No statistically significant differences were noted between
functionalized and non-functionalized YVE 1005 except for the higher concentration of the
COOH-coated YVE 1005 after 48 hour exposure.
To determine if the dispersant/solvent of test nanoparticles contributed to cytotoxicity
following exposure to nanoparticles of YVS 1101 and YVER 1004, cell viability was
evaluated after incubation with an aliquot of dispersant supernatant for each test sample. The
results indicated that supernatants of YVS 1101 and YVER 1004 significantly decreased cell
viability following 24 hour exposure (Fig. 3). Distilled water used for dilution of
nanoparticles was tested to confirm its lack of toxicity. Supernatant collected from YVS 1101
decreased MTT cell viability by 83% while supernatant collected from the COOHfunctionalized version showed no significant decrease in cell viability. YVER 1004
supernatant decreased cell viability by 22%. Centrifuging stock solutions of nanoparticles
resulted in slightly opaque areas toward the bottom regions of the tubes rather than clearly
distinct pellets. These data suggest that the solvent may partially contribute to the
cytotoxicity induced by the nanoparticles. Because we were unable to completely separate
the solvent from the high concentration stock solutions, we cannot conclude the extent to
which the dispersant/solvent contributes to the cytotoxicity of the nanoparticle samples.
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Figure 3. Cytotoxicity of dispersant/solvent supernatants of three rare earth nanoparticle
types in RAW 264.7 macrophages. Cells were exposed to the same concentration of each
supernatant for 24 hours. Cell viability was measured by MTT assay. Cell viability was
expressed as percentage of cell and media control. Results are expressed as mean ± SD from
three independent experiments. Significance is shown as the difference between supernatanttreated and control cells for raw data values. The symbol * indicates p < 0.05.
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Nanoparticle interaction with cells
High resolution illumination microscopy was performed to investigate cell-rare earth
nanoparticle interactions. Fig. 4 shows dark field images of the nanoparticles incubated with
macrophages for 6 hours. The darker appearance of control (untreated) cells (Fig. 4A)
compared to that of treated cells (Figs. 4B-G) under identical light exposure may be due to
nanoparticle uptake in the treated cells. Additionally, there were visible bright spots present
in several samples that result from large agglomerates of nanoparticles; these features were
not present in the controls. Fig. 4B shows representative images of cells treated by YVS 1101
without COOH. These cells had consistently lower cell numbers due to possible detachment
as a result of increased cytotoxicity. In addition, the cells showed possibly altered cell
morphology and had darker cytoplasm than other nanoparticle-treated cells.
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Figure 4. Representative images of cell-nanoparticle interactions obtained using high
resolution CytoViva® dark field microscope in RAW 264.7 macrophages. Cells were
incubated with different nanoparticle samples for 6 hours before observation with the
microscope. The cells were rinsed several times so that unattached and excess nanoparticles
were removed prior to imaging. Exposure times and acquisition parameters were kept
constant for all samples and the experiment was repeated independently three times to ensure
that the results were consistent. A. Control cells, B. YVS 1101, C. YVS 1101 - COOH, D.
YVER 1004, E. YVD 1001, F. YVE 1005, G. YVE 1005 - COOH. All of the images were
acquired using the same light exposure level of 303 ms. The bar represents 10 µm.
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In contrast, Fig. 4C shows apparent uptake of COOH-functionalized YVS 1101
(brighter illumination of nanoparticles) in the cytoplasm but not in the nucleus. Cell uptake
of YVD 1001 (Fig. 4E) and YVE 1005 (Fig. 4F) rare earth nanoparticles was not as evident,
possibly due to the smaller average diameter (10 nm) of these nanoparticles. YVER 1004
appeared to be taken up into cells but also was moderately cytotoxic. YVE 1005-COOH
appeared to have an even distribution that was restricted to the cytoplasm; cell morphology
was normal due to the low cytotoxicity that was observed.
Fig. 5 presents dark field microscopy images of YVS 1101 nanoparticles on glass
slides without cells. Fig. 5A shows a representative field in the absence of nanoparticles and
cells. Fig. 5B shows images of YVS 1101 nanoparticles without COOH functionalization and
Fig. 5C shows images of COOH-functionalized nanoparticles. The YVS 1101 nanoparticles
without COOH functionalization (Fig. 5B) showed much greater aggregation and
agglomeration than the COOH-functionalized nanoparticles (Fig 5C).
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Figure 5. High resolution CytoViva® dark field images of nanoparticles without cells. A. No
particles, B. YVS 1101, C. YVS 1101 COOH. All of the images were acquired using the
same light exposure level of 303 ms. The bar represents 10 µm.
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Discussion:
This study was designed to address the two objectives: to evaluate the cytotoxicity of the
rare earth-doped YVO4 nanoparticles in macrophages and to identify a biocompatible
imaging agent for future experiments. The study indicated that a population of samariumdoped YVO4 (20-50 nm average diameter range) exhibited significant toxicity at
concentrations of 25 µg/ml and higher; however, the toxicity was attenuated when the same
material was modified with COOH. Erbium-doped YVO4 (20-50 nm) showed less toxicity at
concentrations of 25 to 100 µg/ml than samarium-doped material of the same diameter. All
10 nm diameter samples showed no toxicity at exposure concentrations of up to 600 µg/ml.
Thus, the data suggest that factors contributing to cytotoxicity may include particle size
(diameter) and surface functionalization.
It is well known that toxicity endpoints for the same cell line differ between assays;
therefore, it is important to select the appropriate assay based on the predicted cell death
mechanism.22 The MTT assay has been shown to be one of the more sensitive assays for
evaluating the cytotoxic potential of nanoparticles.23 Macrophages are known to phagocytize
particles, including nanoparticles, as part of their immunological response to foreign
materials.24 Unlike micrometer-sized particles, the smaller size of nanoparticles may allow
them to more easily associate with macrophages by both internalizing within cells and
attaching to the cell membranes.25 Therefore, macrophages are an appropriate cell model for
testing nanoparticle cytotoxicity in vitro.
In this study, the toxicity of solvent was evaluated. In order to properly examine the
solvent, the majority of nanoparticles should be removed from solution. It is difficult to
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completely remove nanoparticles from high concentration stock solutions via centrifugation.
A likely possibility exists that a fraction of the nanoparticles is not sufficiently removed from
the solvent and/or becomes re-suspended in the solvent immediately following
centrifugation. There was no distinctly visible pellet to confirm separation of nanoparticles
from the solvent; however, there was a slightly opaque area towards the bottom regions of
the centrifuge tubes. Alternatively, a chemical solvent was indeed present in YVS 1101 and
YVER 1004 that may account for its toxicity. Possible sources of contamination may come
from chemicals used in the manufacturing process and stabilizers present in solution. These
possibilities as a source of toxicity warrant further investigation.
The exact mechanism of cytotoxicity of the nanoparticles evaluated in this study is not
clear although it is evident from the cell images (Fig. 4) that all of the tested particles, at least
to some extent, collect around the cell membrane and may internalize within cells. The nondiffraction limited optical effects and an improved point spread function in the CytoViva
microscope allows for a resolution (~ 90 nm) below the typical diffraction limit (~ 240 nm)
of ordinary light microscopes.26 While the sizes of some of the rare earth nanoparticles tested
in this study are well below the CytoViva limit, 50 nm individual nanoparticles and
similarly-sized agglomerates of smaller nanoparticles can be detected. Figs. 4 and 5 present
images of the rare earth nanoparticles obtained using the CytoViva microscope. The rare
earth nanoparticles used in this study are very bright and highly reflective under dark field
microscopy (Figs. 4 and 5), which results in an increase in image illumination. This highly
luminescent nature of the rare earth nanoparticles enhances the visibility of the cells by
adding a brighter glow to the cell membrane and the cytoplasm. The visible bright spots
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present in several treated cells but not in control cells are most likely due to large
nanoparticle agglomerates. We cannot conclude with certainty what percentage of
nanoparticles are internalized by the cell and what percentage are simply attached to the cell
surface. Interestingly, the dim appearance of cells treated with the highly toxic YVS 1101
without COOH (Fig. 4B) suggests that perhaps macrophages did not internalize this specific
type of nanoparticle. This observation combined with the fact that this sample contained far
fewer cells after treatment as well as the unusual morphology of the surviving cells reinforces
the toxicity of these nanoparticles as determined by MTT. It is important to consider
nanoparticle agglomeration during in vitro cell assays since it may alter cellular uptake of the
nanoparticles. The images of the 20-50 nm YVS 1101 and YVER 1004 (Fig. 4B, D) particles
show larger agglomerates present in the background; on the other hand, the 20-50 nm
COOH-functionalized YVS 1101 nanoparticles (Fig. 4C) and the 10 nm nanoparticles (Fig.
4E-G) are more evenly distributed. It appears that the smaller nanoparticles and the COOHfunctionalized nanoparticles distribute more evenly within the cells and on the surface of the
cells; in addition, they undergo less agglomeration or aggregation than larger nanoparticles.
Comparison of the dark field images of YVS 1101 with (Fig. 5C) and without COOHfunctionalization (Fig. 5B) suggests that adding carboxyl moieties to the surface of the rare
earth nanoparticles aids nanoparticle dispersion and limits nanoparticle agglomeration. This
effect has been exploited in rare earth nanophosphors27 and other nanoparticle systems,
including CdSe quantum dots28 and nylon 6/carboxylic silica nanocomposites.29
The possibility that COOH surface functionalization decreases the toxicity of rare earth
metal nanomaterials warrants further investigation. Our results show that addition of COOH
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groups may make otherwise hydrophobic nanoparticles more hydrophilic and may make
them more evenly dispersed in an aqueous solution. However, the idea that hydrophilicity
and better dispersion due to COOH alone can make hydrophobic nanoparticles less toxic is
not supported by our results. The COOH-functionalized version of YVS 1101 showed
remarkable improvement, with a 50 to 77% increase in cell viability values (difference in %
of control between the two samples) over the non-functionalized nanoparticles (Fig. 2A and
2B). The COOH-functionalized version of YVE 1005, however, showed no significant
changes in cell viability between 100 and 300 µg/ml. At the highest concentration of 600
µg/ml, the cell viability of the COOH-coated YVE 1005 nanoparticles was actually 26%
lower after 24 hours and 44% lower after 48 hours than that of the non-functionalized YVE
1005 nanoparticles (difference in % of control between the two samples). This result suggests
that while COOH may improve dispersion of nanoparticles, better dispersion may not
necessarily decrease the toxicity of rare earth nanoparticles. Due to the already nontoxic
nature of certain rare earth metals, additional studies are necessary to look into COOH
functionalization and determine if there are instances in which it may have an effect on cell
viability. Additionally, the nanoparticle sizes of YVS 1101 and YVD 1001 are somewhat
different, approximately ranging from 20-50 nm versus 10 nm, respectively. It is possible
that the larger nanoparticles are cytotoxic through absorption of a toxic substrate during the
nanoparticle manufacturing process. When large nanoparticles were functionalized by
COOH, the stabilization ligands were changed from PVP to a COOH-functionalized ligand,
which may have introduced different factors contributing to cytotoxicity. It is not likely that
the use of PVP itself over citrate as a stabilizer was responsible for toxicity in YVS 1101
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samples. PVP is a relatively non-toxic and common ingredient in medical and
pharmaceutical applications. It is used as a solubilizing agent and additive in preparations
such as soft-gelatin capsules, oral liquids, gels, lotions, ophthalmic preparations and many
more.30, 31 A continuously expanding number of nanomaterial fabrication processes have
shown PVP as an effective stabilizer and shape controller.32,

33

In addition, PVP showed a

low toxicity profile in vitro and a for variety of exposure routes both in vivo.34
Surface charges are also known to affect cellular uptake of nanoparticles. For
example, positively charged particles have been shown to end up in high pH
microenvironments within the cytosol compartment, while negatively charged particles end
up in acidic endosomes.35 Positive surface charges, as opposed to neutral or negative, have
been reported to improve cellular uptake of rare earth20 and other nanoparticles.36 Generally,
surface charge affects cell uptake depending on what is targeted. For example, if a given
target is negatively charged, then the target repels negatively-charged particles. The particles
used in this study were negatively charged due to the negative charge of the stabilizer
reagents used in the study (citrate and PVP). When nanoparticles absorb protons, they
become neutralized, lose their surface charge, and become agglomerated. The particles used
in the study agglomerated at low pH values, such as a pH of ~3, which served as additional
proof of the particles’ negative charge. No direct measurement of the surface potential of the
particles was performed in the study.
Many studies point out that particle shape also plays an important role in nanoparticle
toxicity. Fibrous TiO2 has been shown to have much higher toxicity towards macrophages in
vitro than its spherical alternative37 and needle-like carbon nanotubes have been shown to
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have length-dependent toxicity similar to that of asbestos.38 Particle shape has also been
connected to the way nanoparticles agglomerate in vitro. Brown et al.39 demonstrated that the
interaction force between rod-shaped particles will be at least twice that of spherical
particles. The proposed mechanism was attributed to the possible lengthwise orientation of
rods against one another, which magnified the attractive forces present in biological media.
In their study, however, agglomeration was shown to decrease toxicity. In the present study,
all of the test nanomaterials had a relatively isotropic shape, with the exception of YVS 1101,
which had a slightly cylindrical appearance (Figure 1A). This difference in shape from the
other samples was not significant but may have contributed to agglomeration once added to
media.
As with any nanomaterial, it is important to consider the dose and routes of exposure
for each individual application. In our study, not all samples tested in vitro showed a clearly
noticeable concentration response. Nevertheless, our cytotoxicity and cell uptake results
indicate that of the samples tested, YVS 1101-COOH and YVE 1005 may be the most
promising ones to continue to pursue as potentially suitable agents for imaging applications
and other medical applications.
Two of the samples tested in this study were contaminated with endotoxin. YVS 1101
and YVS 1101 with COOH functionalization had concentrations of approximately 560 and
224 EU/ml, which translates to 0.056 and 0.0224 µg/ml of lipopolysaccharides (LPS),
respectively. A recent study by Kim et al. measured cytotoxicity of LPS in RAW 264.7
macrophages and reported an LD50 value of 89.5 µg/ml,

40

which is several orders of

magnitude higher than the amount in our tested samples. We spiked RAW 264.7
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macrophages with LPS to confirm that endotoxin was not the cause for toxicity (data not
shown). Cytotoxicity was evident as measured by the MTT assay starting at an LPS
concentration of 50 µg/ml. The LD50 value was approximately 50-100 µg/ml, which was
consistent with results reported by Kim et al. Therefore, our study showed that endotoxin
contamination did not contribute to the toxic effects induced by tested samples. It must be
stressed that the concentration of endotoxin contamination producing serious inflammatory
responses is much lower than the concentration of endotoxin contamination producing
cytotoxicity. Therefore, medical products must meet endotoxin standards prior to
marketing.41

107

Conclusions:
Our results suggested that some rare earth-containing nanoparticles have the potential
to be biocompatible for imaging, diagnosis, and other medical applications. The present
study highlighted how particular properties of this class of nanoparticles can influence the
cytotoxicity results in vitro, such as size, surface ligands, solvents, and stabilizing agents.
Samples of larger, 20-50 nm average diameter range nanoparticles were more cytotoxic than
samples of different 10 nm diameter particles. Images of nanoparticles with cells revealed
that the carboxyl (-COOH) coating improved dispersion in vitro. The test nanomaterials
tended to localize as agglomerates in the cytoplasm, but did not accumulate in the nucleus.
Two of the six nanoparticle preparations had endotoxin contamination, although the amounts
present did not affect cytotoxicity. Nevertheless, endotoxin contamination of nanoparticle
preparations must be considered for any nanoparticle intended for medical use. Solvents of
certain samples may have directly contributed to their overall cytotoxicity. Solvents should
be tested prior to suspending nanoparticles, since separation of nanoparticles from solvent
afterwards may be challenging. Overall our study underlined that rare earth and other similar
nanomaterials should be evaluated and optimized in terms of size, coating, and solvent to
ensure patient safety for potential medical applications.
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Abstract:
Nanostructured ZnO films have potential use as coatings on medical devices and food
packaging due to their antimicrobial and UV-protection properties. However, their influence
on mammalian cells during clinical use is not fully understood. This study investigated the
potential cytotoxicity of ZnO thin films in RAW 264.7 macrophages. ZnO thin films (~96
nm thick with a 50 nm grain) were deposited on silicon by pulsed laser deposition. The study
showed that growing cells directly on a ZnO coating was less toxic than administering the
same coating in dissolved form, when measured with the MTT assay, but not using flow
cytometry. ZnO surfaces had decreased cell viability by 43% and 68% using the MTT and
flow cytometry assays, respectively, after a 24-hr exposure. Only undiluted 100% 24- and
48-hr extract decreased viability by 89%, increased cell death by LDH release to 76% 24 hrs
after treatment, and increased ROS after 5 to 24 hrs of exposure. In contrast, no cytotoxicity
or ROS were observed for 25% and 50% extracts, indicating a tolerable concentration.
Roughly 24 and 34 µg/m2 Zn leached off the surfaces after 24 and 48 hrs of incubation,
respectively. ZnO coatings may produce gradual ion release which becomes toxic after a
certain level and should be evaluated using both direct exposure and extraction methods.
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Introduction:
Zinc oxide (ZnO) is a versatile material with a number of consumer applications due
to its antimicrobial and UV-protection properties

1,2

. Such properties can be imparted to

device and product surfaces using high-precision nanoscale coating techniques. Nanometer
film fabrication allows for a previously unattainable control of surface uniformity and
particulate grain size and has potential to optimize antimicrobial efficacy and mitigate cell
toxicity for materials such as ZnO. The PLD approach uses a high-powered laser plume that
ablates purified ZnO powder and deposits it onto the desired surface. Physical properties of
the resulting layer are customizable by tuning several parameters, such as the number of laser
pulses, chamber pressure, temperature and others. Nanoscale ZnO thin films have several
applications in the semiconductor industry
applications.

3,4

; yet represent novel coatings for medical

For medical device coatings and biological applications, nanoscale ZnO can be

fabricated in a variety of nanoparticles and complex nanostructures, such as rods and flowers.
For example, ZnO nanorods

5

are shown to modulate cell adhesion and macrophage

responses, 6 whereas ZnO nanoflowers may improve bone tissue ingrowth 7. Such physical
properties combined with improved antimicrobial activity 8 make nanostructured ZnO a
desirable and promising implant coating. With the innovative applications of metal oxide
coatings used for medical device coatings, namely those with nanometer scale patterning and
thus increased surface area, concerns arise related to potential adverse cellular responses
resulting from particulates and metal leaching at the implant site.
Bulk ZnO is a widely used food additive and is listed on the FDA’s Generally
Recognized as Safe (GRAS) database as a dietary supplement (21 CFR 182.5991), nutrient
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(21 CFR 182.5991), and a resinous/polymeric coating (21 CFR 175.300). ZnO can be used as
an antimicrobial coating for both food and medical materials; for example, it has been shown
to increase shelf life of orange juice 9 and is known to improve healing when coated on
medical tape 10. Additionally, it may serve as an effective UV blocker

11

12

and antimicrobial

when incorporated in textiles. ZnO is also an attractive alternative or complement to widely
used silver (Ag) products when stronger antifungal properties are additionally desired13. Zn is
an essential nutrient which can cause toxicity through both deficiency (usually defined as a
serum concentration below 0.7µg/mL)

14,15

16

and at higher than homeostatic concentrations

.

The cytotoxicity of both bulk and particulate Zn has been described in several cell culture
models

17-19

and inhalation studies20. Studies which evaluate the cytotoxicity of nanoscale

ZnO coatings and surfaces, as opposed to discrete nanoparticles in mammalian cells,
however, are scant.
ZnO has a high likelihood of unwanted metal ion release into its environment

21,22

,

which in some instances may be desired. By coating a precise thickness and by optimizing
coating parameters, the rate of dissolution and the total amount of Zn that can leach out may
be controlled. Zinc leaching has immunomodulatory properties that may be suited for special
applications that require suppressed immune function. For example, ionic zinc has been
shown to modulate the immune response from monocytes by suppressing TNF-alpha
transcription and release from monocytes

23

. This gives it potential for limiting aseptic

loosening in orthopedic implants and possibly increasing their overall lifespan.
Polymorphonuclear cells (PMNs) are known to be activated by hydroxyapatite (HA) wear
debris present in inflamed regions; this event may, accordingly, be modulated to an extent by
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adding zinc to the scaffold material 24. More specifically, levels of the pro-inflammatory
mediator interleukin-8 (IL-8) and the matrix metallo-proteinase-9 in PMNs have been shown
to decrease with a 5% Zn-substitution of calcium ions in HA powder 25.
Nanoscale zinc topography may also be beneficial in other orthopedic applications. A
comparison study of nanophase and microphase ZnO surfaces revealed that the nm grain
surfaces had better bone tissue response and decreased S. epidermidis colony forming units
than microphase surfaces 26. We previously evaluated the antimicrobial activity2 of a uniform
atomic layer deposited ZnO coating on a porous substrate and showed that it may also be
cytotoxic to macrophages

27

. The present study aimed to examine the cytotoxicity and

dissolution of nanotextured ZnO. A granular textured layer was deposited using a pulsed
laser method onto an inert substrate to isolate the effect of ZnO. Mouse RAW 264.7
macrophages were selected to evaluate the biological responses because: 1) they are an
important cell type involved in immune and inflammatory responses and wound healing, and
2) to make inter-laboratory comparisons across different studies using this cell type.
Therefore, the goals of the study: (1) develop a “test chip” consisting of a silicon wafer
substrate coated with a highly uniform ZnO coating with nanometer scale thickness and grain
size, (2) assess the cytotoxicity of ZnO thin film coatings which have previously exhibited
considerable antimicrobial activity

28

and (3) determine whether leaching of Zn ions from the

surface coating plays a role in cytotoxicity.
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Methods:
ZnO Pulsed Laser Deposition on Si:
A high-purity ZnO powder (Alfa Aesar, Ward Hill, MA) was pressed into round 2-in.
diameter pellets. The pellets were subsequently sintered in an oxygen atmosphere at 1000 ºC
for 12 hrs. Wafers are highly pure, defect free single crystalline Si polished slices. A krypton
fluoride excimer laser (l = 248 nm, Repetition rate = 10 Hz) was used to ablate the highpurity ZnO target. The thin films were grown under O2 partial pressure of 5 x 10-5 Torr at
room temperature for 5 min. The ZnO thin film deposition rate using a KrF excimer laser
was on the order of 0.01 nm/pulse

29

. The materials were then cut into approximately 0.5 x

0.5 cm (7 cm diagonal) squares to fit a 48-well plate with a diameter of 11 mm.
Surface Characterization:
Atomic force microscopy (AFM) was performed on the ZnO-coated Si substrates and
the smooth Si substrates (control) using a Digital Instruments (now Bruker AXS) Dimension
3000 AFM and an Olympus AC160TS tip (resonant frequency of 330 kHz, force constant of
40 N/m). Topographical analysis was done using a scan size of 5 µm and 1 µm with a scan
rate of 1Hz. A roughness analysis was also conducted using a scan size of 5 µm for mean
roughness (Ra) and 1 µm for root mean square (RMS) roughness and maximum height
(Rmax) to exclude outliers due to dust particles on the surface. 3D reconstruction was
performed using the SurfaceJ plugin for ImageJ software (NIH, USA).
Scanning electron microscopy (SEM) was performed using a JEOL 6400 Cold Field
Emission Scanning Electron microscope (JEOL, Tokyo, Japan). Energy Dispersive X-Ray
Spectroscopy (EDX) was performed in order to confirm the presence of Zn on the surface.
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The SEM was equipped with an energy dispersive X-ray spectrometer attachment with a
Link Pentafet detector (Link Analytical, Redwood City, CA) and a 4Pi Universal Spectral
Engine pulse processor (4Pi Analytical, Hillsborough, NC). An accelerated voltage of 20
keV and 5 keV was used.
Cell Culture:
RAW 264.7 macrophage cells (TIB-71, ATCC, Manassas, VA) were cultured until
confluent and plated directly onto 48-well plates containing uncoated, smooth Si wafers or
the ZnO-coated Si wafers. Cells were plated at a density of 2 x 105 cells/mL and maintained
in DMEM with L-glutamine (GIBCO® DMEM, Invitrogen, Carlsbad, CA), 10% Fetal
Bovine Serum (HyClone FBS, Thermo Scientific, Rockford, IL) and 1% PenicillinStreptomycin (P/S) solution (Sigma, St. Louis, MO). Coated and uncoated wafers were
transferred to new wells prior to performing assays to ensure only cells growing on the
wafers were evaluated (see individual assay description for details).
Cell imaging:
To investigate and confirm cell attachment with the test surfaces, macrophages were
plated at a density of 2 x 105 cells/mL directly on the ZnO-coated and smooth wafers and
incubated for 24 hrs. Media was removed, cells were washed with warm PBS, fixed with
3.7% formaldehyde, washed with PBS again, and permeabilized using 0.2% Triton X-100.
Cells were then washed again and incubated with Molecular Probes® DAPI and Alexa
Fluor® 488 (Life Technologies, Grand Island, NY) for 1 hr, then washed with PBS 3 times
and allowed to dry in the dark. Samples were sealed with ProLong® mounting medium (Life
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Technologies, Grand Island, NY) and a cover slip. Images were acquired using a confocal
microscope (Leica, Buffalo Grove, IL).
Extracts:
Extracts were collected in order to determine the concentration of Zn leaching into
solutions (ICP-MS) and the effects of leached Zn ions on cytotoxicity (MTT and LDH
assays) and production of ROS. Wafers were sterilized with ultraviolet light (UVP CL-1000,
Upland, CA) for 30 min on each side (rotated 90° every 30 minutes). Upon completion of
ultraviolet sterilization, the wafers were placed in 48-well plates and incubated in 0.5 mL
DMEM medium at 37 ºC and 5% CO2. Wells with medium but without wafers served as
control extracts. The medium extracts were then removed after 24 or 48 hrs and used for
further studies. Extracts were then prepared for exposures to cells. Undiluted extracts were
considered 100% concentration. The 100% extract was carefully mixed and diluted 1:1 (v:v)
with medium to make 50% exposure concentration and 1:3 to make a 25% exposure
concentration. Media that was used for dilutions was subjected to the same conditions (24-hr
incubation) as the extracts.

ICP-MS was used to determine Zn concentration of extracts.

MTT Viability Assay:
Cell viability of macrophages grown on ZnO-coated silicon wafers and smooth Si
wafers was determined using the MTT assay (CellTiter 96® Non-Radioactive Cell
Proliferation Assay, Promega, Madison, WI). Wafers were sterilized with ultraviolet light
for 30 min on each side and transferred to 48-well plates. RAW 264.7 macrophages were
added to the 48-well plates at a cell density of 2 x 105 cells/mL (1 x 105 cells/well). All well
plates were then incubated for either 24 hrs or 48 hrs at 37 °C. The wafers were 0.5 x 0.5 cm
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squares (0.7 cm diagonal) and the wells were circular (1.1 cm diameter) leaving a small
portion of the well open for cell growth on the polystyrene well surface outside of the ZnOcoated wafer . In order to exclude cells grown on tissue culture polystyrene (TCPS) in these
small areas of each well and avoid their influence on assay outputs, wafers were moved to a
new 48-well plate after each 24- or 48-hr incubation period. The new wells contained 0.5 mL
fresh MTT-DMEM medium. Further procedures were followed as specified by the
manufacturer’s instructions. Cells spiked with 5% dimethyl sulfoxide (DMSO, Sigma, St.
Louis, MO) served as a positive controls. For extract studies, the appropriate dilution was
made with cell medium (25%, 50%, or 100% extract) and added directly to cells during
plating. The cells were then incubated for 24 hr and assayed.
Flow cytometry analysis of necrosis and apoptosis:
Necrosis and apoptosis of macrophages grown on ZnO-coated silicon and smooth Si
wafers were determined using dye-based flow cytometry analysis. After exposure treatments
of 24 hrs, supernatants were collected and combined with cells detached with TrypLe (Life
Technologies, Grand Island, NY) in a microcentrifuge tube and centrifuged at 1000 rpm for 5
min. The resulting cell pellet was transferred to a flow cytometry tube containing 100 µL of
binding buffer, 20 µL of 7AAD and 5 µL of Annexin V dyes as specified by the Annexin
V:PE Apoptosis Detection Kit I (BD Pharmingen, San Diego, CA). Each sample was
vortexed for 10 sec prior to loading into the flow cytometer (BD FACS Canto II). Live cells
and cells killed with AgNO3 served as the controls used for gating. Data was expressed as %
of total cell population, 100% of which was comprised of either live, necrotic or apoptotic
cells.
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LDH Cytotoxicity Assay:
Cytotoxicity was evaluated by measuring activity of lactate dehydrogenase (LDH).
The LDH-cytotoxicity assay kit (BioVision, San Francisco, CA) was used to quantify LDH
in cell cultures after 24 hrs of exposure to ZnO extracts collected after 24 hrs. Background
and negative controls were smooth Si wafers in media without cells. Total cellular LDH
release was measured from cells after treatment with 1% Triton X-100. % Cytotoxicity for
cells exposed to ZnO-coated wafers was calculated as specified by the kit as a ratio of LDH
released in: (ZnO – Si control)/(Triton X – Si control) x 100.
Reactive Oxygen Species (ROS) Production Assay:
To investigate if oxidant stress is produced by solubilized ZnO in media extracts, the
generation of intracellular ROS was measured by the increasing fluorescence of 2’7’dichlorofluorescein (DCF) 30. For this study, different concentrations of ZnO extracts in 100
µL culture medium were added to each well. Cells were treated with 200 mM hydrogen
peroxide (H2O2) as a positive control. DCF fluorescence was monitored after various
treatments from 30 min to 24 hrs.
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Inductively coupled plasma mass spectrometry (ICP-MS):
A Varian 820 ICP-MS was used for all elemental analyses to determine the presence
of Zn ions in the extracts which have dissolved from the ZnO coated surfaces. The ICP
source had a MicroMist nebulizer, max flow rate of 0.4 mL/min, for sample introduction into
the plasma. Standard plasma conditions (Power 1.4 kW, plasma flow 18.00 L/min, auxiliary
flow 1.80 L/min, sheath gas flow 0.18 L/min, sampling depth 7.5 mm) were used. All
solutions were prepared using 18 mega-ohm de-ionized water and trace metal grade nitric
acid (Thermo Fisher Scientific Inc., Waltham MA). Initial sample volume of 100 µL was
mixed with 500 µL of concentrated HNO3, 500 µL was removed (out of the total of 600) and
diluted to a final volume of 5.0 mL with 2% HNO3. Samples were introduced with the
peristaltic pump at 3 rpm. The spray chamber was cooled to 3 ºC. Standards were prepared
using ICP standards purchased from Inorganic Ventures (Christiansburg, VA). In all
measurements, a 5 ppb solution of indium was used as internal standard and mixed online
with each sample through a tee. Indium ion In115 (internal standard), Si29, Zn66 (ion
abbreviations and isotopes monitored) were monitored in peak hopping mode using a 50,000
micro-sec dwell time, and 5 replicates of an average of 20 data points we measured. The
standard curve included at least 8 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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Statistical analysis:
The results from each data set were analyzed using Prism (v. 4) statistical software
(GraphPad Inc., La Jolla, CA). Results were expressed as mean ± standard deviation. Each
assay was conducted in duplicate and at least 3 independent experiments were conducted for
each assay . Statistical differences between control and treated group were assessed using
one-way ANOVA followed by a Bonferroni post hoc test. Data were normalized to the
smooth silicon wafers and were expressed as percent viability. Significance level notation
was expressed as * for p<0.05 and ** for p<0.01.

130

Results:
Surface characterization:
Custom nanotextured ZnO surfaces were fabricated successfully by optimizing PLD
deposition parameters. The krypton fluoride excimer laser operated at 0.08 nm/pulse at 10
pulses/sec for 120 sec, which resulted in an approximated 96 nm thick layer. The presence of
the ZnO layer on the Si wafers was confirmed using energy-dispersive X-ray spectroscopy
(EDX) shown in Fig. 1. The spectra for uncoated smooth samples had a very strong Si peak
present (Fig. 1A), whereas ZnO-coated samples had minor peaks for oxygen and silicon
present with a strong Zn peak (Fig. 1B).

Figure 1. Energy-dispersive X-ray spectroscopy analysis of uncoated smooth silicon (A) and
ZnO-coated silicon (B). The results shown in (A) show a strong single peak representing
“Si”, and (B) confirm the presence of the ZnO thin-film layer by the peaks labeled “O” and
“Zn.”
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AFM analysis of the coated surfaces revealed a surface nanotopography consisting of a fine
grain size of approximately 50 nm (Fig.2). Root mean-squared roughness (Rq), mean
roughness (Ra), and maximum height (Rmax) values were greater for the ZnO-coated
surfaces compared to the non-coated Si surfaces (Table 1). The ZnO surface exhibited
nanoscale features with a root mean square (RMS) roughness of 1.48 nm compared to RMS
= 0.23 for non-coated control wafers. The most protrusive grains on the ZnO-coated samples
extended from the surface to a maximum height of 11.00 nm. Fig. 2C shows the surface
topography measured with AFM and reveals a relatively uniform grain size consistent across
the ZnO-coated surfaces. The difference in roughness between the smooth Si (Fig. 2A) and
the ZnO-coated surface (Fig. 2B) can be seen from the AFM scans. The Si surface is visibly
smooth with no distinct grains or patterns at the scale of 1 µm. The degree of grain size
uniformity on the coated surfaces is more readily visible with a 3-D reconstruction of a
topographical AFM analysis using 3D rendering with the SurfaceJ plugin for ImageJ
software from NIH (Fig.2D). The majority of the grains are approximately 50 nm in
diameter. A small fraction of grains, however, fall in the 10-20 nm as well as in the 100+ nm
range.
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Table 1. Roughness measurements using atomic force microcopy. Root mean square (RMS)
roughness presents a measure where high deviations are weighed more heavily than in the
mean roughness calculation (Ra), where all deviations are equated into a single average. Max
height (Rmax) represents the single highest peak to valley distance measured. All
measurements shown in nm with mean ± standard deviation values.

RMS (Rq), nm

ZnO-coated

Smooth Si

1.48 ± 0.01

0.232 ± 0.87

1.25 ± 0.09

0.39 ± 0.26

11.0 ± 0.79

1.69 ± 0.45

Mean Roughness (Ra),
nm
Max Height (Rmax), nm
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Figure 2. AFM analysis of the ZnO thin film. Rough AFM images of (A) smooth Si and (B)
ZnO-coated Si. 3D stack of (C) AFM images of ZnO coating and (D) 3D reconstruction
rendered using SurfaceJ plugin for ImageJ software to emphasize grains.
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Cell Imaging:
In order to properly analyze cytotoxicity results, smooth Si wafers were confirmed as
a suitable control that represented a relatively chemically inert surface, free of nanometer
roughness and topography. Confocal microscopy (Fig. 3A) revealed good cell attachment to
the Si surface consistent with the amount of cells/area that were plated. Trypan blue staining
additionally confirmed the cell membranes were intact and the Si surface did not inherently
cause membrane damage. Confocal images also showed a uniform cell distribution on the
ZnO-coated samples; however, the cell number was much lower. The morphology of cells on
the smooth Si surface was also different from that on ZnO surfaces. Cells spread out more on
Si, with visible actin filaments, while cells on the ZnO surface had a slightly more rounded
shape. The ZnO surface was fluorescent, however, it was evident in Figure 3B that
macrophages growing on ZnO did not have actin projections along the substrate and
appeared smaller due to more rounded morphology.
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Figure 3. Macrophages growing on (A) smooth and (B) ZnO-coated Si wafers surfaces.
Stained with DAPI (blue nucleus) and green-fluorescent Alexa Fluor® 488 dye (green actin
filaments). Cells on the ZnO-coated surface were fewer in number, showed more rounded
morphology and were loosely adherent, causing them to be easily detached.
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Cell Responses to ZnO-coated Surfaces:
For direct cell contact studies with MTT and flow cytometry, wafers were transferred
to a new well prior to running the assays to ensure that cells in the void areas shown in Fig. 4
did not produce interference, e.g., dilute out assay outputs. Plating cells directly on the ZnOcoated wafers decreased cell viability as measured by both the MTT and flow cytometry
assays (Fig. 5). Following 24 hrs of exposure, the viability of cells grown on the ZnO surface
(expressed as percentage of the smooth Si control) was reduced to 56.6% (Figure 5A). After
48 hrs, cell viability decreased to 46.5% (data not shown).
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Figure 4. ZnO-coated wafer (5x5 cm) shown inside a single well of a 48-well plate. Void
area is shown in a well of a 48-well plate after seeding cells on wafer surfaces. Wafers were
transferred to another 48-well plate in order to avoid interferences, e.g., diluting assay
outputs, from cells growing in the void areas.
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The cause for a decrease in MTT cell viability was further investigated using flow
cytometry and fluorescent dyes for necrosis and apoptosis. The results showed that a
significant portion of the cells becomes necrotic (46%) and apoptotic (27%), leaving only
27% live cells as seen in Fig. 5B-D. When the percentage of live cells on ZnO-coated
surfaces is normalized to smooth Si controls, the cell viability becomes 32% of control,
compared to 57% of control when measured with MTT. Fig. 5C-D show a graphical
distribution of cell populations with predominantly healthy cells for the Si control (C) and
necrotic and apoptotic cells for the ZnO-coated surface (D). A positive control of equimolar
soluble ZnCl2 (12µg/mL Zn ion) was added and showed a higher amount of apoptosis with
11% live, 18% necrotic and 71% apoptotic cells (data not shown in Fig. 5).
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Figure 5. Exposure to ZnO-coated Si significantly decreases cell viability by inducing
apoptosis and necrosis in macrophages. (A) Cell viability (MTT reduction) of macrophages
exposed to ZnO-coated Si and smooth Si wafers for 24 h. Viability of cells grown on ZnOcoated Si was lower compared to Si controls. Data was normalized to cells grown on smooth
Si (100%). (B) Live, apoptotic, and necrotic cell populations as a percentage of total cells (%
Live +% Apoptotic + % Necrotic = 100%) measured with flow cytometry. ZnO-coated Si
showed significantly decreased viability with predominantly necrotic as well as apoptotic
cells. Data in (A) and (B) are expressed as mean ± SD (N = 3 independent experiments). (C)
and (D) show representative cell distributions between live, necrotic, and apoptotic cells for
(C) smooth Si, which shows predominantly live cells and (D) ZnO-coated Si, which shows
significant necrotic and apoptotic subpopulations. When normalized to live cells on the
smooth Si control, cells on ZnO-coated Si have 32% viability measured with flow cytometry
as compared to 57% when measured with MTT. Significance level notation: **(p<0.01).
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Cell response to ZnO extract:
Extracts collected over 24 hrs of incubation were added to adherent cells at 0, 25, 50,
and 100% concentrations (Zn concentrations using ICP-MS estimated to be 3.03, 6.07, and
12.13 µg/mL, respectively) for a 24-hr exposure. Cell viability (MTT assay) was affected
only by the highest 100% (undiluted) extract concentration (Fig.6A); after 24 hrs, there was a
significant decrease to 11.4% of control. No changes in viability were observed for the 25%
and 50% extracts. The highest amount of LDH release (expressed as % cytotoxicity)
occurred after 24 hrs with the 100% extract (Fig. 6B); Cell death was estimated at roughly
76% (of the Triton X-100 control) compared to no cell death for the medium-alone control
cells (Fig. 6B). No change in cell death was observed for the 25% and 50% extract
concentrations. This response was somewhat similar to the MTT results, in that only the
undiluted extract elicited both a significant decrease in cell viability (MTT reduction) as well
as increase in cell death (LDH release).
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Figure 6. Effect of 24 hrs exposure to extracts collected after 24 hrs from Zn-coated Si and
smooth Si wafers on cell viability and cytotoxicity. Undiluted extracts = 100%; 50 and 25%
extracts represent serial dilutions for the 100% extract. (A) Cell viability (MTT reduction) in
macrophages 24 hrs after exposure to extracts of ZnO-coated wafers. Viability significantly
decreased with undiluted (100% = 12.1 µg/mL) extract treatment only. (B) Cell death (%
cytotoxicity) measured with LDH release in macrophages 24 hrs after exposure to extracts of
ZnO-coated wafers. Cell death measured by LDH release increased only in response to
undiluted (100%) ZnO extracts. 5% DMSO was used for positive controls. Cytotoxicity (%)
was calculated as a percentage of total LDH release with the Triton X-100 positive control.
Data are expressed as mean ± SD (N = 3 independent experiments). Significance level
notation: **(P<0.01)
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Generation of intracellular ROS increased in cells treated with ZnO extracts at
various times over 24 hrs exposure (Fig. 7). Cells were treated with extracts from either 24hr or 48-hr incubations with wafers. ROS production was highest after exposure to the
undiluted (100%) 24-hr and 48-hr extracts of the ZnO-coated wafers. All values for both
ZnO 24-hr and 48-hr extracts had significantly higher ROS generation (P<0.01) than the cell
medium control and showed average values that were roughly 20% higher than the undiluted
Si extract at all time points. ROS production after exposure to ZnO 50% concentration
extracts (24-h extract) and Si 100% concentration extracts was significantly higher *(p<0.05)
than cell medium controls after 1 hr exposure only. The last 24-hr time point from the 48-hr
extract had the smallest difference where both 100% ZnO and 100% Si extracts had
significantly higher ROS generation than cell media controls. All other Si extract values were
not significantly different from cell media controls; however, there appeared to be a general
trend of increased ROS generation over time.
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Figure 7. Intracellular ROS generation in (A) 24-hr and (B) 48-hr extracts from Zn-coated Si
and smooth Si wafers over a 30 min – 24 hr exposure. All values for undiluted (100%) ZnO
24 and 48-hr extracts had significantly higher ROS generation **(p<0.01) than the cell media
control. Values for 50% diluted ZnO 24-h extract and 100% Si extract were significantly
higher *(p<0.05) than cell media at 1 hr only. The 48-hr, 100% extract from smooth Si was
significantly higher at 18 h compared to cell media controls. Data are expressed as mean ±
SD (N = 3 independent experiments).
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ICP-MS analysis in ZnO extract:
In extracts from ZnO-coated wafers, Zn concentrations were significantly elevated in
the 24 and 48-hr extracts (12.1 and 16.9 µg/mL, respectively) compared to very low
concentrations present in extracts from smooth wafers and DMEM medium (Fig. 8).
Normalizing for exposed area and 0.5 mL of media per extract, approximately 24.3 and 33.7
µg/m2 were released from the 5 x 5 cm wafers after 24 and 48 hrs, respectively. All 48-hr
extracts contained more Zn than 24-hr extracts, but since the results were not doubled, the
rate of release of Zn ions into media likely occurred nonlinearly over time.
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Figure 8. Levels of Zn ions present in extracts. ICP-MS analysis revealed elevated levels of
Zn ions present in media of extracts from ZnO-coated wafers following both 24- and 48-hr
wafer incubations. Both smooth silicon wafers and DMEM cell media alone were used as
controls and each only had trace amounts of zinc present in cell media. 48-hr extracts served
as the maximal possible release of ZnO from the relatively thin 96 nm film. Data are
expressed as mean ± SD (N = 3 independent experiments).
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Discussion:
The field of nanotoxicology has been focused primarily on the interactions of discrete
nanoparticles in biological systems. The number of peer reviewed publications in
nanotoxicology grew over 600% between 2000-2007, yet the vast majority of it focused on
basic nanomaterials with only a fraction published on integrated nanomaterials and nanoenabled consumer/medical products, such as those with nanotextured coatings 31. The present
study aimed to expand this view beyond discrete particle systems and develop methods for
studying the effects of materials with surface nanotopographies. The pulsed laser deposition
method used in the present study is a versatile technique for creating surface
nanotopographies from metal oxides as well as other materials. The method involves a highpowered pulsed laser aimed at a solid target under vacuum and the solid material is rapidly
ablated and vaporized into a high energy plasma plume. The plume then may be directed
through an aperture and condensed onto a solid substrate in a highly controlled and consistent
manner. In our case, the substrates are smooth silicon wafers and the ablated target is highpurity ZnO. The laser-solid interaction is fairly complex and can be fine-tuned by selecting
the appropriate laser wavelength. The emitted photons from the laser undergo several
conversions from electronic excitation to thermal, chemical and mechanical energy 32 before
ablating the target material. Altering the wavelength of the laser can alter the energy
characteristics of the plasma plume and vary the characteristics of the deposited layer,
namely the presence of particulates boiled off the surface 33,34. Although particulates are
undesirable in semiconductor applications, it is not known whether they are undesirable in
biomedical metal oxide coatings; in fact, the particulates may be useful in medical devices to
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modulate properties, such as surface roughness, amount of grain boundaries, and projected
surface area, so as to achieve improved performance. The resulting film can be characterized
using atomic force microscopy (AFM) to determine morphology, roughness and overall
uniformity.
Similar to other physical vapor deposition (PVD) techniques, PLD can be customized
for a particular application by selecting the proper ablation material, laser wavelength, pulse
duration and other parameters. Techniques such as spin coating

35,36

, atomic layer deposition

37

, plasma enhanced chemical vapor deposition (PECVD) 38, and spray pyrolysis

35

have also

been used to deposit ZnO thin films. One of the main advantages of PLD, however, is the
ability to control single layer by layer growth of ZnO and other metal oxides. By fine-tuning
the amount of laser pulses, the desired thin film height can be achieved 39,40. PLD of ZnO
can be further modulated by altering the temperature of the reaction chamber. A pulsed laser
setup can be modified with a heat source to create various structures and coatings such as
ZnO nanoneedles or secondary ZnO nanoscale branches on other substrates 41.
In our study, the selected PLD parameters were useful for depositing nanotextured
layers of ZnO on Si. The final thin films were approximately 96 nm thick and nanotexture
was produced with a grain size of around 50 nm. EDX elemental analysis confirmed the
chemical characteristics of the thin films and AFM confirmed a topographical change on the
Si substrate surface. The Si surface was visibly smooth and was a suitable inert control for
cell growth. Images of cells growing on Si revealed healthy cell spreading, normal
morphology, and a relatively high cell count similar to that of standard polystyrene tissue
culture plates (Fig. 3A).
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Cell death measured by LDH release and MTT showed relatively higher toxicity
when using ZnO in extract form as compared to direct exposure to ZnO surfaces. The soluble
ZnCl2 control for flow cytometry experiments of direct contact to surfaces was equimolar to
the amount of Zn ion that gradually dissolves from the ZnO coating. ZnCl2 showed a lower
live cell percentage of 11% as compared to 27% for cells growing directly on the ZnO
coating. The results of MTT and LDH using extracts that are added to adherent cells in a
tissue culture well additionally showed more cytoxicity than the endpoints for macrophages
grown directly on the ZnO coatings. The possibility for these results could come from a more
gradual release of Zn ions into media over 24hrs with which the cells can cope somewhat
better than receiving an instant maximum concentration of 12 µg/mL in a single dose.
Nevertheless, the MTT assay for cells grown directly on the ZnO surfaces produced a
significant toxic outcome and confocal microscopy revealed a noticeable decrease in
adherent cells (Fig. 3B). Images of cells stained with DAPI/phalloidin revealed that fewer
cells were attaching to the ZnO-coated surfaces and those that remained had a rounded,
rather than spread, morphology. This response could be explained by poor cell adhesion to
the ZnO surface or cell death due to the cytotoxic nature of the surface. Macrophages may
not have initially properly adhered or they simply detached following cell death in less than 2
hrs. Therefore, only the cells that remained in contact with the ZnO surface were imaged.
Another possible explanation for both the morphological change and decreased cell density,
aside from effects of chemical toxicity of ZnO, is the immunosuppressive nature of ZnO.
ZnO has been shown to decrease monocyte attachment 29 which may have contributed to the
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low macrophage adhesion to the surface. The sample preparation for imaging may have also
washed away some portion of cells if there were loosely adherent cells.
The issue of whether cells initially attached and then detached due to toxic
concentrations of Zn ions in the medium was partially addressed by treating cells with
medium extracts of ZnO thin films. The extracts were collected and analyzed using ICP-MS
to confirm that ZnO was leaching off of the surface. The overall concentration of ZnO was
highly consistent between different samples with relatively small standard deviations (12.1
and 16.9 µg/mL after 24 and 48 hrs, respectively). This result supported the assumption of
layer consistency between samples, since uniform layers of similar thickness should
theoretically have fairly similar leaching characteristics due to a similar amount of projected
surface area available for ion dissolution. Therefore, PLD is a suitable technique for
applications that require creating uniform and topographically consistent surface coatings
with predictable leaching behaviors. In medical applications, leaching modulation is an
important parameter for coatings, namely those that require a certain amount of dissolution
for antimicrobial, drug delivery, or other properties. The ICP-MS method used, however,
does not distinguish between particulates and ions present in solution, but only provides a
total elemental concentration. For medical applications, it may be important to consider
whether there are particulate or ionic leachates coming off of a surface 42,43. Our future
studies will make use of recent advances in single particle ICP-MS 44 to determine both the
ion concentration and relative particle content. This is exceptionally important for
macrophage cells, which may have a more heightened response to ZnO in nanoparticle as
opposed to dissolved form45.
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The cytotoxicity of ZnO extracts was only evident at the highest (undiluted)
concentration. Notably, the 25 and 50% concentrations showed no apparent decrease in cell
viability, or increase in LDH release and ROS production, while 100% undiluted extracts
resulted a significant cytotoxic and oxidative stress response across all three assays. (Figs 57). ROS generation was significantly higher than cell media controls for media incubated
with wafers for both 24 hrs and 48 hrs. This suggests that both 24-hr and 48-hr
concentrations of Zn measured by ICP-MS have the tendency to generate ROS in
macrophages. Although increases in ROS production were statistically significant at 18 hrs
and 24 hrs of exposure to ZnO extracts, extracts of non-coated Si wafer surfaces also
generated a modest amount of ROS. However, this may have occurred due to an overall basal
increase in ROS production, since the cell media only controls increased in production over
24 hrs as well. Since only the undiluted extract had a significant effect on ROS production
during all time points, the results suggest that there may be a threshold concentration of zinc
in media that causes macrophages to initiate cell death. A distinct gradual dose response
along a concentration gradient may not be present or the linear dose response may be a very
narrow concentration range. This finding supports the idea that some amounts of ZnO, in our
case 50% 24-hr and 48-hr extracts (≤6.07 µg/mL) are tolerable in vitro for both 24 and 48
hrs, while higher undiluted 24 and 48-hr extracts(12.13 and 16.87 µg/mL, respectively) may
cause considerable cytotoxicity.
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Conclusions:
Cells plated directly on the ZnO surface resulted in higher viability compared to
controls than those treated with ZnO extracts. The ICP-MS results revealed that Zn was
leaching at a gradual rate since the 48-hr extracts had higher concentrations of Zn compared
to 24-hr extracts. Therefore, cells cultured directly on the ZnO surface were exposed to a
gradually increasing amount of Zn exposure over time, but the experimental conditions were
different from the addition of a known, bolus concentration of Zn from extracts. Extracts
added to cells reduced cell viability to a greater extent than what occurred in cells grown on
the wafers. Cells grown on ZnO wafers may have been able to adapt more readily to a
slower release of Zn ions as they gradually leached off of the coated surface into medium. In
contrast, when extracts were added to cultured cells, the extracellular Zn ion concentration
may have crossed over the threshold for toxicity. This finding notes the importance of
defining total allowable exposures with a given exposure time variable. The same amount of
ZnO leaching slowly off of a surface may be non-cytotoxic over longer periods of time, but
extremely cytotoxic if released within a shorter duration. Future studies will have to look for
acceptable concentrations that will provide sustained antimicrobial action over time and will
have a negligible effect on cytotoxicity. Additionally, ZnO surfaces with medical
applications may need to be modified to slow the dissolution rate of Zn. For such studies
requiring a custom surface manufacturing approach, PLD will be a useful technique for
fabricating surfaces that have the potential to release Zn in a controllable manner to limit the
amount of apoptosis and necrosis that occurs due to contact with the surface as well as
dissolved Zn ions.
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Abstract:
PMMA is an attractive biomaterial since it has relatively good biocompatibility, long lasting
use in bone cements and does not contain the potentially harmful bisphenol-A component.
Like many porous polymers PMMA is prone to bacterial contamination, which may be
mediated by incorporating nanoparticulate silver, a known antimicrobial agent. PMMA/silver
composites have been shown to decrease biofilm formation in prior studies. The combination
of these two materials makes it necessary to determine the thresholds of silver concentration
at the site of use, such as that of bone repair with PMMA cements. Outside of bone cement
use, it is possible to create a functional PMMA/silver composite thin film coating with pulsed
laser deposition (PLD). Our study demonstrates a composite thin film with PMMA and silver
by ablating a combined rotating target during PLD. Characterization studies showed that the
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layer was uniform and the silver was evenly distributed. Three layer thicknesses were used,
and ICP-MS was used to show that films deposited using 10,000 pulses released 0.76 µg/mL
Ag, while films deposited with 14,000 and 20,000 pulses released 1.05 and 1.67 µg/mL Ag,
respectively. All thin films were found to have very strong antimicrobial activity against E.
coli in dynamic conditions. However, only the thin film that released the lowest amount of
silver into cell culture media (0.76 µg/mL) was not cytotoxic to human bone marrow stromal
cells (hBMSCs). The remaining two sample types significantly decreased cell viability by
causing both necrosis and high amounts of apoptosis in cells.
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Introduction:
Poly(methyl methacrylate) (PMMA) is a transparent thermoplastic that is relatively low-cost
and straightforward to process. It was initially developed as a thermoplastic shatter-proof
alternative to glass, under the trade name “Plexiglas” and has found use in the medical
industry in tubing, chromatography, and more recently lab-on-a-chip and microfluidic
devices. Unlike similar costlier alternatives (ex. polycarbonate), PMMA does not contain
bisphenol-A, which makes it an attractive biomaterial for contact with tissues. One of the
first medical uses of PMMA was to form the base of complete dentures,1,2 but since then it
has gained a variety of uses. The methyl methacrylate (MMA) resin can be molded to
produce hardened transparent PMMA, which allowed it to be used in intraocular lenses3 and
hard contact lenses for decades. Its use in contact lenses was eventually phased and replaced
with soft hydrogel materials due to the poor gas permeability through PMMA to the cornea4.
In orthopedics, however, PMMA continues to be used for a wide range of applications,
including bone cements, screw fixation, bone defect and cavity fillers, and vertebral
stabilization.5 A long-term follow-up study of cranial reconstructions with bone grafts,
hydroxyapatite (HA) cement, and PMMA cement concluded that PMMA had the best overall
outcome (97% satisfactory) to bone graft (91.7%) and osteoinductive HA (82.8%). Although
patients in the PMMA group also had the lowest number of complications due to infection,
the number was fairly high at 13.3% of patients experiencing infection and exposure.6
Infection is a common problem in orthopedic surgery; for example, rates of infection for total
joint replacement after the initial procedure alone range from 0.5-5%, with infection being
the second most common cause of revision, second only to joint instability.7
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Since PMMA heats up considerably during polymerization at the bone defect site, one option
to decrease the chances for periprosthetic infections has been to load PMMA bone cements
with heat stable antibiotics such as ancomycin, gentamicin and tobramycin.8 A review by
Tan et al, argued that antibiotics loaded into PMMA cement have inconsistent effectiveness,
lead to emergence of antibiotic-resistant bacterial strains, and have an adverse effect on
osteogenic cells.9 In place of antibiotics the authors pointed to using chitosan, a less toxic
deacetylated derivative of chitin with potential broad antimicrobial properties.9 Silver is a
known antimicrobial agent that has additionally been incorporated into PMMA and showed a
significant decrease in biofilm formation.10 Systemic accumulation of metals like copper,
gold, and silver has prevented their widespread use over antibiotics and has limited them for
uses in high risk devices such as catheters or percutaneous implants.11,12 The site of bone
remodeling is especially sensitive to cytotoxicity, which can lead to significant bone
resorption and ultimately implant failure. Therefore, it is exceptionally important to
determine the thresholds of silver concentration at the site of bone repair or any other
application of silver coatings. It is possible to control the release of silver ions and
nanoparticles by immobilizing or binding them in polymers.

13-15

A recent study of

immobilized silver nanoparticles in PMMA fibers compared their antibacterial properties
with equal concentrations of silver nitrate and silver sulfadiazine. The PMMA and silver
composite released nanoparticles, which had an apparently faster bacterial kill rate than
either of the dissolved silver sulfadiazine and silver nitrate solutions.16 This is not an
uncommon finding; however, the exact mechanism of silver nanoparticle bactericidal action
remains unclear.
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Embedding silver in a known manner within a polymer such as PMMA is key to establishing
a controlled release profile. It is possible to deposit PMMA and silver simultaneously using
pulsed laser deposition (PLD) to create a composite thin film. PLD has been used to deposit
homogeneous, defect-free PMMA films that retain its characteristic amorphous polymer Xray diffraction pattern but develop a different Raman and XPS Spectra, likely resulting from
an increase in C-O bonds from the ablation process.17 The pulsed laser deposition of pure
silver targets can also be conducted at room temperature18 allowing it to be coated onto
delicate heat sensitive polymeric devices, such as microneedles.19 The high energy state of
pulsed laser ablated materials additionally exhibit high adhesion strength, creating a strong
bond between the coating and substrate. Aside from ablating silver and PMMA
simultaneously it is possible to use a rotating target to create a continuous mixed plume of
silver and PMMA, thus effectively trapping silver particulates in the PMMA matrix. The
goals of the present study, therefore, were (1) to fabricate a PMMA/Ag composite thin film
with varying concentrations of silver, (2) examine its release characteristics in a simulated
bodily environment, and finally (3) determine the optimal amount of silver deposition to both
ensure cytocompatibility of the composite coating and its antibacterial efficacy.
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Methods:
Pulsed Laser Deposition (PLD):
PMMA and Ag were deposited onto defect free single crystalline Si polished wafers. A
krypton fluoride excimer laser (l = 248 nm) was used to ablate a smaller high-purity Ag
target mounted onto a larger circular PMMA target on a rotational stage. Start and end
rotational angles were adjusted so that the Ag and PMMA targets were intermittently ablated
creating a continuous deposition as opposed to separate layers. The thin films were grown
under N2 partial pressure of 5 x 10-5 Torr at room temperature. The total number of laser
pulses was set to 10000, 14000, or 20000 with a pulse frequency of 20 Hz and pulse energy
of 200 mJ. The coated wafers were then cut into approximately 0.35 x 0.35 cm (0.5 cm
diagonal) squares to fit the wells of a 96-well plate.
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX):
Scanning electron microscopy (SEM) performed using a JSM 6390LV scanning electron
microscope (JEOL, Tokyo, Japan). A n accelerated voltage of 20 keV was used for imaging.
Inductively Coupled Plasma Mass Spectrometry (ICP-MS):
Coated wafers were placed in 96-well plates and incubated in 0.2 mL Mesenchymal Stem
Cell Growth Medium (MSCGM) (Lonza, Walkersville, MD) for 24 hrs at 37 ºC and 5% CO2.
Wells with medium but without wafers served as control extracts. A Thermo X-Series II
quadruple ICP-MS was used to determine the total concentration of the released silver into
the medium. The ICP-MS measurement was conducted in Collision Cell Technology (CCT)
mode with a gas of He/H2 (99.999% purity, v/v: 93%/7%). The ICP-MS was tuned using 1
ppb Tune A solution (Thermo Fisher) to meet the required performance. A NIST SRM 3151
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Silver Standard solution was used as a calibration standard and a second-source silver
standard (Inorganic venture) was used for QC control. An internal standard solution (Perkin
Elmer, contains 10mgl–1 Bi Ge In Li Sc TbY) was introduced along with samples through a
T-connector to correct signal drift and matrix effects. The dilution of calibration standards
and silver extract samples were performed with HNO3 and HCl (2% HNO3 and 0.5% HCl,
W/V) to avoid precipitation (coating) of silver.
E. Coli Colony Count:
The experimental protocol closely followed ASTM standard E2149-10 (Standard Test
Method for Determining the Antimicrobial Activity of Immobilized Antimicrobial Agents
Under Dynamic Conditions). A 1 mL frozen aliquot of Escherichia coli (ATCC®) 25922TM
FDA strain Seattle 1946, Serotype O6) was allowed to defrost and then added to 10 mL of
nutrient broth (8 g of dry Difco® nutrient broth powder per 1000 mL of deionized water),
diluted further according to the protocol and incubated (37°C, 60 rpm) until the optical
density reached 0.28 ± 0.02, which, according to ASTM standard E2149-10, should be a
bacteria concentration of approximately 1.5-3.0 x 108 colony forming units (CFUs)/mL. The
bacterial solution was then diluted 1000-fold by placing 150 µL into 149.85 mL of sterilized
(121°C, 20 minutes) DI water.
Four separate samples were tested in each experiment, PMMA alone and PMMA with silver
in 3 different thicknesses. Uncoated Si served as a positive control, and pure silver deposited
without PMMA was used as a negative control. For each experiment 2 mL of bacterial
solution were added to each well of a 24 well plate containing the samples. Each test sample,
was mixed with the bacterial solution. Samples were then placed in the orbital incubator
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(37°C, 60 rpm) for 1 hour. After 1 hour the test solutions were removed from the incubator
for culturing on agar plates. One (1) mL of each solution was then removed and added to 9
mL of sterilized (121°C, 20 minutes) DI water in a conical centrifuge tube to yield a dilution
of 10-fold. This dilution was diluted again to achieve a 100-fold, 1000-fold, and 10,0000fold dilution.
For culturing on agar plates, 500 µL of solution were added to the top of the agar plate. A
metal spreader was used to spread the bacteria evenly across the entire surface of the agar
plate. The metal spreader was sterilized using isopropanol, which was immediately burned
off, between each sample to prevent cross contamination. Three separate agar plates were
used for each solution (n = 3). After inoculation the agar plates were incubated (37°C) in a
standard incubator (New Brunswick (Enfield, CT) Galaxy 170R) for 24 hours. The plates
were inverted to prevent contamination from water condensation.
After 24 hours the colonies on each plate were counted. The plates that contained less than
200 colonies were manually counted. Plates which contained greater than 200 colonies were
analyzed using a Synbiosis (Frederick, MD) ProtoCOL 3 automatic colony counting and
zone measuring machine.
Cell Culture:
Samples were sterilized by washing with diluted Penicillin-Streptomycin for 10 min,
followed by PBS for 1 hour and dried thoroughly under vacuum. A single 10 µL droplet of
concentrated suspension containing approximately 8,000 human bone marrow stromal cells
(hBMSCs) (Lonza, Walkersville, MD) was dropped onto the scaffold and allowed to adhere
for two hours at 37 oC. A 0.2 mL aliquot of Mesenchymal Stem Cell Growth Medium
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(MSCGM) (Lonza, Walkersville, MD) was added to the 96-well and incubated for the
appropriate time for biological assays in a humidified atmosphere containing 5% CO2.
Following incubation, the scaffolds were moved to a new well plate so cells grown on the
polystyrene surfaces of the wells did not influence assay measurements, supernatants were
collected where appropriate.
MTT Dye Cell Viability:
Samples were assayed for potential cytotoxicity using the MTT (3-[4,5-dimethyl-2-thiazol]2,5- diphenyl-2H-tetrazolium bromide) assay (CellTiter 96® Non-Radioactive Cell
Proliferation Assay) (Promega, Madison, WI). The MTT assay is based on an assessment of
mitochondrial metabolic activity. MTT medium was prepared by adding dye solution at a
15:100 ratio to media as specified by the kit. A 15 µL aliquot of MTT dye was added to each
well in order to obtain a total adjusted volume of 100 µL. The plates were then incubated
under 37o C, 5% CO2, 95 % humidity cell culture conditions for three hours. After the
incubation period, the Solubilization Solution/Stop Mix was added and the plates were
incubated again for one hour at 37°C. The wells were then mixed and the contents were
transferred to duplicate wells in a 96-well plate for absorbance measurements. Absorbance
was measured at a wavelength of 570 nm (reference wavelength=650 nm) using a 96-well
OPTIMax plate reader (Molecular Devices, Sunnyvale, CA). Cells spiked with 5% and 10%
dimethyl sulfoxide (DMSO) served as a positive cytotoxicity control. The MTT dye was
tested for interactions with all sample materials and controls; no interference was recorded.
The data were normalized to uncoated Si wafers and expressed as percent viability.
Necrosis and Apoptosis Detection using Flow Cytometry:
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Necrosis and apoptosis of hBMSCs grown on PMMA+Ag coated Si wafers were determined
using dye-based flow cytometry analysis. After exposure treatments of 24 hrs, supernatants
were collected, remaining adherent cells were detached with TrypLe, (Life Technologies,
Grand Island, NY), both solutions combined in a microcentrifuge tube, and centrifuged at
1000 rpm for 5 min. The resulting cell pellet was transferred to a flow cytometry tube
containing 100 µL of binding buffer, 20 µL of 7AAD and 5 µL of Annexin V dyes as
specified by the Annexin V:PE Apoptosis Detection Kit I (BD Pharmingen, San Diego, CA).
Each sample was gently vortexed for 10 sec prior to loading into the flow cytometer (BD
FACS Canto II). Live cells and cells killed with AgNO3 served as the controls used for
gating. Data was expressed as % of total cell population, 100% of which was comprised of
either live, necrotic and/or apoptotic cells.
Statistical Analysis:
The results from each data set were analyzed using Prism (v. 4) statistical software
(GraphPad Inc., La Jolla, CA). Results were expressed as mean ± standard deviation. Each
assay was conducted in duplicate and at least 3 independent experiments were conducted for
each assay. Statistical differences between control and treated groups were assessed using
one-way ANOVA followed by a Bonferroni post hoc test. Data were normalized to the
smooth silicon wafers and were expressed as percent viability. Significance level notation
was expressed as * for p<0.05 and ** for p<0.01.
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Results:
Physicochemical characterization of PMMA/Ag composite thin films:
Pulsed laser deposition using a constant pulse energy of 200 mJ was used to deposit PMMA
and silver simultaneously using a rotating target. Three sets of silver containing samples were
created by adjusting the total number of laser pulses. 10,000 pulses were used to deposit a
thin film of PMMA to be used as a silver-free control (Figure 1A). The same total number of
pulses was used to create a partial PMMA and silver film where the silver coating was not
fully embedded into the PMMA seen in Figure 1B. The remaining two thin films were made
with a total of 14,000 (Figure 1C) and 20,000 pulses (Figure 1D), respectively. The ratio of
silver:PMMA was kept constant and only the thickness of the film was varied. The total
amount of silver that could be released, however, increased from the 10,000 pulses film
(Figure 1B) being the lowest, to the 20,000 film theoretically having double the PMMA and
silver content (Figure 1D).
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Figure 1. Scanning electron micrograph (SEM) of four thin films deposited with pulsed laser
deposition. (A): PMMA only thin film deposited with 10,000 pulses, showing the porous
uniform morphology of PMMA, (B): 10,000 pulses of PMMA with silver, showing that more
PMMA is deposited per pulse in terms of volume; a darker hue is visible from the silver
particulates. (C) Increasing the number of pulses to 14,000 creates a uniform thin film of
PMMA and silver, while (D) shows a thicker film made with 20,000 pulses.
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The thin films from top-view in Figure 1, the layers looked highly uniform. However, from
the side view of the 20,000 pulse PMMA/silver composite film shown in Figure 2, it is
possible to see that the thickness varied greatly, ranging from approximately 5.3 to 11.2 µm.
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Figure 2. SEM side-view of the 20,000 pulse PMMA/silver composite thin film. Thickness
varied between approximately 5-11 µm.
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Upon closer investigation with the energy dispersive X-ray spectroscopy (EDX) attachment
of the SEM it was possible to see strong carbon and oxygen peaks. The Si peak was visible
on the composite films deposited with 10,000 pulses, however, was minimal on the 14,000
pulse composite films’ EDX spectrum, shown in Figure 3. The silver peak was clearly
distinguishable, although had a much lower count rate than the C and O peaks.

Figure 3. EDX Spectrum of PMMA/silver composite thin film deposited with 14,000 pulses.
Highest count rate peaks were C and O, largely present in PMMA, while Ag had a minor, but
distinguishable peak.
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Using EDX to further determine weight and atom %, the composite films were found to
contain approximately 3% silver by weight. The complete weight and atom distribution is
shown in Table 1. Trace amounts of aluminum and Si were present in the films due to the
aluminum holders used during the deposition and the Si substrates onto which the films were
deposited.
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Table 1. EDX analysis of weight and atom percentages for the composite PMMA/silver
pulsed laser deposited thin films.

Element

Weight %

Atom %

C

75.34 ± 1.64

81.95 ± 1.78

O

21.47 ± 0.53

17.53 ± 0.43

Al

0.19 ± 0.02

0.09 ± 0.01

Si

0.19 ± 0.02

0.09 ± 0.01

Ag

2.82 ± 0.22

0.34 ± 0.03

Total

100.01

100

To determine how a 3% weight content of silver in PMMA transaltes to dissolution, the
coated Si wafers were transferred to cell culture media (Mesenchymal Stem Cell Growth
Medium) and incubated for 24 hrs at 37°C and 5% CO2. Following incubation the extracts
were collected and measured with ICP-MS to quantify the amounts of eluted silver shown in
Figure 4. The Si wafers and PMMA only thin films had no detectable ionic Ag. Films
deposited using 10,000 pulses released 0.76 µg/mL Ag, while films deposited with 14,000
and 20,000 pulses released 1.05 and 1.67 µg/mL Ag, respectively. Assuming the number of
pulses directly correlated to the amount of silver deposited the ratio should have been 1 : 1.4 :
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2 and instead it was 1 : 1.38 : 2.19, which was relatively close to the theoretical value.
Therefore from the result it is evident that the number of pulses directly corresponds to the
total amount of silver that is deposited into the PMMA matrix and to the total amount of
silver that can elute in 24 hrs.

Figure 4. ICP-MS of PMMA/Ag composite thin films showing that 0.76, 1.05, and 1.67
µg/mL Ag was released into cell media after 24 hrs from thin films deposited with 10,000,
14,000 and 20,000 pulses, respectively.
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Antibacterial Efficacy of PMMA/Ag composite thin films:
In order to properly simulate the dynamic conditions of medical implants and other devices
the antimicrobial efficacy of PMMA/Ag composite thin films was evaluated using the
dynamic shake flask test (ASTM E2149) with results shown in Figure 5. The PMMA and Si
had nearly identical results to blank controls, meaning these materials had no detectable
antimicrobial activity. With the addition of silver into the PMMA film, the number of
colonies resulting from the undiluted bacterial solution/extract mixture decreased by 99%,
from approximately 2636 colonies for PMMA to 34 colonies for the 10,000 pulse PMMA/Ag
composite, the lowest total silver sample out of the tested materials. The remainder of the
silver containing samples killed all E. coli in solution preventing any significant colony
formation. The silver-only PLD deposited control film also killed all bacteria similar to the
PMMA/Ag composite films.
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Figure 5. Antimicrobial efficacy of PMMA/Ag composite thin films using dynamic contact
conditions. All silver containing samples has significant bacterial activity compared to
controls. Uncoated Si wafers and PMMA thin films showed no inherent antimicrobial
activity.

Cytotocompatibility of PMMA/Ag thin films with human bone marrow stromal cells
(hBMSCs):
Silver had a negative effect on bone marrow stromal cell viability as determined with the
MTT assay after 24 hrs of incubation, shown in Figure 6. There was a 17% decrease in
viability with cells grown on PMMA compared to tissue culture plate controls; however, this
decrease was not significant, meaning the PMMA itself did not decrease cell viability. The
cell droplet placed onto PMMA was absorbed more than the droplet onto the smooth TCPS
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well, which caused faster evaporation and spreading of the cell droplet on the PMMA
surface. The 10,000 pulse PMMA/Ag composite (labeled by its release of 0.8 µg/mL Ag in
PMMA) showed no significant toxicity as well, with a decrease of roughly 21% from
controls. The 14,000 pulse PMMA/Ag composite (labeled 1.0 µg/mL Ag in PMMA)
decreased viability by 32% from controls, while the 20,000 pulse PMMA/Ag composite
(labeled by its release of 1.7 µg/mL Ag in PMMA) was the most toxic, causing a 72%
decrease in hBMSC viability.

Figure 6. Cell viability of hBMSCs grown on PMMA/Ag composite thin films, measured
with the MTT assay after 24 hrs of incubation.
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Further investigation with flow cytometry necrosis (7AAD) and apoptosis (Annexin V) dyes
showed a dramatic difference in the amount of apoptotic cells from the 10,000 pulse silver
containing samples and the 14,000 and 20,000 pulse samples (Figure 7). Some apoptosis and
necrosis is expected in all samples due to handling and other experimental conditions. Both
PMMA-only and 10,000 pulse PMMA/Ag composite (labeled PMMA + 0.8 µg/mL Ag)
samples showed no significant apoptosis or necrosis although the silver-containing samples
had 14% more apoptosis. The remaining 14,000 and 20,000 pulse PMMA/Ag samples
showed very high values of apoptosis, 71% and 67% of the total cell population staining
positive for apoptosis, respectively. In addition, the 14,000 and 20,000 pulse samples killed
32% and 37% of hBMSCs through necrosis.
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Figure 7. Flow cytometry assay with hBMSCs stained with 7AAD dye for necrosis and
Annexin V dye for apoptosis detection. Thin films with PMMA alone or PMMA and
0.8µg/mL eluted silver did not cause significant toxicity, while higher amounts of silver
caused considerable apoptosis and necrosis in the cell population.
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Discussion:
The loading of silver nanoparticles into PMMA bone cement is not a unique concept. A study
by Alt et al, has shown that loading 0.5 – 1% nanosilver by weight into PMMA bone cement
had high antibacterial efficacy against S. epidermidis, methicillin-resistant S. epidermidis
(MRSE), and methicillin-resistant S. aureus (MRSA), outperforming 2% gentamicin in
PMMA while causing no significant toxicity in osteoblast cells.20 The study, however, did
not look into what concentration of silver was being released into culture. A more recent in
vitro study mixed PMMA bone cement with nanosilver particles at a ratio of 4000 µg/g,
which roughly translates to 0.4% by weight. The authors also showed very slight decreases in
viability due to the presence of silver, no significant inhibition of osteogenic activity and no
abnormal changes in morphology of human mesenchymal cells. The authors also, however,
did not discuss or show how much silver was exactly eluting from the bone cement in the
tested time frame of 24 hrs. 21 Unlike the two studies described above, the present study did
not use 1% silver by weight, instead the amount of silver was increased to 3% by weight
(Table 1). In our case the thin films were orders of magnitude thinner than the molded bone
cement structures used in the studies described above with thicknesses of several mm.
Therefore, it was important for our study to report the amount of silver that leaches out, as
opposed to simply stating the weight % of silver placed into a composite material.
The combination of nanosilver and PMMA has been used in bone cements, but pulsed laser
deposited PMMA/Ag composite thin films are completely novel. Due to the favorable
properties of PMMA and the antimicrobial efficacy of silver, these coatings have potential
use beyond orthopedics. The process described in this study is highly controlled and

186

performed at room temperature, which allows it to be used on a large number of different
medical materials and devices. The PMMA and silver targets are ablated directly and
simultaneously, eliminating any mixing steps that exposes a device surface to potentially
harmful MMA monomer, excessive heating and incomplete adhesion. As seen in Figure 1,
the deposition character of PLD PMMA is very uniform and although the layer is not
completely flat from the cross section view in Figure 2, there are no visible defects under
SEM. The nature of pulsed laser deposition creates high energy species in the plume which
tend to undergo chemical reactions with the substrate upon deposition, creating a highly
adherent coating. This was qualitatively examined in the study, after handling the samples
during the experiments, the PMMA coating was observed to be completely intact with no
change in texture or color. This observation suggested that only the silver was released and
the majority of PMMA was not detaching. The addition of silver coatings with PMMA may
not only prevent bacterial growth in a biological environment, but may also likely decrease
the chance for contamination during handling and storage of the coated materials.
It is possible to control the morphology of PMMA thin films by altering several deposition
parameters during PLD.17 In the present study silver release into solution was modulated by
total silver content (through layer thickness), with the thicker layers deposited with 14,000
and 20,000 pulses eluting more silver into solution than the 10,000 pulse thin films (Figure
4). This result showed that the amount of silver deposited was proportional to the amount of
laser pulses applied to the target. In the future it will be possible to examine modifying
deposition parameters and the morphology of PMMA to control the rate of release of Ag ions
as opposed to modulating the total silver amount alone.
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The amount of silver in all thin films had very strong antibacterial activity as evidenced by
the results in Figure 5. The 14,000 and 20,000 pulse films released 0.8 and 1.0 µg/mL silver
into solution, respectively, which killed nearly all E. coli bacteria under dynamic conditions.
The bacterial solution incubated with 10,000 pulse PMMA/Ag films was the only sample that
showed noticeable colony formation with 34 colonies, which accounted for about 1% of
colonies formed in materials without silver. Only the 10,000 pulse films that released 0.8
µg/mL silver into solution showed minimal cytotoxicity with bone marrow stromal cells
(Figure 6), suggesting that increasing a dose of silver above this threshold can induce toxicity
as evidenced by the higher pulse number thin films. Toxicological studies of silver
nanoparticles in solution generally find significant cytotoxic response above concentraitions
of 5 µg/mL in different cell lines,

22-24

which was not tested in this study due to the clear

toxicity at a lower threshold. For example, in HT-1080 and A431 cells the IC50 (half maximal
inhibitory concentration) was determined to be 10.6 and 11.6 μg/mL, respectively. When the
cells were challenged with half the IC50, there were signs of acute toxicity, such as oxidative
stress, decreased GSH, increased lipid peroxidation and others.25 Our results may suggest
that bone marrow stromal cells have more sensitivity towards dissolved silver toxicity.
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Conclusions:
Our study showed that with the use of pulsed laser deposition, it is possible to create a
durable PMMA/Ag composite thing film with a custom amount of silver. The concentration
of silver leaching out of the thin films can be modulated by altering the total pulses and,
therefore, the thickness of the film. With this approach it was possible to create a thin film
that has minimal cytotoxicity in hBMSCs while having considerable antimicrobial activity
against E. coli. Future studies will look into the parameters for modifying the PMMA film to
further control the release dynamics of silver ions and particulates into solution.
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Abstract:
Zinc oxide (ZnO) is a widely used commercial material that is finding use in wound healing
applications due to its antimicrobial properties. Our study demonstrates a novel approach for
coating ZnO with precise thickness control onto 20 nm and 100 nm pore diameter anodized
aluminum oxide using atomic layer deposition (ALD). ZnO was deposited throughout the
nanoporous structure of the anodized aluminum oxide membranes. An 8 nm-thick coating of
ZnO, previously noted to have antimicrobial properties, was cytotoxic to cultured
macrophages. After 48 hours, ZnO-coated 20 nm and 100 nm pore anodized aluminum oxide
significantly decreased cell viability by ≈65% and 54%, respectively, compared to cells
grown on uncoated anodized aluminum oxide membranes and cells grown on tissue culture
plates. Pore diameter (20-200 nm) did not influence cell viability.

Keywords: Anodic aluminum oxide, atomic layer deposition, nanoporous materials, zinc
oxide, macrophage, cytotoxicity, reactive oxygen species (ROS).
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Introduction:
Zinc oxide (ZnO) is a widely utilized commercial material that has recently garnered
interest by medical and nanotechnology researchers due to its considerable antimicrobial1
and UV protection properties.2 In a review by Lansdown et al., the authors emphasize the
importance of numerous Zn materials that have good clinical evidence showing improved
wound healing, anti-infective activity, and higher epithelialization rates.3 A number of
commercial materials use ZnO as an active component, such as bandages, stockings, and
occlusive adhesive dressings.3 Nanoscale forms of ZnO have been considered for use in
nontoxic antimicrobial wound dressings.4 In addition, discrete ZnO nanoparticles have been
shown to exhibit strong antimicrobial activity against Gram-positive bacteria5,6 as well as
some preferential toxicity towards cancerous human myeloblastic leukemia cells (HL60)
when compared to normal peripheral blood mononuclear cells.6 There could be several
reasons for preferential cell toxicity; one potential mechanism for this behavior (e.g., for ZnO
nanoparticle toxicity) may involve the generation of reactive oxygen species (ROS).6 ROS
generation, however, is generally assumed to occur after cellular uptake of Zn ions.7 ZnO
nanoparticles themselves produce little ROS but generate dissolved Zn2+ ions, which then
enter the cell and cause production of intracellular ROS.7
Both ionic Zn and ZnO nanomaterials have been shown to decrease cell viability in
various mammalian cell lines. Specific cells of the immune system, for example, respond
differently to ZnO nanomaterials. For example, monocyte-derived dendritic cells exhibit a
dose-dependent cytotoxic response and increase in the activity of caspases, enzymes which
are involved in apoptotic cell death; however, peripheral blood mononuclear cells are not
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affected.8 At sub-cytotoxic concentrations, ZnO may modulate immune responses in some
immune cell types but not others.8 In general, the mode of toxicity for ZnO nanomaterials is
thought to involve free Zn ions and likely follows a classical dose and time-dependent
response for intracellular ROS production and cytotoxicity.9
ZnO has been shown to be toxic in vivo via certain routes of exposure. For example,
ZnO nanoparticles were noted to be more toxic to the lungs than the equivalent dose in ionic
(ZnCl2) form following intratracheal instillation.10 The particles are thought to be trapped in
the lung and continuously release Zn ions that cause toxicity; however, the ionic solution is
cleared more easily.10 When incorporated into hydrogel wound dressing bandages, ZnO
nanomaterials impart improved healing and antimicrobial activity.11 Nano-scale ZnO shows
good in vivo outcomes in skin applications such as sunscreens and cosmetics, where it has
limited penetration into skin layers and little or no effect on skin cell morphology,
metabolism, or oxidation.12
When compared to discrete nanoparticles, very little toxicology literature is available
on nanotextured surfaces.13 Similar features are present in discrete nanoparticles and on
nanotextured surfaces, namely the increased surface area and high radius of curvature
inherent to nanoscale features. ZnO can be coated onto nanotextured surfaces without
disrupting the underlying surface morphology using a thin film growth process known as
atomic layer deposition (ALD). A ZnO-coated nanotextured surface will have a greater
surface area for cell interactions than a smooth surface14; as such, the ZnO-coated
nanotextured surface may exhibit a higher rate of Zn ion dissolution. Skoog et al. previously
demonstrated that ZnO-coated anodized aluminum oxide membranes exhibit antimicrobial
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activity against several bacterial strains associated with skin infection; significant activity
against Gram-positive bacteria was noted.15 They showed that ZnO coatings deposited using
ALD leach Zn ions in vitro. The extract from the ZnO-coated 20 nm and 100 nm anodized
aluminum oxide membranes contained zinc at a concentration of approximately 90 µg/ml.16
This study raised the question about the cytotoxic potential of the released Zn ions to
eukaryotic cells. The objective of the present study was to evaluate macrophage responses
(e.g., cytotoxicity and ROS production) of an ALD-grown ZnO coating on a nanoporous
anodized aluminum oxide substrate. The underlying inert substrate used in the study was
anodized aluminum oxide, which is known to have good cell adhesion and proliferation in
vitro compared to a standard tissue culture well. Hoess et al. showed that cells interact with
200 nm pores and thus may respond differently to varying pore diameters.16 Ferraz et al.
indicated that differences in nanoporosity elicited different immune responses for 20 and 200
nm diameter nanoporous anodized aluminum oxide in vivo.17 In this study, cellular responses
to ZnO-coated and uncoated 20 nm and 100 nm anodized aluminum oxide membranes were
evaluated using the MTT cell viability assay and the ROS production assay.
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Materials and Methods:

ZnO Deposition:
Anodized aluminum oxide membranes with 20 nm pores and 100 nm pores were acquired
from a commercial source (General Electric Healthcare, Maidstone, United Kingdom). These
membranes exhibited outside diameters of 13 mm and thicknesses of 60 μm. The 20 nm pore
size nanoporous anodized aluminum oxide membranes exhibited pore diameters of 200 nm
for ∼58 μm of the 60 μm thickness and exhibited pore diameters of 20 nm for ∼2 μm of the

60 μm thickness. The 100 nm pore size nanoporous anodized aluminum oxide membranes
exhibited pore diameters of 200 nm for ∼58 μm of the 60 μm thickness and pore diameters of

100 nm for ∼2 μm of the 60 μm thickness. The ZnO ALD was conducted at a pressure of ~1
Torr using 360 sccm carrier gas flow of ultrahigh purity N2 in a custom viscous flow reactor.
Prior to deposition, the nanoporous anodized aluminum oxide membranes were cleaned in
situ by flowing ozone, which was generated by flowing 400 sccm ultrahigh purity O2 through
a commercial ozone generator for five minutes at a temperature of 200°C. The ozone
concentration generated using this approach was ~10% and the ozone partial pressure was
~0.1 Torr. ZnO was deposited on the surfaces of the membranes by iteratively exposing the
membranes to diethylzinc (Sigma Aldrich, St. Louis, MO) and water vapors at a deposition
temperature of 200° C. For each precursor, a six second exposure at a partial pressure of ~0.2
Torr was followed by a five second N2 purge. The anodized aluminum oxide membranes
were coated with 8 nm ZnO as determined by ellipsometry on Si(100) witness samples,
which were concurrently coated with the nanoporous anodized aluminum oxide membranes.
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Scanning electron microscopy:
Scanning electron microscopy (SEM) was performed using a JEOL 6400 cold field emission
scanning electron microscope (JEOL, Tokyo, Japan). Energy dispersive X-ray spectroscopy
(EDX) was performed in order to confirm the elemental composition of the surface. The
SEM was equipped with an energy dispersive X-ray spectrometer attachment with a Link
Pentafet detector (Link Analytical, Redwood City, CA) and a 4Pi Universal Spectral Engine
pulse processor (4Pi Analytical, Hillsborough, NC). An accelerated voltage of 20 keV was
used in this study.

MTT cell viability assay:
The annealed ZnO-coated nanoporous anodized aluminum oxide membranes and uncoated
nanoporous anodized aluminum oxide membranes were assayed for potential cytotoxicity
using the MTT (3-[4,5-dimethyl-2-thiazol]-2,5- diphenyl-2H-tetrazolium bromide) assay
(CellTiter 96® non-radioactive cell proliferation assay) from a commercial source (Promega,
Madison, WI). Membranes were sterilized with ultraviolet light (UVP CL-1000, Upland,
CA). All membranes were exposed for two hours on each side and rotated 90° every 60
minutes to ensure complete sterilization. Upon completion of ultraviolet sterilization, the
membranes were placed in 24-well plates. RAW 264.7 cells (mouse leukemic monocyte
macrophage cell line), which were obtained from a commercial source (ATCC, Manassas,
VA), were added to the 24-well plates at a cell density of 2 x 105 cells/mL in Dulbecco's
Modified Eagle Medium (DMEM). All of the 24-well plates were incubated for either 24
hours or 48 hours. Following incubation, the membranes were moved to a new 24-well plate
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so that assays were conducted on cells grown only on the membranes and not in the nonmembrane areas of the wells. The new wells contained 0.5 mL MTT-DMEM for
macrophages. MTT-DMEM was prepared by adding MTT dye solution:medium at a 15:100
ratio as specified by the kit. A 75 µl aliquot of MTT dye was added to each well in order to
obtain a total volume of 0.5 ml. The plates were then incubated under cell culture conditions
for 3 hours. After each incubation period, the solubilization solution/stop mix was added and
the plates were incubated again for 1 hour at 37°C and 5% CO2. The wells were then mixed
and the contents transferred to duplicate wells in a 96-well plate for absorbance
measurements. Absorbance was measured at λ = 570 nm (reference wavelength 650 nm)
using a 96-well OPTIMax plate reader (Molecular Devices, Sunnyvale, CA). Cells spiked
with 5% and 10% dimethyl sulfoxide (DMSO) served as a positive control for the MTT
assay. The data were normalized to the uncoated nanoporous anodized aluminum oxide
membrane and were expressed as percent viability.

Reactive oxygen species (ROS) production assay:
To investigate oxidative stress, the generation of intracellular ROS was measured by the
increasing fluorescence of 2’7’-dichlorofluorescein (DCF). The cell-permeable 2’7’dichlorodihydrofluorescein (DCF-DA) is oxidized by intracellular reactive oxygen species to
the highly fluorescent dichlorofluorescein (DCF). Cells with a density of 2 x 105 cells/mL (2
x 104 cells/well) were cultured in DMEM within a standard transparent 96-well plate
overnight. After cells were washed twice with HBSS to remove culture medium, 5 mM DCFDA in HBSS was added to all of the wells and the plate was incubated at 37º C for 30
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minutes. After incubation, the DCF-DA reagent was removed and the cells were washed
twice with HBSS. Different concentrations of ZnO extracts in 100 µl aliquots of culture
medium were added to each well. Cells were treated with 200 µM hydrogen peroxide (H2O2)
as a positive control. Different concentrations of extracts alone served as controls and were
run in parallel to determine if there was any interference with the assay. DCF fluorescence
was monitored after various treatments from 30 minutes to 24 hours at excitation of 480 nm
and emission of 530 nm using a fluorescence plate reader (Molecular Devices, CA, USA).
Extracts were collected by placing sterilized filters into 24-well plates and incubating in 1 ml
DMEM media at 37 ºC and 5% CO2. Wells with media but without membranes served as
control extracts. Media was then removed after 24 or 48 hours and was used for further
studies. ROS generation was obtained by measuring cells exposed to surface media extracts
as opposed to measuring cells directly grown on various surfaces; this approach with utilized
in order to see if particulate or ionic leaching was the mode of toxicity as opposed to direct
contact between the cells and the surface.

Statistical analysis:
The results from each data set were analyzed with Prism 4 statistical software (GraphPad
Inc., La Jolla, CA). The results were expressed as mean ± standard deviation. Statistical
differences between the control and treated group were assessed using a one-way ANOVA
with a Bonferroni post hoc test. Each experiment was repeated at least three times with each
sample assayed in duplicate. A P value of less than 0.05 was considered to be statistically
significant. For MTT the data were normalized to cells grown in a standard tissue culture
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well and the results were expressed as percent viability. Significance level notation was
expressed as * for P<0.05, ** for P<0.01, and *** for P<0.001.
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Results:

Surface characterization:
Scanning electron microscopy was performed to examine the morphologies of the coated and
uncoated nanoporous anodized aluminum oxide membranes. All of the membranes had one
side with circular 200 nm diameter pores (designated as Side A (Figures 1A and 1B)), which
narrowed to either 20 nm or 100 nm diameter branched pores on the other side (designated as
Side B). Side B scanning electron micrographs for the 100 nm uncoated and ZnO-coated
nanoporous anodized aluminum oxide membranes are shown in Figures 1C and 1D. Figures
1B and 1D are representative SEM images of the coated membranes; artifacts resulting from
the deposition process were noted on the surfaces of the coated membranes.
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Figure 1. SEM images of both sides of a 100 nm anodized aluminum oxide membrane. A:
Side A of an uncoated anodized aluminum oxide membrane, showing 200 nm circular pores.
B: Side A of an 8 nm ZnO-coated anodized aluminum oxide membrane, showing 200 nm
circular pores. C: Side B of an uncoated anodized aluminum oxide membrane, showing 100
nm branching pores. D: Side B of an 8 nm ZnO-coated anodized aluminum oxide membrane,
showing 100 nm branching pores.
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The deposition artifacts were noticeable in images that were obtained from cleaved crosssectional specimens (Figure 2A). The majority of the coated membrane surface was free of
these artifacts. The pores were noted to continue from one side of the membrane to the other.
To determine whether the ALD precursors penetrated through the entire membrane, EDX
elemental analysis was used to evaluate Side A, Side B, and the center of the membrane; as
noted in the red text of Figure 2A, ZnO was shown to be present in each of these three
regions of the nanoporous structure (shown). Figure 2B shows a representative EDX
spectrum of the 200 nm pore side (Side A) of a ZnO-coated nanoporous anodized aluminum
oxide membrane. Prominent Zn and Al peaks were noted on spectra that were obtained
throughout the membrane.
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Figure 2. Cross-sectional SEM and elemental analysis of a 20 nm nanoporous anodized
aluminum oxide with an 8 nm ZnO coating. A: Cross-sectional view of the membrane,
showing the crystals present on the surface. B: EDX spectrum obtained from the 200 nm
circular pore side, showing Al and Zn peaks (Side B).

Cell responses:
No significant differences were noted in cell viability (MTT assay) after 24 hour exposure to
any coated or uncoated membrane (Figure 3). The ZnO-coated nanoporous membranes
trended towards lower viability values; however, the differences with tissue culture
polystyrene plate controls (TCPS) after 24 hours were not statistically significant. Cells
exposed to ZnO-coated 20 nm anodized aluminum oxide showed decreased viability; for
example, viability of cells exposed to ZnO-coated anodized aluminum oxide was
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approximately 32% lower than that of cells grown in culture wells. Viability of cells grown
on ZnO-coated 100 nm anodized aluminum oxide was approximately 36% lower than that of
cells grown in culture wells. After 48 hours, cell viability for both ZnO-coated 20 nm
anodized aluminum oxide and ZnO-coated 100 nm anodized aluminum oxide was
significantly lower (p < 0.01) than for the corresponding uncoated controls and tissue culture
controls. Cell viability for ZnO-coated 20 nm anodized aluminum oxide decreased by
approximately 65% and ZnO-coated 100 nm anodized aluminum oxide decreased by
approximately 54% from controls. Pore diameter did not appear to influence cell viability for
coated or uncoated membranes. There were no differences among cell viability for 10, 100,
or 200 nm pore diameter membranes after both 24 and 48 hours (the data for the 200 nm pore
surface not included on MTT figure). Moreover, the anodized aluminum oxide substrates
themselves did not affect cell viability.
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Figure 3. Cell viability (MTT assay) in macrophages cultured on nanoporous uncoated
anodized aluminum oxide membranes and nanoporous Zn-coated anodized aluminum oxide
membranes. No statistical differences are present at 24 hours. After 48 hours, cells cultured
on both 20 and 100 nm ZnO-coated anodized aluminum oxide membranes showed a
reduction in cell viability compared with cells cultured on corresponding uncoated anodized
aluminum oxide membranes and cells grown on standard tissue culture wells. Statistical
significance *** p < 0.001, ** p< 0.01 from cell and media only control.

Production of intracellular ROS was monitored from 1 to 24 hours after treatment using
extracts collected from incubating ZnO-coated membranes for 24 hours (Figure 4). No
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significant increases in ROS production were found between any groups at each time point.
The H2O2 positive control induced a very strong response from the cells; in addition, no
interference with the dye was observed.
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Figure 4. ROS production in macrophages treated with 24-hour extracts from ZnO-coated
membranes over 1 hour, 3 hours, 12 hours, and 24 hours. Cells were treated with H2O2 as a
positive control. All experimental groups, including ZnO-coated and uncoated anodized
aluminum oxide, had similar responses to cells grown with fresh media, indicating no
significant ROS generation for any surface extract.
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Discussion:
Several techniques are available for depositing ZnO coatings onto anodized aluminum oxide
membranes, including pulsed laser deposition (PLD),18 ion beam sputtering,19 plasma
chemical vapor deposition (CVD),20 and spin coating.21 ALD has previously been used to
deposit nanometer-thick coatings of ZnO on polymer nanofibers with no alteration to the
underlying nanofiber structure.22 Cross-sectional SEM/EDX analysis revealed a benefit of
using ALD for growth of coatings on nanotextured surfaces, including nanoporous surfaces.
The EDX data shown in Figure 2 B indicates that ZnO was deposited throughout the surfaces
of the nanoscale pores. The main benefit of ALD is its ability to deposit conformal thin films
over complex surface topographies. ALD is also particularly well suited for coating
nanoporous anodized aluminum oxide materials and other materials with interconnected
pores, which may be difficult to coat by means of other techniques.
In previous work, Palomaki et al. showed that ZnO nanoparticles elicited
concentration-dependent cytotoxicity in RAW 264.7 macrophages.23 The present study was
aimed to determine whether cell viability can be affected by atomic layer deposition-grown
coatings on nanoporous ZnO surfaces instead of by free ZnO nanoparticles. Previous studies
have indicated that the pore size of nanoporous anodized aluminum oxide membranes and
coated membranes does not have a significant effect on cell viability.24 As noted in the
introduction, our group quantified Zn ion release from 20 nm and 100 nm anodized
aluminum oxide membranes with atomic layer-deposition grown 8 nm-thick ZnO coatings
into DMEM culture media containing 10% fetal bovine serum by means of inductively
coupled plasma mass spectrometry.16 This study confirms that varying the pore size between
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20 nm and 200 nm does not alter cell viability as measured by the MTT assay. Atomic layer
deposition enables the amount of coating material that is deposited on the surface and
subsequently released during use to be readily controlled. This attribute of atomic layer
deposition is beneficial for coating medical devices with materials such as silver or zinc
oxide, which are thought to produce antimicrobial activity through ionic interactions.25,26
The commercially-available nanoporous anodized aluminum oxide samples used in
this study are anisotropic; one side contains isolated, circular pores with a diameter of ~200
nm (Figure 1 A and B) and the other side contains a “branchlike” structure in which the pore
diameter is ~20 or ~100 nm (Figure 1 C and D). Some particles were noted on the surface of
the 8 nm thick ZnO coating (Figures 1 and 2). The particles may be attributed to the
formation of ZnO crystals due to insufficient precursor purging between exposures or
contamination by adventitious dust particles. It should be noted that the majority of the
surface area of the coating membrane was free of these particles (Figure 1 B). The EDX
elemental analysis showed Zn and Al peaks, which are attributed to the 8 nm thick ZnO
coating and the underlying aluminum oxide substrate.
The ZnO-coated membranes examined in this study were previously shown to
possess antibacterial activity;

16

however, the cytotoxicity of these materials was not

previously examined. It is evident from the MTT cell viability assay results that the ZnOcoated membranes are cytotoxic to macrophages after 48 hours of incubation. No
cytotoxicity was evident after 24 hours, which suggests that there is a gradual release of Zn
ions into the media over time. In addition, the data suggests that the effect of Zn ions on
macrophages may be time-dependent. Zn ions are known to be toxic to a variety of cell
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types.27 Many studies measure administration of a single bolus dose; toxicity results may
differ if an identical dose is gradually administered over a period of time.
Cell culture methods also apparently have an effect on cell responses to ZnO; for
example, keeping cell number and Zn concentration constant, more densely packed
monolayers have higher resistance to Zn toxicity than an identical number of cells located
further apart from one other.28 The observed relationship between toxicity and seeding
density is not fully understood and could occur due to differences in cellular function
between isolated cells and cell assemblages. In the present study, cells are dispersed on the
surfaces so that they are not directly touching each other, which could potentially make them
slightly more susceptible to Zn ion toxicity.
Ionic zinc is known to modulate immune response from monocytes by suppressing
TNF-alpha transcription and secretion.29 For example, Grandjean-Laquerriere et al. showed
that zinc decreases TNF-alpha production by unstimulated human monocytes.30 Several
previous studies have indicated that Zn prevents free radical generation and oxidative stress.
In a rat model, Zn has been shown to decrease carbon tetrachloride-induced liver damage31
from reactive free radical metabolites and reduce the toxicity of cadmium,32 a known
carcinogen. In mice, oral Zn administration decreased alcohol-induced liver damage33 and
toxicity from whole body radiation.34 Rostan et al. considered the role of Zn as an
antioxidant and discussed mechanisms in which redox stable Zn may replace redox reactive
metals such as iron and copper as well as function as a sacrificial site for oxidant attacks.35 It
should be noted that the amount of Zn ions in the extract may have not been sufficient to
result in measureable production of ROS. Since the ZnO surfaces were toxic only after 48
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hours, it is possible that the amount of Zn that had leached out after 24 hours was not
sufficient to cause measureable production of ROS.
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Conclusion:
In summary, ZnO-coated nanoporous anodized aluminum oxide membranes were shown to
produce significant cytotoxicity after 48 hours in macrophages, a common cell type involved
in wound repair. It is possible to readily alter the thickness of a ZnO coating that is grown on
a surface by means of ALD. Further studies are necessary to determine the optimal thickness
of a ZnO coating on nanoporous surfaces that will produce an antimicrobial effect while
minimizing cytotoxicity. Although the ZnO-coated membranes were noted to be cytotoxic
(MTT assay) after 48 hours, no statistically significant toxicity or ROS production was
observed after 24 hours. An exposure time longer than 24 hours appears to be necessary to
leach a sufficient amount of Zn ions into media in order to produce an adverse cell response.
A threshold Zn ion concentration for ROS generation and reduction in macrophage viability
may exist, which was not reached after a 24 hour exposure but was reached after additional
exposure.
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Abstract:
The surface topographies of nanoporous anodic aluminum oxide (AAO) and titanium dioxide
(TiO2) membranes have been shown to modulate cell response in orthopedic and skin wound
repair applications. In this study, we: 1) demonstrate an improved atomic layer deposition
(ALD) method for coating the porous structures of 20, 100, and 200 nm pore diameter AAO
with nanometer-thick layers of TiO2 and 2) evaluate the effects of uncoated AAO and TiO2coated AAO on cellular responses. The TiO2 coatings were deposited on the AAO
membranes without compromising the openings of the nanoscale pores. The 20 nm TiO2coated membranes showed the highest amount of initial protein adsorption via the micro
bicinchoninic acid (micro-BCA) assay; all of the TiO2-coated membranes showed slightly
higher protein adsorption than the uncoated control materials. Cell viability, proliferation,
and inflammatory responses on the TiO2-coated AAO membranes showed no adverse
outcomes. For all of the tested surfaces, normal increases in proliferation (DNA content) of
L929 fibroblasts were observed from 4-72 hours. No increases in TNF-alpha production
were seen in RAW 264.7 macrophages grown on TiO2-coated AAO membranes compared to
uncoated AAO membranes and tissue culture polystyrene (TCPS) surfaces. Both uncoated
AAO membranes and TiO2-coated AAO membranes showed no significant effects on cell
growth and inflammatory responses. The results suggest that TiO2-coated AAO may serve as
a reasonable prototype material for the development of nanostructured wound repair devices
and orthopedic implants.
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Introduction:
Titanium oxide and aluminum oxide materials with nanoporous surfaces have been shown to
possess better biological properties than their smooth counterparts. For example, nanoporous
titanium dioxide (TiO2) is a promising orthopedic material, which has previously been shown
to enhance osteoblast attachment and proliferation.1 Anodic aluminum oxide (AAO)
membranes have been evaluated for applications in skin wound repair; the nanoporous
topography of these materials was shown to modulate keratinocyte phenotype and skin
wound healing.2 It is possible to obtain nanoporous surfaces that may be suitable for
biological applications by anodizing Al to Al2O3 via a two-step anodization process. It is
possible to coat TiO2 onto AAO and other nanoporous structures using atomic layer
deposition (ALD); this process enables a conformal TiO2 film of known thickness to be
grown on the surface of AAO. Previous work by our group has shown that TiO2-coated AAO
exhibits similar keratinocyte viability to uncoated AAO.3 Bulk Al2O3 is not a novel
biomaterial. Many types of Al2O3 ceramics have been previously utilized as bearings in total
hip replacement implants; these implants have not been associated with adverse events.4,5
Al2O3 wear particles from orthopedic implants have been shown to possess lower in vitro
toxicity endpoints than cobalt-chromium alloy (CoCr) wear particles.6 Nanoporous Al2O3 has
gained attention from the biomaterials community due to its tunable pore properties7 and
good biocompatibility.8,9
Nanoporous AAO is formed through a controllable anodization process that results in
a highly dense and repeating porous structure.10 Structures containing pores with diameters
between 20 to 200 nm may be generated using this process. Nanoporous Al2O3 has been
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proposed as a coating for Ti implants. Cells have been shown to proliferate and attach via
focal adhesion points to the pores in the material11; in addition, the immune response has
been shown to vary with pore size in in vivo studies.12 ALD is a thin film deposition process
that enables complex nanoporous structures such as nanoporous membranes to be
conformally coated in a layer-by-layer manner with metallic or ceramic coatings; this selflimited approach provides precise control over film thickness. ALD processes commonly
involve binary reactions, in which the two precursors are temporally split from one other by
discrete half cycles. Purge steps are typically included after the introduction of each
precursor; these steps are used to eliminate excess precursor. As supported by our previous
work involving ALD growth of ZnO coatings on AAO membranes, ALD techniques are able
to coat all of the exposed inner and outer surfaces of AAO in a uniform manner.9
Both of the base materials in this study, TiO2 and Al2O3, have been previously
compared in powder form in a L929 murine fibroblast cell model; in this study, TiO2 showed
higher cell proliferation.13 Smooth titanium surfaces also showed better results than
aluminum surfaces. V79 Chinese hamster cells had increased colony formation on analogous
mirror-finished flat surfaces of titanium but not on aluminum surfaces, suggesting a
differential response to titanium by fibroblasts. When the same aluminum surface was acid
etched to give a higher roughness value and a thicker oxide film, it exhibited good cell
colony formation comparable to that of flat titanium.13 In another study, electrochemically
anodized Ti-Al alloy showed thinner fibrous capsules in vivo and showed higher alkaline
phosphatase (ALP) activity in vitro.14 Lee et al. showed that alkaline phosphatase activity by
MC3T3-E1 cells seeded on oxidized titanium increased as the annealing temperature was
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increased from 300 C to 750 C.15 In addition, nanostructured TiO2 has been shown to possess
antimicrobial efficacy against Staphylococcus epidermidis16 as well as increased osteoblast
adhesion.17 Nanostructured titanium has also been shown to improve cell density over
conventional titanium. In a recent study, nanostructured and conventional titanium were
functionalized with fibroblast growth factor 2 (FGF-2), increasing cell density on each
material. However, the cell density on conventional titanium functionalized with FGF-2 was
comparable to that of non-functionalized nanostructured titanium, indicating that
nanotopography had a positive effect on cell density comparable to that of FGF-2
functionalization.18 The goal of the present study was two-fold: 1) to demonstrate a method
for coating the porous structure of 20, 100, and 200 nm pore diameter AAO with nanometerthick layers of TiO2, and 2) to compare the cellular interactions, including cytotoxicity,
proliferation, and morphology, of TiO2-coated AAO membranes and uncoated AAO
membranes.
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Methods:
TiO2 Deposition:
TiO2 was coated onto AAO membranes by means of alternative adsorption/hydrolysis of
titanium isopropoxide (TIP). The AAO membrane was pre-treated with dilute HNO3 solution
(pH = ~5-6) in order to increase the hydrophilicity. The acid-treated AAO membrane was
then rinsed in alcohol and dried under vacuum. Subsequently, the treated AAO membrane
was dipped in TIP solution (0.1 M TIP in alcohol) for 30 minutes. TIP molecules were
chemisorbed onto the surface of AAO membrane by reacting with surface hydroxyl groups.
After rinsing with alcohol and drying, the coated AAO membrane was hydrolyzed in diluted
HNO3 solution (pH=~5-6) to recover the hydrophilic surface. On repetition of the above
processes, 10 atomic layer coatings were performed. Finally, the coated membrane was
sintered at 450 °C for 30 minutes.

Scanning Electron Microscopy/X-ray Spectroscopy:
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were
performed using a Carl Zeiss Merlin field emission scanning electron microscope (Carl Zeiss
NTS, Peabody, MA); this instrument was equipped with an energy dispersive X-ray
spectrometer attachment. An accelerated voltage of 20 keV was used in this study.

Atomic Force Microscopy:
Atomic force microscopy (AFM) imaging was performed on MFP-3D-Bio AFM instrument
from Asylum Research (Santa Barbara, CA). A Model #TAP150A silicon probe (Bruker,
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Santa Barbara, CA) with a resonant frequency of 150 kHz was used for tapping mode AFM
imaging in air. The TiO2-coated AAO membranes were sequentially rinsed with acetone,
ethanol, and Milli-Q water to remove any organic contamination or particulates; the coated
membranes then blow dried with high purity nitrogen gas. The membranes were taped to a
glass slide, which was secured on the AFM stage using two magnets. An area of 3 μm × 3
μm was scanned; roughness analysis was obtained by averaging the data from at least three
images that were acquired from different areas of the membrane. The 1st order flatten was
applied to all AFM images prior to the roughness analysis. The root mean square (RMS),
maximum peak, maximum valley, area, and area percent were reported to examine the
difference in surface roughness among three different surfaces. It should be noted the “area”
results were automatically calculated using the quad triangle method (QTM) in the AFM
analysis software. In the QTM method, each group of 4 pixels was drawn as a set of 4
triangles, with the center of the group being shared by all triangles. The surface of each of the
4 triangles was calculated and summed up as total “area.”

Cell Culture:
Annealed TiO2-coated membranes and uncoated membranes were sterilized with ultraviolet
light (UVP CL-1000, Upland, CA). All membranes were exposed for two hours on each side
and rotated 90° every 60 minutes to ensure that all of the sides were sterilized. Upon
completion of ultraviolet sterilization, the membranes were placed in 24-well plates. RAW
264.7 cells (mouse leukemic monocyte macrophage cell line, ATCC, Manassas, VA) were
added to the 24-well plates at a cell density of 2 x 105 cells/ml. L929 cells (mouse fibroblast
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cell line, ATCC, Manassas, VA) were added to different 24-well plates at a cell density of 1
x 105 cells/ml. Tissue culture polystyrene (TCPS) controls were obtained by using a hot hole
punch to press out tablets with the same diameter as the AAO membranes. All 24-well plates
were then incubated for either 24 or 48 hours at 370C with 5% CO2. Some cells may have
grown on the surface of the culture well itself but not on the membrane; therefore, only the
cells growing on the membranes and the controls were considered. Prior to performing
assays, the membranes and controls were moved to a new 24-well plate so that cells growing
on well surfaces did not influence measurements by diluting assay outputs. All of the assays
were conducted in duplicate; experiments were repeated a minimum of three times.

MTT Assay:
Membranes were assayed for potential toxicity using the MTT assay (CellTiter 96® NonRadioactive Cell Proliferation Assay, Promega, Madison, WI), as previously described.19
Cells spiked with 5% and 10% dimethyl sulfoxide (DMSO) served as a positive control. The
MTT dye was tested for interactions with the AAO membrane and no interference was
recorded. The data for the coated membranes were normalized to data for the uncoated
membranes and were expressed as percent viability.

232

Neutral Red Assay:
L929 fibroblasts were grown on the coated membranes, uncoated membranes, and TCPS
control materials for 4, 24, or 72 hours. The samples were carefully rinsed with PBS, moved
to a new 24-well plate with 1 ml Neutral Red (NR) media (25 µg NR dye/ml RPMI media) in
each well, and incubated at 37°C for 3 hours. The NR media was then removed and the
samples were rinsed in PBS. 400 µl of desorb (EtOH/acetic acid) solution was added to all of
the wells, including the blank wells. Plates were protected from light and shaken for 40
minutes to extract NR dye from the cells. Absorbance was measured at a wavelength of 540
nm using a 96-well OPTIMax plate reader (Molecular Devices, Sunnyvale, CA).

Micro Bicinchoninic Acid Assay:
The total amount of adsorbed proteins on the coated membranes, uncoated membranes, and
TCPS control materials was quantified using a micro-BCA Protein Assay Kit (Pierce
Biotechnology, Rockford, IL). Samples were incubated with Phenol Red-free cell culture
media containing 10% FBS. 30 seconds of exposure to cell culture media was determined to
be optimal since the entire surface was found to likely be covered in adsorbed proteins after
approximately 2 minutes. TCPS controls were obtained by using a hot hole punch to press
out tablets with the same diameter as the AAO membranes. Polydimethylsiloxane (PDMS)
gasket molds were used to expose the same area of a single side of each membrane and
control tablet. After 30 seconds of exposure to cell media, the membranes and controls were
dip washed in PBS 3 times to remove any loosely adsorbed proteins. Samples were then
placed into wells within a 24-well plate containing the micro-BCA assay reagents and
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incubated for 3 hours at 37°C. The resulting solution was then transferred into triplicate wells
of a 96-well plate; absorbance was measured at a wavelength of 562 nm using an OPTIMax
plate reader (Molecular Devices, Sunnyvale, CA).

Cell Imaging:
To investigate cell attachment and cell morphology on the test materials, L929 fibroblasts
were plated at a density of 1 x 105 cells/ml directly on the coated membranes, uncoated
membranes, and TCPS controls; the cells were then incubated for 4, 24, and 72 hours. Media
was removed; cells were washed with warm PBS, fixed with 4% paraformaldehyde, and
washed with PBS again. 0.2% Triton was used to permeabilize the cell membrane to the
dyes. Cells were subsequently washed again and incubated with Molecular Probes® DAPI,
Alexa Fluor® 594 phalloidin (Life Technologies, Grand Island, NY), and SYTOX® Green
Nucleic Acid Stain (Life Technologies, Grand Island, NY) for 1 hour. The cells were then
washed with PBS 3 times and allowed to dry in the dark. Images were acquired using an
Axioskop 2 fluorescent microscope (Carl Zeiss, Thornwood, NY) with a 10x objective.

DNA Proliferation Assay:
The Picogreen® DNA assay was used to quantify cell proliferation on the coated
membranes, uncoated membranes, and control materials. Samples were washed with PBS
and then incubated with lysis buffer (PBS with 0.175 U/ml papain and 14.5 mmol/l Lcysteine) for 18 hours at 60 °C. After incubation, 0.1 ml of lysate was transferred to a clean
96-well plate and diluted with 0.1 ml of Picogreen® reagent (Life Technologies, Carlsbad,
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CA), which was diluted as per the manufacturer's protocol. Fluorescence (excitation
wavelength=485 nm, emission wavelength=538 nm) was measured using an OPTIMax plate
reader (Molecular Devices, Sunnyvale, CA). A DNA standard curve was generated using
known DNA concentrations to calibrate readings.

Mouse TNF-alpha Immunoassay:
Mouse tumor necrosis factor alpha (TNF-alpha) is an immunostimulant and a mediator of the
inflammatory response. RAW 264.7 macrophages were assayed for potential production of
TNF-alpha while exposed to uncoated AAO, TiO2-coated AAO, and TCPS controls. A
sandwich enzyme immunoassay (Quantikine®, R&D Systems Inc, Minneapolis, MN) was
used as received following the included instructions as previously described.20 Cells spiked
with 10 ng/ml lipopolysaccharide (LPS) served as a positive control. Cells were spiked with
10 pg/ml LPS to activate macrophages.

Statistical analysis:
The results from each data set were analyzed using Prism 4 statistical software (GraphPad
Inc., La Jolla, CA). Results were expressed as mean ± standard deviation. Statistical
differences between control and treated groups were assessed using one-way ANOVA, with
a Bonferroni post hoc test. Each experiment was independently repeated at least 3 times with
each assay in duplicate. A P value of less than 0.05 was considered to be statistically
significant. The data were normalized to the uncoated membranes and were expressed as
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percent viability. Significance level notation was expressed as * for P<0.05 and ** for
P<0.01.
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Results and Discussion:
Atomic Layer Deposition of TiO2:
The first objective of this study was to demonstrate a suitable process for coating nanoporous
AAO with TiO2. Anodization of Ti is used to obtain the starting porous structure. Recent
work by Lavenus et al., showed that nanoporous anodized TiO2 surfaces with 20, 30, and 50
nm diameter pores had better tissue-material interactions than smooth Ti21. Bone-to-implant
contact percentages and tensile pull-out forces of nanoporous TiO2 after implantation in rat
tibial tissue were significantly higher than smooth Ti. In addition, human mesenchymal stem
cells cultured on nanoporous TiO2 show osteogenic differentiation without the use of
inducing supplements.21 The nanoporous AAO samples used in the study are anisotropic;
one side of the membrane exhibits large circular pores (Figures 1 A and B), which narrow
into smaller “branchlike” pore structures on the opposite side (Figures 1 C and D). Each
membrane has a side with circular pores that are approximately 200 nm in diameter. The
opposite side, which contains “branchlike” pore structures, is fabricated with a specified pore
diameter of either 20 nm or 100 nm.
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Figure 1. Scanning electron microscope images of a double-sided 200 nm/100 nm AAO
membrane before and after atomic layer deposition of TiO2. (A): Top side, 200 nm circular
pores of uncoated and (B): TiO2-coated nanoporous AAO. (C): Uncoated bottom side,
showing smaller 100 nm branching pores before and (D): after coating with TiO2. All
membranes had one side with circular 200 nm pores; in the 20 nm and 100 nm AAO
membranes, smaller branched pores appeared on the opposite side. Scale bar is 200 nm.
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The nanoporous surfaces used in the study present a difficulty for physical vapor deposition
methods and other line-of-sight coating methods. During ALD growth, however, the
substrates were completely permeated and heated to facilitate interactions between the
chemical solution and all surfaces of the membrane. The TiO2-coated AAO was further
sintered to improve the integrity of the coating. Due to the uniform nature of the coating and
the low coating thickness, the surface features of the TiO2-coated AAO membranes and the
uncoated AAO membranes were very similar. EDX results for the TiO2-coated AAO
membranes and the uncoated AAO membranes are shown in Figure 2. The samples can be
easily distinguished since the TiO2-coated AAO membrane shows a prominent Ti signal
(shown in red). The versatility of ALD method used lies in its ability to uniformly deposit
coatings with controlled thickness onto nanostructured surfaces; this process allows
nanoscale surface features of the AAO membranes to be conserved (Figures 1 and 2). It
should be noted that ALD may be used to modify the surfaces of polymers and other heatsensitive materials as well.25 Nanoporous AAO, however, was selected as a substrate for this
study due to its wide commercial availability and low cost.
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Figure 2. EDX analysis of a TiO2-coated AAO membrane. A: Split channels show the
presence of Al, O, and Ti on the surface. B: Uncoated samples show no Ti signal, confirming
that the Ti signal appears only after the coating, annealing, and sterilization process.
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Surface Topography and Protein Adsorption:
AFM analysis showed distinct roughness, skew, kurtosis, and exposed surface area properties
for the 20, 100, and 200 nm pore surfaces (Figure 3). 200 nm pores had the highest RRMS
(root mean square roughness) of 133.5 nm. Root mean square (RMS) roughness gives the
overall mean magnitude of surface variations; Max and Min measurements give the highest
peak and lowest valley numbers, respectively. The magnitude of variation between the
highest peak and lowest valley was over 100 nm for all of the surfaces. Skewness is the lack
of symmetry around the data point distribution curve. AFM data from a surface with deep
narrow valleys will give a negative skewness; on the other hand, the presence of high narrow
peaks coming from the surface will give a positive skewness.22 The 20 nm porous surfaces
show a slightly positive skew (0.207), while the 100 and 200 nm porous surfaces have a
negative (-0.667 and -0.442, respectively) skewness. Kurtosis is a relative measure of
whether the collected force data is more peaked (positive) or flat (negative) compared to a
normal curve shape. Low (negative or platykurtic) kurtosis means the data sets have a flat top
near the mean and positive (leptokurtic) kurtosis means the data sets have a sharp peaks,
rapid declines, and heavy tails. From the AFM data in Figure 3, it can be seen that the
branched 20 and 100 nm share similar positive kurtosis values (2.67 and 3.00, respectively);
on the other hand, the 200 nm circular pores have a negative (-0.672) kurtosis value.
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Figure 3. AFM topographical analysis of three porous surfaces: A) 20 nm branchlike pores,
B) 100 nm branch-like pores, and C) 200 nm circular pores. Roughness parameters, including
skewness, kurtosis and surface area, are reported. Root mean square (RMS) roughness
provides the overall mean magnitude of surface variations. Maximum (Max) and mimumum
(Min) measurements provide the highest peak numbers and lowest valley numbers,
respectively. Skewness measures whether the surface has more deep valleys (negative) or
protruding narrow peaks (positive). Kurtosis is a relative measure of whether the collected
force data is more flat (negative) or peaked (positive) compared with a normal curve shape.
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Protein adsorption was measured using the micro-BCA assay to determine if there were any
differences in the amount of protein that initially adsorbs to the test materials. The surface
area of each type of tested material was different; the total measured protein (µg) was likely
affected by the difference in surface area as measured with AFM in Figure 3. The total
protein amount, however, could not be normalized to the AFM area since the internal
membrane surface was not determined. The TCPS material was estimated as a flat surface,
accounting for its lower total protein content. The highest amount of adhered protein was
located on the 20 nm TiO2-coated AAO membranes. As seen in Figure 4, the 20 nm, 100 nm,
and 200 nm TiO2-coated AAO membranes and the 200 nm uncoated AAO membrane
showed significantly higher amounts of total adsorbed protein than the TCPS controls. The
results of the total adherent protein study (Figure 4) may be related to the roughness of the
TiO2-coated and uncoated AAO membranes (as observed by AFM (Figure 3)). In this study,
the 20 nm membranes adsorbed the greatest amount of protein after 30 seconds of incubation
with cell media (20% FBS). It is also interesting to note that the 20 nm TiO2-coated AAO
exhibit higher amounts of protein adsorption than the uncoated AAO; this result suggests that
appropriate control over both surface chemistry and roughness may enable optimization of
protein adsorption by an implant material.
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Figure 4. Total protein content measured by the micro-BCA assay after 30 seconds
incubation for uncoated AAO membranes and TiO2-coated AAO membranes with 10% FBS
culture medium. 20 nm TiO2-coated AAO membranes had the highest total amount of
adsorbed protein compared to all of the other membranes.

In vitro Cytotoxicity:
The second major objective of the present study was to determine if the TiO2 coating has an
effect on cell viability, growth, and proliferation in vitro. Cell-material interactions were
evaluated with two cell types: RAW 264.7 murine macrophage cells, which represent a major
cell type that is involved in inflammatory responses and L929 fibroblasts, which represent a
model cell type involved in wound repair. The MTT cell viability assay served as a
preliminary toxicity screen; different pore size surfaces were not AFM sorted prior to testing.
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The pore sizes used were randomized from an equivalent set of pore sizes and shapes. No
surface-dependent material toxicity was observed since no significant decreases in MTT cell
viability were found for either cell type (Figure 5). The MTT results showed that TiO2-coated
AAO membranes exhibit cell viability similar to that of uncoated AAO membranes.

Figure 5. Viability of L929 mouse fibroblast cells and RAW 264.7 mouse macrophage cells
grown on uncoated AAO membranes and TiO2-coated AAO membranes; measurements were
obtained using the MTT assay. Results are expressed as percent of uncoated AAO controls
for 24 hour and 48 hour exposures. Fibroblasts grown on TiO2-coated AAO showed higher
cell viability after 48 hours, which was statistically significant (p< 0.05).

245

To further confirm the results of the randomized MTT screen, AFM was used to sort
the membranes into branchlike 20 nm pores, branchlike 100 nm pores, and 200 nm circular
pores; these porous features were not distinguishable from one another with a light
microscope. The Neutral Red assay was used to determine whether pore size had an effect on
cell viability. Cell viability was measured over 4 hours (initial attachment), 24 hours, and 72
hours (the 72 hour time point was not shown). There was no surface-dependent material
toxicity and there were no significant differences in cell viabilities between the TCPS control
materials and the AAO membranes with 100 nm or 200 nm pore sizes (Figures 6 B and C,
respectively). The assay showed somewhat higher values for TiO2-coated AAO membranes
at all of the time points compared to uncoated AAO membranes and TCPS controls;
however, all of the data except for the 24-hour time point for 20 nm TiO2-coated AAO
membranes were not statistically significant. Assay interference with controls was ruled out;
in addition, some significant biological variability was observed at the 24-hour time point for
the 20 nm TiO2-coated AAO membranes.
Overall, both the MTT and Neutral Red cytotoxicity assays confirmed that cell
viability is not significantly affected by variations in pore size from 20 nm to 200 nm in both
uncoated AAO and TiO2-coated AAO (Figures 5 and 6). An increase in the available surface
area theoretically increases the number of attachment points for cell adhesion or cell
migration and should not have a negative effect on cell response in and of itself. It is known
that the features of the extracellular matrix with which cells interact have components (e.g.,
fibrils and filaments) that are on the order of several nm to 200 nm23,24; the size of the
extracellular matrix component features is similar to the size range of the pores used in this
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study. Our results show that relatively small variations in pore shape and diameter within one
order of magnitude (20-200 nm) will likely not create a noticeable effect on cell proliferation
or elicit a detectable variation in inflammatory response. A previous study has shown that the
size of nanoscale pores in Al2O3 materials (20 – 200 nm) does not affect the cell viability of
MG63 human osteoblast-like cells.25 This is an important finding since minor variations in
pore size and shape may not be a significant factor in determining the cellular responses to a
scaffold or implant material. Accordingly, the initial MTT viability screen in the present
study was performed without selecting for pore diameter (Figure 5). These assays showed no
evidence of material- or topography-associated cytotoxicity.
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Figure 6. Cell viability measured using the Neutral Red assay for L929 fibroblasts grown on
uncoated AAO membranes and TiO2-coated AAO membranes for 4 and 24 hours. Results
were expressed as a percentage of uncoated AAO membrane controls for TiO2-coated AAO
membranes with pore diameters of A) 20 nm, B) 100 nm, and C) 200 nm. Although TiO2coated AAO membranes had the highest viabilities at 4 and 24 hours, the differences were
only statistically significant (p< 0.05) for 20 nm porous membranes after 24 hours.
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Cell Proliferation on Nanoporous Membranes:
To examine fibroblast cell proliferation on the membranes, the DNA PicoGreen® Assay was
used to quantify the amount of DNA in L929 fibroblasts grown on the uncoated AAO, the
TiO2-coated AAO, and the TCPS controls for 4, 24, and 72 hours (Figure 7). The amount of
DNA (ng) increased approximately 2-fold from 4 hours to 72 hours for uncoated AAO
membranes and TCPS and 4-fold for TiO2-coated AAO membranes. However, the amount of
DNA at 72 hours was not significantly different between the experimental and control
groups. This result may be explained by the fact that cells did not adhere as well to uncoated
AAO as to TiO2-coated AAO and TCPS during initial cell seeding and that proliferation had
reached a limiting factor at 72 hours. Cells were seeded and membranes were transferred to
new wells at 4 hours. Media was not changed between 4 and 72 hours. The results also
showed no significant differences between membranes with 20, 100, and 200 nm pore sizes
at all three time points. Neutral Red viability (Figure 6) and DNA PicoGreen® (Figure 7)
assays were performed to determine the effect of pore size on cell response for both uncoated
AAO and TiO2-coated AAO. No significant differences were observed for various pore sizes
or materials; therefore, the effect of pore size may be too minor to be detected in vitro over a
short time period.
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Figure 7. Cell proliferation measured by the DNA PicoGreen® Assay involving L929
fibroblasts grown for 4, 24, and 72 hours on uncoated and TiO2-coated AAO membranes
with pore sizes of 20, 100, and 200 nm. No statistically significant differences between the
amounts of DNA were observed at any of the time points.
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Inflammatory Response and Cell Imaging:
Neither cell viability nor proliferation of macrophages and fibroblasts was adversely affected
by exposure to TiO2-coated AAO membranes. The possibility of an adverse inflammatory
response, however, is not necessarily related to cell viability; further investigation is needed
to characterize potential generation of an adverse inflammatory response by the test
materials. Macrophages are known to be involved in inflammation and have been shown to
be activated by titanium wear particles.26 TNF-alpha is a known cytokine that is produced by
macrophages and is involved in systemic inflammation.27 The results of the quantitative
sandwich enzyme immunoassay (Figure 8) showed no significant TNF-alpha production in
macrophages grown on both uncoated AAO and TiO2-coated AAO. The possibility existed
that macrophages were not activated and did not respond as they would during an
inflammatory reaction. Therefore, LPS was used to activate the macrophages prior to seeding
cells onto the membranes. The increase in TNF-alpha production was markedly elevated in
the presence of LPS as predicted; however, TNF-alpha concentrations were uniform across
uncoated AAO membranes and TiO2-coated AAO membranes, including TCPS controls. The
results show that there is no enhanced TNF-alpha production in vitro from macrophages
grown on uncoated AAO surfaces or TiO2-coated AAO surfaces.
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Figure 8. TNF-alpha production measured after 24 hour exposure for mouse macrophages
with or without addition of 10 ng/ml LPS. While macrophages activated by LPS produced
higher levels of TNF-alpha than macrophages not activated by LPS, differences in TNFalpha release were observed for macrophages grown on uncoated AAO membranes and
TiO2-coated AAO membranes compared to macrophages grown on TCPS controls.
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One important feature of nanostructured materials is that they possess a larger
exposed surface area than conventional materials; the exposed surface area may participate in
cell interactions as well as ion release via particulate release and ionic metal leaching.28,29 In
the present study, nanoporous uncoated AAO and TiO2-coated AAO showed no significant
adverse effects on cell viability, proliferation, or TNF-alpha production when compared to a
standard TCPS tissue culture well surface. These findings correlate with in vivo results
published in response to the long use of largely particulate forms of TiO2 in manufacturing,
sun screens, and cosmetics. Long-term exposure to TiO2 through inhalation showed no
abnormal clinical effects or excess mortality in rats.30 Relatively large oral doses (5000
mg/kg bodyweight) of TiO2 in the form of 20 nm and 80 nm discrete nanoparticles did not
appear to cause abnormal pathology in mice; however, some signs of acute liver and kidney
toxicity were noted.31 In addition to testing for cytotoxic responses, implant materials with
nanotextured surfaces need to be evaluated for the potential to produce inflammatory
responses. In the present study, production of TNF-alpha, a well-known pro-inflammatory
cytokine that is involved in stimulation of inflammation and immune cell function, was
unaffected by any of the uncoated AAO or TiO2-coated AAO membranes (Figure 8). Since
the in situ environment of an implant may exhibit heightened immune and/or inflammatory
activity, macrophages were spiked with a calibrated amount of LPS to reflect an activated
macrophage response. No differences in TNF-alpha production were observed in this
scenario. These results indicated that uncoated AAO and TiO2-coated AAO were associated
with low levels of immune stimulation and may be good candidates for further in vivo studies
due to the favorable properties of titanium. Nanostructured titanium, specifically, has been
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shown to have an effect on osteoblastic differentiation of adherent mesenchymal cells; this
attribute may be beneficial for a variety of orthopedic and dental implant applications32; in
addition, nanostructured TiO2 may possess enhanced antimicrobial activity.33 Furthermore,
TiO2 exhibits photocatalytic activity on exposure to UV light.34 ALD may be used to deposit
the same surface chemistry of TiO2 as uniform coatings on surfaces with complex nanoscale
features19; this approach preserves the nanoscale structure (e.g., the nanoscale pores) of the
substrate material, potentially making the substrate more favorable for biomedical use.
Qualitative cell images shown in Figure 9 revealed no difference in cell morphology
or density. Cells were more uniformly spread in a monolayer on the TCPS surfaces, whereas
the cell layer was more varied on the nanoporous surfaces. As seen in the images, L929
fibroblasts attached with fairly similar individual morphologies across the nanostructured
surfaces. Cells were spread very evenly on TCPS well plates; on the other hand, cells were
more clumped and sometimes formed multilayers on uncoated AAO and TiO2-coated AAO
after 72 hours, particularly on TiO2-coated AAO. The results of the imaging study further
confirmed the results of the cell viability and proliferation experiments. Although a small
trend was present, with 20 nm surfaces potentially showing a different response than 100 nm
and 200 nm surfaces, our findings confirm that the variation in pore size is not associated
with a significant change in either cell viability, proliferation, or morphology that is
detectable by the in vitro assays used in this study. It should be noted, however, that the 20
nm TiO2-coated AAO membranes are the best candidates for further consideration as implant
materials since they have the greatest amount of protein adhesion, which may facilitate cell
attachment. Perhaps either examining membranes with smaller pore sizes or comparing
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membranes with pore sizes over several orders of magnitude may reveal a greater variation in
cell response.

256

Figure 9. Fluorescent images of L929 fibroblasts grown on nanoporous membranes and
smooth controls after 4, 24, and 72 hour exposure. Nuclei stained green (SYTOX® Green)
and actin stained red (Alexa Fluor® 594 phalloidin). Similar cell morphologies were visible
among all uncoated and coated nanoporous membranes. The nanoporous membranes showed
more disordered and multilayered cell structures compared to smooth TCPS. Scale bar=100
µm.
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Conclusions:
Both uncoated AAO membranes and TiO2-coated AAO membranes exhibited no
cytotoxicity. ALD proved to be an effective method for coating structures with small-scale
features without altering the nanoscale surface features of the structures. In addition, TiO2coated AAO membranes demonstrated no in vitro cytotoxicity and therefore might represent
a class of materials with excellent biocompatible properties. The present study also provided
a better understanding of the factors that affect medical devices with nanoscale surface
modifications. The question of whether varying surface porosity and/or surface roughness
affects cell viability and the question of whether another physical and/or chemical parameter
induces an adverse cellular response are important concerns when assessing the safety of a
medical device. Devices with an identical surface chemistry (e.g., Al2O3 or TiO2) but with
minor variations in surface nanoporosity and/or nanotexture within the same order of
magnitude may not alter cell viability or proliferation; however, variations in nanoscale
structure may alter the dynamics of protein adsorption on the medical device surface.

List of Abbreviations:
Anodic aluminum oxide (AAO)
Titanium dioxide (TiO2)
Atomic layer deposition (ALD)
X-ray spectroscopy (EDX)
Atomic force microscopy (AFM)
Scanning electron microscopy (SEM)
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Titanium isopropoxide (TIP)
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
Tissue culture polystyrene (TCPS)
Micro Bicinchoninic Acid (micro-BCA)
Polydimethylsiloxane (PDMS)
Tumor necrosis factor alpha (TNF-alpha)
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CHAPTER 6: Surface damage and cytotoxicity induced by ultraviolet irradiation of
nanoporous polysulfone is prevented by atomic layer deposition of titanium dioxide
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Abstract:
Polysulfone (PES) is a high performance biocompatible polymer that exhibits degradation
when exposed to ultraviolet (UV) light. PES can be fabricated with controlled nanoporosity
for potential dermal and other biological applications. Titanium dioxide (TiO2) is commonly
used in sunscreens and may be atomic layer deposited (ALD) to protect PES from UV
damage. The goal of the present study was to determine whether the self-limiting ALD
coating method successfully deposited TiO2 onto PES, protected it from UV irradiation, and
reduced macrophage cytotoxicity. Energy-dispersive X-ray spectroscopy (EDX) showed a
Ti peak on the spectra of coated samples. Uncoated PES exposed to UV for 30 min visibly
changed color, while TiO2-coated PES showed no color change, indicating limited
degradation. Macrophages exposed to UV-treated PES for 48 hrs reduced cell viability (via
MTT assay) to 18% of control. In contrast, cell viability for UV-treated TiO2-coated PES
was 90% of control. Non-UV treated PES showed no decrease in cell viability. Therefore,
ALD of TiO2 thin films is a useful technique to protect PES and other sensitive polymers
from UV damage, while retaining low cytotoxicity to macrophages, an important cell type
involved in wound healing.

Practical Application:
Nanostructured surfaces are becoming increasingly useful for tissue scaffold and wound
dressing applications. These surfaces are frequently manufactured from biocompatible
polymers that may be susceptible to ultraviolet (UV) damage. One such polymer is
nanoporous polysulfone (PES), which undergoes rapid degradation upon UV exposure.
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Titanium dioxide (TiO2) is a known UV absorber used in sunscreens and cosmetics. This
metal oxide can be coated onto nanostructured polymers using a self-limiting atomic layer
deposition (ALD) approach at relatively low temperatures. A uniform TiO2 coating can
protect sensitive polymer surfaces from UV sources such as germicidal lamps and sunlight
exposure. This is beneficial for wound dressings and other medical devices that are exposed
to UV light during sterilization or throughout their lifetime. TiO2 thin film coatings have low
toxicity and may be useful as UV protectants on biocompatible polymer surfaces.

Note:
The mention of commercial products, their sources, or their use in connection with material
reported herein is not to be construed as either an actual or implied endorsement of such
products by the Department of Health and Human Services.
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Introduction:
Poly(aryl-ether sulfones), also called poly(ether sulfones), polysulfones (PES) are
heat-resistant, high-performance biocompatible polymers. Their rigid sulfone groups give
them a relatively high glass transition temperature, Tg, while the ether linkages allow for
some flexibility. Traditional use of PES involves flame retardant and medical materials that
require autoclave sterilization. PES is non-degradable and can be fabricated with controlled
nanoporosity or electrospun into nanofibrous membranes,1 which make it useful in
specialized filtration media2 and dialyzers3. Aside from filtration and dialysis applications,
PES is a relatively novel biomaterial in the medical field and is mainly used as a more costly
polycarbonate replacement when high temperature or hydrolysis resistance is necessary.
Over the past decade, however, it has gained attention as a suitable tissue engineering
scaffold material and as a material that can fabricated with nanometer-scale topographical
features. Earlier studies of PES point to some potential biocompatibility issues with
membranes used in hemodialysis and immune cell activation4 as well as the possibility of
bisphenol-A release from bulk polysulfone material.5 Recent studies, however, show
surface-modified PES hollow fiber membranes to have a favorable tissue responses and good
biocompatibility in vivo.6 In vitro, PES with pore sizes below 100 µm was associated with
extensive long-term cell growth and integration across a variety of cell lines.7 PES has been
used as a drug delivery wound dressing8 and the future for PES is still promising with
potential use in enhanced surfaces for drug delivery,9 cell differentiation,10,11 and wound
therapy.11 For dermal applications, for example, PES can be coupled with chitosan and
chondroitin sulfate for improved healing.11
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Nanoporous PES may be beneficial for cell growth due the increased surface area
available for tissue integration and cell attachment. A recent study compared electrospun
PES nanofibrous scaffolds to conventional gauze and bandage for wound dressing
applications. The nanofibrous PES scaffolds formed a porous structure that resulted in higher
epithelial regeneration and greater fibroblast maturation. It also showed improved collagen
deposition and faster edema resolution in a mouse model, when compared to that of a
conventional gauze material.12
One property of PES that must be noted for external applications is its sensitivity to
ultraviolet (UV) light. PES is known to degrade upon exposure to UV irradiation.13 If the
polymer is used in a device that has the potential to be exposed to UV light, such as a wound
dressing, it is imperative that it be protected to prevent degradation. PES may become
exposed to UV from other sources. Since many PES polymerization14 and surface grafting
procedures15 use UV sources, it is important to address and limit the amount of exposure
during fabrication. Germicidal UV lamps, UV-sterilization procedures and exposure to
sunlight also have the potential to damage exposed PES surfaces.
For the present study, TiO2 was chosen over other metal oxides to assess its
properties as a UV blocker and maintain the biocompatibility of PES. As opposed to using a
metal oxide for UV protection in polymers, UV stabilizing organic compounds can also be
added to polymers to absorb some of the harmful radiation.16 Their absorption spectrum,
however, will vary between different types of chemicals. For medical applications,
absorption of shortwave UV spectra used in most germicidal lamps17 or sunlight UV spectra
may be of high importance. TiO2 can be tuned with dopants to have photocatalytic activity
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and absorbance at both UV and visible wavelengths.18-20 The goal of this study was to
determine 1) if TiO2 can be coated onto PES at relatively low temperatures using Tetrakis
(dimethylamino) titanium (TDMAT) and water as precursors, 2) whether the resulting TiO2
thin film protects nanoporous PES from UV damage, and 3) the effects of UV-irradiated
TiO2-coated PES on macrophage cell viability.
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Materials and Methods:
Sample Fabrication:
TiO2 deposition was carried out in a custom-built, hotwall viscous flow tube reactor. The
reactor, film stoichiometry and characterization have been described previously.21 TDMAT
and water were used as the precursor and the reactant, respectively. TDMAT was purchased
from a commercial source (Strem Chemicals, Newburyport, MA, USA). The precursor cell
was maintained at 27°C and the precursor was dosed into the reactor using an argon carrier
gas. Argon was obtained from a commercial source (National Welders, Charlotte, NC, USA)
and was passed through a Drierite® Air Purifier (W.A. Hammond Drierite Co. Ltd., Xenia,
OH, USA) to remove water. Deionized water (DI), obtained from a DI water system
(Millipore, Billerica, MA) was used as the reactant and was kept at 27°C during the runs in a
stainless steel bubbler. Water was introduced into the reactor without an argon carrier gas.
Polysulfone membranes for coating and controls were obtained from a commercial
source (Whatman). These 0.8-µm pore diameter membranes exhibited good sample-tosample uniformity and had visible circular pores. A custom-made, quartz sample holder was
used to hold the samples during ALD experiments. Five 3 cm × 3 cm area spots were
available for loading of samples on the quartz sample holder, whose positions were
numbered one, pointing towards the flow, to five, pointing towards the pump; position one
was the first to receive doses from the source lines. During ALD processing, pressure was
maintained at 2 Torr. Cycles consisted of a 10-s argon purge, 5-s TDMAT dose, 10-s argon
purge, and 5-s water dose. Prior to ALD processing, the substrates were introduced into the
reactor, heated in vacuum (5 × 3 10–6 Torr) to 100°C, and dried for 3 min. Optimal
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processing times for purging and dosing were determined using quadruple mass spectrometry
(QMS) with a TC100 quadruple mass spectrometer (Leybold-Inficon, East Syracuse, NY,
USA). Scans were conducted over a range of 50 Da. Every point was measured with a dwell
time of 16 ms. Because of the range and the capability of the QMS, data points could only be
obtained every 2 s.
Thickness measurements of the TiO2 films on silicon substrates were measured by
ellipsometry, using an Auto EL ellipsometer (Rudolph Technologies Inc., Flanders,NJ, USA)
and an incidence angle of 75°. Three measurements were made at random spots on each
sample to analyze the uniformity of the TiO2 films. Film thickness was obtained by applying
100 ALD cycles and approximated at 21 nm.

EDX/SEM:
Scanning electron microscopy (SEM) was performed using a JEOL 6400 Cold Field
Emission Scanning Electron microscope (JEOL, Tokyo, Japan); this instrument was
equipped with an energy dispersive X-ray (EDX) spectrometer attachment with a Link
Pentafet detector (Link Analytical, Redwood City, CA) and a 4Pi Universal Spectral Engine
pulse processor (4Pi Analytical, Hillsborough, NC). An accelerated voltage of 20 keV and 5
keV was used.
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Cell Exposure:
TiO2-coated nanoporous polyethersulfone (PES) membranes and uncoated 0.8-μm diameter
nanoporous PES membranes (47 mm PES, Whatman, Kent, UK) membranes were sterilized
with a 254-nm UV source (UVP CL-1000, Upland, CA). All membranes were exposed for
30 minutes on each side to ensure that both sides were sterilized. Upon completion of
ultraviolet sterilization, the membranes were cut to fit the bottom of the wells using a hole
punch and placed into 96-well plates. Non-UV sterilized PES samples were cut and handled
in a sterile environment, but did not undergo UV sterilization. RAW 264.7 cells (mouse
leukemic monocyte macrophage cell line, ATCC, Manassas, VA) were added to the 96-well
plates at a cell density of 2 x 105 cells/mL. Cells were then incubated for either 24 h or 48 h.

MTT Assay:
TiO2-coated and uncoated PES membranes were assayed for potential toxicity using the
MTT assay (CellTiter 96® Non-Radioactive Cell Proliferation Assay, Promega, Madison,
WI). MTT medium was prepared by adding dye solution at a 15:100 ratio to media as
specified by the kit. 15 µL of MTT dye was added to each well to a total volume of 115 µL.
The plates were then incubated under cell culture conditions for 3 h. After each incubation
period the Solubilization Solution/Stop Mix was added and the plates were incubated again
for 1 h at 37°C. The wells were then mixed and the contents transferred to duplicate wells in
a 96-well plate for absorbance measurements. Absorbance was measured at λ = 570 nm
(reference wavelength 650 nm) using a 96-well OPTIMax plate reader (Molecular Devices,
Sunnyvale, CA). Cells spiked with 5% dimethyl sulfoxide (DMSO) served as a positive
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control. Cells grown on the bottom of standard tissue culture polystyrene (TCPS) wells were
used as negative controls. The data were normalized to the TCPS controls and were
expressed as percent viability. All experimental and control materials were tested for
interference with MTT dye against TCPS and did not cause detectable interference with the
assay.

Statistical Analysis:
The results from each data set were analyzed using Prism 4 statistical software (GraphPad
Inc., La Jolla, CA). Results were expressed as mean ± standard deviation. Statistical
differences between control and treated group 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 statistically significant.
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Results:
SEM images of the PES membranes revealed small crack formations throughout the porous
structure of UV-treated PES (Figure 1D). The pore size on the TiO2-coated PES was smaller
than the Whatman 0.8 µm controls, which was evident from the SEM images (Figure 1A).
The pore size was estimated to be approximately 350 nm for the coated sample. The
uncoated samples had a nanoporous structure ranging from approximately 400 – 900 nm
embedded within a larger microporous structure partially visible on the SEM. By calibrating
the instrument and decreasing the SEM voltage, better resolution could be achieved so that
the underlying pore structure of the controls could be observed/analyzed, while higher
voltages showed the larger surface pore structure.

Figure 1. SEM images of PES: (A) 21 nm layer of TiO2 on PES with smaller pores at 5 kV;
(B) Uncoated, non-UV treated PES at 5 kV with visible fine pore structure; (C) Uncoated
non-UV treated PES at 20 kV to emphasize large pores; (D) Uncoated UV-treated PES with
visible crack formations (red arrows).
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EDX analysis showed that Ti was present on the PES surface of the coated samples (Figure
2A). No elemental chemical differences were seen between UV-treated and non-treated PES
surfaces (Figure 2B and 2C). UV sterilized samples visibly changed color from a plain white
to a yellow hue after an exposure of 30 min on each side (Figure 3). The TiO2-coated PES
did not show any visible change in color after UV exposure.

278

Figure 2. EDX Spectra confirming presence of (A) TiO2 layer on PES, and nearly identical
spectra of (B) UV-treated PES and (C) untreated PES.
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Figure 3. Color difference in uncoated PES cutouts before and after 30 min UV exposure on
each side.

UV-treated PES without TiO2 coatings showed the lowest cell viability using the MTT assay
(Fig. 4). After 24 h or 48 h incubation of macrophages with UV-sterilized PES, cell viability
was 51% and 18%, respectively, of control cells. In contrast, TiO2-coated PES exposed for
30 min to UV treatment did not affect cell viability, which was not significantly different
from controls. After 24 h or 48 h incubation of macrophages with TiO2-coated PES, cell
viability was 107% and 89%, respectively, of control cells. Non-sterilized (no UV exposure)
PES exhibited no significant differences in cell viability compared to control cells; viability
was 89% after 24 h exposure and 74% after 48 h exposure.
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Figure 4. Macrophage cell viability of different PES surfaces and controls expressed as a
percentage of the cell and media control. Percentages were calculated by comparing raw
absorbance values from reduced MTT dye. Results are expressed as mean ± SD from
independent experiments. Significance is shown as the difference between a given group and
control cells for raw data values * p < 0.05.
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Discussion:
Surface properties of various polymers including PES are an important consideration for a
wide range of applications, namely those in medicine. For any implanted device, exposed
surfaces are the first points of contact with the biological environment. It is necessary to
ensure that the surface of an implant is non-toxic before and after sterilization as well as
throughout its lifetime. Devices are commonly sterilized using ethylene oxide (EO), gas
plasma, gamma irradiation, and electron beam irradiation. UV-sterilization is generally not
used for polymers due to the possibility of damage through chain degradation. Discoloration
and cracking occurs in many polymers after short UV exposures, and longer exposures lead
to further damage. UV irradiation is thought to create chain bond scission and produce free
radicals on secondary or tertiary carbons,22 which then react with available oxygen and
produce a color change. For PES, the C-S and C-O bonds are cleaved due to photon action
and the color change from UV-induced polymer degradation is well characterized due to its
use in UV exposure dosimeters.23
PES has been shown to change both its surface and chemical properties due to
photooxidative degradation during UV irradiation,24 which was visible in the tested samples.
TiO2 thin film surfaces have relatively low cytotoxicity25 and the material has applications
for its UV-absorption properties in sun screens26 as well as medical device coatings.27 In the
present study, atomic layer deposited (ALD) TiO2 coatings were fabricated on nanoporous
PES surfaces to assess its biocompatibility for potential biological and medical applications.
Our results were consistent with the general low cytotoxicity of TiO2 surfaces. UVIrradiation of PES resulted in the polymer becoming highly cytotoxic to macrophages, which
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was likely related to induction of changes in surface physical and/or chemical properties. In
contrast, TiO2-coated PES surfaces were well-tolerated by macrophages.
In the present study we demonstrate a novel approach to limiting UV damage to PES
using an atomic layer deposited thin film coating of titanium dioxide (TiO2). TiO2 thin films
can be coated onto both nanoparticles28 and nanoscale surfaces29 using atomic layer
deposition (ALD) techniques. ALD was selected in order to preserve the nanoporous
structure of PES substrates and provide a uniform self-limited coating. Low temperature
ALD has been demonstrated with Tetrakis (dimethylamino) titanium (IV), or TDMAT on
several substrates,30,31 but most processes involve plasma-assisted deposition on polymers.32
Additionally, low temperature ALD produces film coatings across a variety of polymers;
however, the structural properties of the films depend strongly on the starting polymer
composition.33
TDMAT was chosen as the chemical precursor, since it is a known reagent that is
easily available, readily undergoes hydrolysis with water to form TiO2, and has a high growth
rate per cycle (GPC) at relatively low temperatures.34 In a review by Parsons et al., 35 the
authors underline the significance of reaction temperature and its influence on ALD layer
saturation and uniformity for porous or other non-planar surfaces. The selected temperature
has to be within a range where it thermally activates the deposition reaction, produces a self
limiting half-reaction, and does not decompose the precursors. Relatively low ALD reaction
temperatures also allow for wider ranging applications with other synthetic and biological
polymer materials. Metal oxides, such as ZnO, for example, have been deposited using ALD
to provide UV protection properties and prevent discoloration and embrittlement of paper.36
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The presence of cracking throughout the PES sample seen in Figure 1D may suggest polymer
degradation and chain scission at the polymer surface. Since the cytotoxic response observed
in macrophages was increased significantly after UV-irradiation of un-coated PES, there is
the possibility of chemical leaching during degradation. The lack of evidence of degradation
in the UV-treated TiO2-coated polymer samples, however, correlated well with the lack of
cytotoxicity. A possible solution to preventing UV damage could be to coat UV-sensitive
polymers with nm-thick layers of TiO2. A thin coating on the nanoscale is necessary for
nanoporous or other materials with various nanotopographies in order to maintain the
nanostructure of the original substrate. PES has good mechanical and thermal properties,
which make it a suitable material for medical applications. If a PES device or material
comes in contact with a UV source at any point during its storage or use, it may become
damaged resulting in adverse health responses in patients. Although in our case the material
had a noticeable change in color, our results do not distinguish whether the toxicity coincides
accordingly with the amount of color change. The lack of noticeable color change on TiO2coated PES suggested that the vast majority of the PES surface was coated. The cytotoxicity
and EDX results further support the idea that the TiO2-layer is coated with few defects,
which is an important consideration, since an uneven layer may allow partial areas to become
damaged, discolored, and/or cytotoxic.
An additional benefit is that such photocatalytic activity from UV exposure magnifies
the inherent antimicrobial action of TiO2. The germicidal effect from UV exposure has been
shown to significantly increase on surfaces coated with TiO237 through photo-induced
activation of TiO2.

38,39

This may have applications for sterilization of surfaces, reduction of
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infections on wound dressings and other external applications from natural sunlight exposure.
Although bacterial interactions are not addressed in the present study, it is a potential benefit
of the proposed surface and may be addressed in the future.
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Conclusions:
In summary, deposition of a TiO2 ALD thin film was shown to be an effective non-cytotoxic
UV-blocker for PES. The coated polymer did not change in color or show any physical
damage or cracking. A uniform TiO2 coating can protect sensitive polymer surfaces from
UV sources such as germicidal lamps and sunlight exposure. External applications of PES
such as wound dressings may also benefit from UV protection. Future studies will be needed
in order to determine which physico-chemical changes, e.g., chemical leachates, are
responsible for the cytotoxic response in macrophages and if this response is observed across
other cell types. The optimal level of TiO2 thickness could be additionally determined to
match a given level of exposure.
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Abstract:
A reproducible method is needed to fabricate 3D scaffold constructs that results in
periodic and uniform structures with precise control at sub-micrometer and micrometer
length scales. In this study, fabrication of scaffolds by two-photon polymerization (2PP) of a
biodegradable urethane and acrylate-based photoelastomer is demonstrated. This material
supports 2PP processing with sub-micrometer spatial resolution. The high photoreactivity of
the biophotoelastomer permits 2PP processing at a scanning speed of 1000 mm/second,
facilitating rapid fabrication of relatively large structures (>5 mm3). These structures are
custom printed for in vitro assay screening in 96-well plates and are sufficiently flexible to
enable facile handling and transplantation. Our results indicate that stable scaffolds with
porosities of greater than 60% can be produced using 2PP. Human bone marrow stromal cells
grown on 3D scaffolds exhibited increased growth and proliferation compared to smooth 2D
scaffold controls. 3D scaffolds adsorbed larger amounts of protein than smooth 2D scaffolds
due to their larger surface area; the scaffolds also allowed cells to attach in multiple planes
and to completely infiltrate the porous scaffolds. The flexible photoelastomer material is
biocompatible in vitro and is associated with facile handling, making it a viable candidate for
further study of complex 3D-printed scaffolds.

Keywords:
3D printing, two photon polymerization (2PP), scaffold, biodegradable, elastomer
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Introduction:
The success of any medical device or scaffold is influenced by the initial physical
interaction between cells and the implant surface 1,2. Millions of patients are using
cardiovascular, dental, orthopedic and other types of implanted devices (e.g., resorbable
sutures, pacemakers, and hip joints) as well as external skin- and/or blood-contacting devices
(e.g., wound dressings and catheters). The use of scaffolding materials is limited mostly to
acellular scaffolds such as bone fillers or resorbable stents. There is growing interest,
however, to use both cellular and acellular scaffolds for creating artificial tissues. In tissue
engineering, cells are placed within a scaffold that guides cell development. The
biocompatibility profile of these biomaterials is evaluated according to established consensus
protocols ( e.g., ISO 10993 – Biological Evaluation of Medical Devices) 3. As per ISO 10993
standards, the biocompatibility of a medical device should be evaluated for both chemicallyand physically-induced responses. Responses to chemical leachates from a biomaterial can
be easily evaluated by using standard extraction protocols; however, there is no established
test protocol available to evaluate cellular responses to structural/physical cues associated
with the surface of biomaterial. In order to both understand the biocompatibility of
biomaterials with surface cues, it is important to develop a robust and physiologically
relevant in vitro cell culture model. Three-dimensional (3D) cell culture has advantages for
studying cell responses to the surface texture and topography of medical devices and tissue
engineering scaffolds since it provides a more physiologically-relevant platform for
examining cell functions such as attachment and spreading [4]. As such, 3D cell culture may
contribute to improving the overall biocompatibility evaluation of a biomedical device
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material or a scaffold material 4. When implanted, a biomedical device surface or scaffold
surface is immediately coated with proteins as it comes in contact with blood, mesenchymal
cells, and other non-hematopoietic cells. Therefore, multiple factors are considered when
optimizing a biomedical device material or scaffold for such interactions. Surface chemistry,
charge 5,6, the possibility of chemical leaching

7,8

, protein adsorption 9, and other factors 10

are considered when selecting a biomaterial. Aside from chemical considerations, physical
properties achieved during fabrication, such as geometry 11, stiffness 12, and roughness

13

of

the surface, can affect the manner in which cells adhere, proliferate, and differentiate.
Several investigators have hypothesized that cell shape, elongation, and orientation play
significant roles in guiding cell division

14,15

, ultimately affecting the success of a biomedical

device or scaffold. Stiffness, in particular, has a broad effect on cell signaling, motility, and
proliferation

16

, with different optimal stiffness values corresponding to specific tissue types

outlined in the discussion section.
Textured implant materials elicit different cell responses than smooth ones. Early
studies of dental implants provide an example of the basic differences between smooth and
textured surfaces; for example, smooth titanium shows poorer performance (lower
osseointegration) than a textured version
in animal studies

17,18

. This response has been clearly demonstrated

19

, including the involvement of the Wnt (wingless integration) signal

transduction pathway activation due to textured topography

20

; however, the specific

topographical features that elicit such changes in cell behavior and tissue response are not
fully understood. Before addressing specific cellular processes and signaling pathways, it is
necessary to establish a highly reproducible model for producing the 3D scaffold
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environment that is responsible for modification of cell behavior and response. Various
methods, such as fiber bonding, freeze drying, particulate leaching, spin casting, and solvent
casting, exist for creating useful microscale and nanoscale texture and porosity in polymeric
scaffold materials; however, these approaches have limited capabilities for directly creating
custom 3D features from an exact replica of a 3D computer model. For example, freeze
drying of collagen can be used to create a variety ofstructures with microscale porosities21;
however, this technique does not enable creation of a wide variety of geometries achievable
with 3D printing22 .
Recent advances in microelectronics fabrication have allowed for surface geometry
manipulation on the micrometer and sub-micrometer scales. Although some techniques such
as photolithography, nanoimprinting, dip-pen lithography, and others have been available for
a decade or longer

23

, they have only recently begun to gain the attention of the medical

device industry as a platform for understanding fundamental cell responses. In the present
study, a novel technique emerging from the photolithography-based microfabrication field
called two-photon polymerization (2PP) was employed

24

. This 3D printing approach is

achieved by two-photon absorption-based selective polymerization of a photosensitive
monomer solution. The material is polymerized locally in the vicinity of the focal point of the
beam of the femtosecond laser; no polymerization occurs outside the targeted area. By
adjusting the number of laser pulses and the laser energy, the volume of the polymerized
material can be controlled; selective polymerization of material below the diffraction limit of
the wavelength of light can be obtained. 2PP can be used to produce custom scaffolds with
resolution on the sub-micrometer scale 24. In addition to medical applications, use of 2PP for
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nanophotonics

25

and telecommunications

26

applications has been considered. 2PP has been

previously used to create tissue and cell scaffolds

27-30

, grids to examine cell behavior [30],

ossicular replacement prostheses [31], and microneedle arrays with customized geometries
[32, 33]. The synthesis of photosensitive materials can be adjusted to achieve desirable
chemical and physical properties (e.g., swelling, stiffness, and degradation rate), allowing for
custom manufacturing of tissue-specific biomaterials. It was recently demonstrated that 3D
structures can be prepared from gelatin-based photopolymer formulations with high water
content; live cells can be trapped within the gelatin-based photopolymer structures during
2PP processing

22

.

2PP laser printing has been used successfully with a variety of polymeric materials
22,31

The present study expands the use of 2PP to an elastomer material which allows the

creation of durable large scale scaffolds which retain their shape, resist tearing, and have
favorable stiffness for a variety of cell and tissue typesThe resulting scaffolds are fabricated
relatively rapidly and allow for facile handling with standardized biological assays.
Fabricating scaffolds that are large enough to be fitted in a 96-well plate from a durable, nonbrittle, and customizable material is a milestone for 2PP processing. We have previously
shown the polymerizable photoelastomer used in the study to be suitable for 3D printing
applications and to exhibit low chemical cytotoxicity

32

. In the present study, 3D-printed

scaffold samples from this material were produced in sufficient numbers for evaluation of
cell responses using: (1) a comparatively fast 2PP linear structuring speed of 1000
mm/second and (2) a customized scaffold geometry for use in standard 96 well plates. The
porosity was modified to allow for long-term culture of bone marrow stromal cells and allow
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them to easily explore the scaffold in all directions. The offset stacked honeycomb structure
allowed for improved cell seeding by making it less likely for cells to fall through the pores
during the seeding process. We concluded that the 3D scaffolds fabricated from the
photoelastomer by 2PP exhibited no cytotoxicity; on the other hand, they induced cell growth
and proliferation to a higher degree than smooth 2D structures and traditional smooth tissue
culture well polystyrene (TCPS).
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Methods:
Scaffold Design and Fabrication:
The scaffold material was based on a commercially available urethane diacrylate
(UDA) resin known as Genomer 4215 (Rahn AG, Zurich, Switzerland). This aliphatic
polyester urethane resin was chosen as base monomer since urethane groups have good cell
adhesion behavior and polyUDAs have good structural rigidity. A combination of two
reactive diluents, 2-hydroxyethyl acrylate and ethylene glycol bisthioglycolate, was used to
tailor the physical properties of the photoactive polymer

33,34

. Cleavable bonds in the

backbone of the resulting polymer from the addition of cleavable chain transfer agents made
the polymer theoretically biodegradable to long term enzyme exposure. The M2CHK
photoinitiator, specially designed to have a large two-photon absorption cross-section, was
used at a concentration of 0.1 wt% 35. Irgacure 819 (Ciba, Basel, Switzerland) at a
concentration of 0.2 wt% was used for UV-cured samples.
A Ti:sapphire femtosecond laser (High Q, Femtotrain) was used to illuminate
samples with pulses at approximately 80 fs, with a 75 MHz repetition rate, and an 800 nm
wavelength. An acousto-optical modulator was used to adjust beam intensity. The liquid
monomer solution was suspended between two glass cover slips in a 1mm thick silicon well.
Three linear translations allowed for complete 3D movement. The femtosecond laser beam
was focused with a microscope objective into the sample. Patterns were obtained by scanning
the beam within the sample by a galvo scanner (HurryScan, ScanLab) according to the input
CAD model. A CCD camera was used for monitoring the process and taking live images as
seen in Figure 1(c). A detailed description of the laser system setup has been previously
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reported by our group

36

. A stacked cylindrical honeycomb structure design was used in order

to provide cells with scaffold matrix contacts in multiple planes. The cylinder layers were
printed on top of each other with an offset. When viewed from top, the center of a circle on
the top layer was directly over the point joining three circles below (Figure 1(a)). Cylinders
overlapped laterally and vertically to join the structure; the structure exhibited sufficient
mechanical robustness for handling during characterization studies. Custom software was
used to print the honeycomb structures. Arrays such as the one shown in Figure 2 were used
to select the optimal writing speed, laser power, number of layers, and other parameters.
After printing, structures were developed in a solution of 70% ethyl alcohol and 30%
acetone. The acetone/alcohol solution is critical for removing any unpolymerized material
(without swelling of the structured polymer) from the volume of the solution that was not
illuminated with the laser beam.
Atomic Force Microscopy:
Atomic force microscopy (AFM) imaging was performed using a MFP-3D-Bio
atomic force microscope (Asylum Research, Santa Barbara, CA). A Model #TAP150A
silicon probe with resonant frequency of 150 kHz (Bruker, Santa Barbara, CA) was used for
tapping mode AFM imaging in air. The samples were sequentially rinsed with acetone,
ethanol, and Milli-Q water to remove any organic contaminations or particulates. The
samples were subsequently blow dried with high purity nitrogen gas. To obtain Young’s
modulus data, flat elastomer samples were immersed in phosphate buffered saline (PBS),
which served as a simulacrum of physiological fluid. The Hertz model of an AFM tip was
used to estimate the Young’s modulus by measuring the indentation; the force and spring
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constant of the tip were known parameters and an approximation was used for the Poisson’s
ratio.
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Cell Culture:
Following development, the printed scaffolds were transferred into 100% ethyl
alcohol for 24 hours to remove any residual photoinitiator and unpolymerized monomer.
Scaffolds were then washed in PBS for 1 hour and dried thoroughly under vacuum in order to
facilitate movement of cells onto the scaffold. A single 10 µL droplet of concentrated
suspension containing approximately 8,000 human bone marrow stromal cells (hBMSCs)
(Lonza, Walkersville, MD) was dropped onto the scaffold and allowed to adhere for two
hours at 37 oC. A 0.2 mL aliquot of Mesenchymal Stem Cell Growth Medium (MSCGM)
(Lonza, Walkersville, MD) was added to the 96-well and incubated for the appropriate time
for biological assays in a humidified atmosphere containing 5% CO2. Following incubation,
the scaffolds were moved to a new well plate so cells grown on the polystyrene surfaces of
the wells did not influence assay measurements. The process is summarized in a schematic
shown in Figure 3.
Scanning Electron Microscopy (SEM):
Scanning electron microscopy (SEM) performed using a JSM 6390LV scanning
electron microscope (JEOL, Tokyo, Japan). Low vacuum mode and minimal Ag sputtering
were used for imaging of the cell samples. An accelerated voltage of 20 keV was used for
imaging.
Preparation of Biological Specimens for SEM:
Cells were seeded at a density of 8000 cells/scaffold and cultured for 14 days.
Specimens were rinsed with calcium-free PBS, fixed with 1% volume fraction of
glutaraldehyde, subjected to graded alcohol dehydrations, rinsed with hexamethyldisilazane
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(HMDS), and then sputter coated with silver as follows: 1) rinse cells 2X with PBS to
remove media and debris; 2) then 1% glutaraldehyde in PBS for 1 hour; 3) then PBS for 10
minutes, twice; 4) - 9) then 10%, 25%, 50%, 70%, 95%, 100% ethanol, respectively (10
minutes each step); 10) then HMDS for 10 minutes (replaces critical point dryer). The
specimens were subsequently placed on a piece of filter paper in a partially covered glass
Petri and left to dry overnight. The samples were mounted, sputter coated with 20 nm of
silver, and imaged using scanning electron microcopy. This procedure was performed in 96well plates with 200

L of liquid per ste

critical point dryer (CPD) with similar results.
MTT Assay:
Scaffolds were assayed for potential cytotoxicity using the MTT (3-[4,5-dimethyl-2thiazol]-2,5- diphenyl-2H-tetrazolium bromide) assay (CellTiter 96® Non-Radioactive Cell
Proliferation Assay) (Promega, Madison, WI). The MTT assay is based on an assessment of
mitochondrial metabolic activity. MTT medium was prepared by adding dye solution at a
15:100 ratio to media as specified by the kit. A 15 µL aliquot of MTT dye was added to each
well in order to obtain a total volume of 100 µL. The plates were then incubated under 37o C,
5% CO2, 95 % humidity cell culture conditions for three hours. After each incubation period,
the Solubilization Solution/Stop Mix was added and the plates were incubated again for one
hour at 37°C. The wells were then mixed and the contents were transferred to duplicate wells
in a 96-well plate for absorbance measurements. Absorbance was measured at a wavelength
of 570 nm (reference wavelength=650 nm) using a 96-well OPTIMax plate reader
(Molecular Devices, Sunnyvale, CA). Cells spiked with 5% and 10% dimethyl sulfoxide
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(DMSO) served as a positive cytotoxicity control. The MTT dye was tested for interactions
with the scaffold material; no interference was recorded from scaffolds that were incubated
in 100% ethanol for 24 hours. The data were normalized to TCPS 96-well plate cut outs and
expressed as percent viability. TCPS controls were obtained by using a hot hole punch,
which was used to press out tablets with the same diameter as the photoelastomer 3D
scaffolds.
Micro Bicinchoninic Acid (BCA) Assay:
Total amount of adsorbed proteins onto the porous 3D scaffolds, smooth elastomer
material, and TCPS controls was quantified using a Micro Bicinchoninic Acid (BCA) Protein
Assay Kit (Pierce Biotechnology, Rockford, IL). Samples were incubated with Phenol Redfree cell culture media containing 10% FBS. A preliminary study was conducted to optimize
the time of exposure to cell culture medium, with exposures ranging from several seconds to
hours. The optimal exposure time was determined to be 30 seconds, since the maximum
amount of protein adhered to the surface after about 2 minutes. After 30 seconds of exposure
to cell media, the membranes and controls were dip- washed in PBS three times to remove
any loosely adsorbed proteins. Samples were placed into an appropriately labeled test tube
containing 1 mL of working reagent provided by the test kit, mixed well, and incubated in a
water bath at 60 °C for 1 hour. The test tubes were cooled to room temperature and
absorbance was measured at a wavelength of 562 nm using an OPTIMax plate reader
(Molecular Devices, Sunnyvale, CA). Absorbance was subtracted from blanks. Protein
concentration was calculated by preparing a standard curve of the average corrected 562 nm
reading for each BCA standard versus its concentration in μg/mL. Results for TCPS and
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smooth elastomer were normalized to a projected area of a circle with a 3 mm radius and
results for the 3D scaffold were normalized to a regular hexagon with a circumcircle radius
of 3.075 mm; the circle and circumcircle had areas of 28.3 mm2 and 24.6 mm2, respectively.
DNA Proliferation Assay:
The Picogreen DNA assay was used to quantify cell numbers after 72 hours in culture
on the scaffolds and the controls. Samples were washed with PBS and then incubated with
lysis buffer (PBS with 0.175 U/mL Papain and 14.5 mmol/L L-cysteine) for 18 hours at
60 °C. After incubation, 0.1 mL of lysate was transferred to a clean 96-well plate and diluted
with 0.1 mL of Picogreen reagent (Invitrogen, Carlsbad, CA), which was diluted per
manufacturer's protocol. Fluorescence (excitation wavelength=485 nm, emission
wavelength=538 nm) was measured using an OPTIMax plate reader (Molecular Devices,
Sunnyvale, CA). A standard curve of known DNA concentration was used to estimate the
total DNA content in each sample.
Statistical analysis:
The results from each data set were analyzed using Prism 4 statistical software
(GraphPad Inc., La Jolla, CA). Results were expressed as mean ± standard deviation.
Statistical differences between the control and the treated group were assessed using a
Student’s T-test for comparing two means and one-way ANOVA, with a Bonferroni post hoc
test if more than 2 means were compared. Samples were assayed in duplicate for each assay
and each experiment was repeated at least 3 times. A P value of less than 0.05 was
considered statistically significant. For some assays, data were normalized to cells growing in
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standard tissue culture wells and expressed as percent viability. Significance level notation
was expressed as * for P<0.05, ** for P<0.01, and *** for P<0.001.
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Results:
Design:
A photoelastomer material with good suitability for 3D printing was selected for this
study. The formulation includes a highly viscous urethane based-acrylate, Genomer 4215,
which was responsible for the elastomer-like behavior due to the presence of urethane
groups. To adjust the viscosity, a reactive diluent, 2-hydroxyethyl acrylate, was used. To
adjust the network density and therefore the final mechanical properties, a difunctional thiol
was selected as chain transfer agent. Two different photoinitiators were used in the
formulation. Irgacure 819 was used for simple flood curing of test specimens. M2CHK is a
suitable two-photon initiator that is accessible by a straightforward one-step synthetic route.
Final structures were printed at a speed of 1000 mm/second, laser power of 300 mW, and
contained cylinders with outer and inner diameters of 260 µm and 200 µm, respectively (wall
thickness= 60 µm). A voxel (volume pixel) refers to the volume of material that is
polymerized from being illuminated with a focused laser beam. If there is no overlap
between the voxels then the unpolymerized regions will separate. A distance of 500 nm
between the voxels resulted in the nanotexture seen in Figure 1(a, c). The scaffold held
together between the layers, since the voxels overlapped sufficiently along the vertical
direction, essentially eliminating a gap between the layers. It could be easily manipulated, as
seen in Figure 1(d), and placed into a 96-well plate. A hexagonal structure seen in Figure
1(b) was used to allow for easy handling and optimal coverage of the wells.
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Figure 1. Scanning electron micrographs (A, B), optical micrograph (C), and color
photograph (D) of scaffold structure. Enlarged views of 2PP scaffolds with overlapping
offset cylinder layers (A), which are composed of a hexagonal porous features (B), a visible
nanoscale texture, and structural reinforcements; visual monitoring of scaffold fabrication
was performed using optical microscopy (C). Fabricated scaffolds were easily handled
without damage and placed into 96-well plates (shown in (D)) for biological evaluation.
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The scaffold remained flat on the bottom of the well. Optimal processing parameters were
selected by varying two parameters at a time as shown in an array (Figure 2) with writing
speed and laser power as variables. The final processing parameters were optimized; they
included a 1 m/s scanning speed, 300 mW power, 500 nm hatch (width between illuminated
voxels), 4 µm height between voxels (exposed layers), 22 layers per cylinder stack, and 10%
overlap of cylinder structures (for joining individual cylinders into a honeycomb structure).

312

Figure 2. Sample 5 x 4 array of double layer cylinder test structures after developing in ethyl
alcohol/acetone. Insufficient laser power causes structures to collapse during development.
Similar arrays were used to determine multiple processing parameters.
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Mechanical Characterization:
Preliminary tests were made using a relatively flat material that was polymerized by a
CL-1000 UV lamp (UVP LLC, Upland, CA). After extracting the materials according to the
procedure in Figure 3, the biological evaluation revealed that cells exhibited healthy
morphology and provided comparable MTT results to cells grown in TCPS wells. Processing
of material into 3D structures was subsequently undertaken. The offset cylindrical structure
was made to be resilient and could be stretched and bent without any visible damage or
cracking that could be observed using SEM. After being exposed to cell culture conditions
for up to 30 days, the scaffolds retained their shape and porosity without showing significant
structural damage. Amide crosslinks in the material are less subject to hydrolysis than other
linkages such as ethers, for example. Amides are cleavable by enzymes in vivo and tend to
degrade relatively slowly, thus providing the necessary durability for long term applications
such as suturing or bone replacement. Physical and chemical properties of the material are
discussed in detail by Baudis et al32. Although slight variation in Young’s modulus was
present on the surface, Young’s modulus remained at 96 ± 2 kPa after incubation in PBS for
both the flat material and the 3D scaffolds shown in Figure 1. The photoelastomer
formulation described above with a value of 96 kPa was selected for further study due to the
biomedical applicability of this material to skeletal muscle, arteries, and other tissues

37-39

.
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Figure 3. Scaffold cell culture method schematic, which describes cleaning of scaffolds in
ethanol and PBS followed by vacuum drying. Cells were aliquoted in a small drop to the 3D
scaffold, allowed to attach for 2 hours, covered in media, and examined with the appropriate
assays.
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Cell Viability:
The MTT assay was used assess the cytotoxicity of the scaffolds. The assay measures
the cell mitochondrial activity of oxidoreductive enzymes that reduce the tetrazolium (MTT)
dye to an insoluble form, giving a purple color that is measured with a visible
spectrophotometric plate reader. The measured reaction is representative of the overall
cellular metabolic activity in the hBMSCs and corresponds to their viability. It should be
noted that all of the disks and scaffolds were transferred into a new well after a minimum of
2 hours and that the 3D scaffolds appeared to retain cells extremely well following the initial
seeding. The measurements were performed with assay supernatant only transferred from
treatment wells. Cells on 3D scaffolds showed higher absorbance values than either smooth
TCPS or smooth photoelastomer material disks of the same diameter after 48 hours (Figure
4).
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Figure 4. Human bone marrow stromal cell viability measured by the MTT assay after 48
hours of incubation. Cells growing on the 3D structure had higher viability, reflecting a
higher number of adherent and metabolically active cells (asterisk indicates statistical
significance, p < 0.05). Values shown are expressed as percent of tissue culture polystyrene
controls.
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Cell Proliferation:
Total DNA was calculated by lysing cells on the scaffolds and control materials and
then measuring the amount of PicoGreen fluorescence relative to a standard curve (Figure 5).
The 3D stacked cylinder scaffolds showed the highest fluorescence and the highest amounts
of DNA present after 72 hours. This is a result of increased cell proliferation, better cell
attachment than the smooth samples, and/or improved cell retention from seeding as well as
during media changes and transfers. Control well plate cut-out disks, labeled “TCPS” in
Figure 5, had the lowest total DNA value; however, the value was not significantly different
from that of smooth elastomer disks. The amount of DNA present on the 3D scaffold was
significantly greater than that on the TCPS.
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Figure 5. Total DNA content measured by the PicoGreen dsDNA fluorescent nucleic acid
stain after 72 hours. 3D scaffolds show the largest amount of DNA present, possibly due to a
greater surface area available for cell spreading and proliferation. The asterisk indicates that
the 3D mean was statistically significant (p < 0.05) from tissue culture polystyrene.
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Protein Adsorption:
Initial protein interaction plays an important role in cell adhesion, spreading, and
proliferation

40,41

. Protein adsorption after a 30 second incubation period was measured using

the Micro BCA assay. This assay was used to determine if there were any differences in the
amount of protein (concentration) that adhered to smooth and porous surfaces. The results in
Figure 6 showed that the 3D scaffolds had twice as much adsorbed protein as the smooth
samples. It should be noted that the 3D scaffolds had a higher surface area and a porous
design. The smooth elastomer samples and TCPS controls did not show significantly
different protein adsorption rates. The results suggest that the elastomer material behaves
similarly to a standard tissue culture well under the simulated physiological conditions and
that 3D scaffolds allow for greater protein adsorption due to differences in surface area and
design.
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Figure 6. Total adsorbed protein content per unit projected area of a tissue culture
polystyrene well plate, smooth elastomer material, and 3D scaffold elastomer material. 3D
scaffold elastomer materials were shown to adsorb twice as much protein after 30 seconds as
smooth elastomer materials or tissue culture polystyrene materials. Projected area was
estimated as a circle for tissue culture polystyrene, as a circle for smooth elastomer, and as a
hexagon for the 3D elastomer. The asterisk indicates that the 3D mean value was statistically
significant (p < 0.001) for tissue culture polystyrene.
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Cell Imaging:
The smooth elastomer samples showed normal cell morphology nearly
indistinguishable from that of TCPS controls, as imaged by SEM (Figure 7(a)). Cells showed
considerable spreading and minor overlap but maintained a single confluent layer. Smooth
samples did not show fine cellular projections as seen in Figure 7(b, c). Cells seeded onto 3D
scaffolds exhibited greater spreading and stretching; these cells exhibited much more
elongated shapes and very thin cytoplasm projections. After the first week, cells invaded the
cylindrical layers; however, the pores remained partially open (similar to the pore shown in
Figure 7(b)). With additional time in culture, the pores became covered and the cells
combined together to form a sheet over the pores (Figure 7(d)).
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Figure 7. Representative SEM images of human bone marrow stem cell morphology on
smooth and 3D samples. (A) The smooth elastomer shows normal cell spreading in two
dimensions. The cylindrical structure allows for 3D cellular spreading (B-D) and formation
of intricate filament networks as seen in (C). After approximately 14 days, the scaffolds are
covered with a thick “tissue-like” cover as seen in (D). This cover penetrates into the pores
and completely covers them when viewed from above.
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Discussion:
The design of the 3D scaffold was an attempt to enable cell movement in all of the
planes; in addition, it provided an intentional void for cells interaction with relatively large
pores. If cells were not growing and actively exploring the scaffold in all of the directions,
they would not be able to stretch across the distance of a pore. The cylinder inner diameter of
200 µm presented a sufficiently large distance that a single bone marrow stromal cell could
not stretch across shortly after seeding. Rather than being a morphological parameter it was a
geometric constraint. The results showed that cells were able to gradually create connections,
slowly growing out and eventually closing the cylinder; a sheet of cells stretched across the
opening (as seen in Figure 7(b-d)). Prior to this event, the cells invaded the inner surfaces of
the scaffold as well. Therefore, the selected pore diameter (200 µm) indeed facilitated cell
seeding and migration and at the same time supported tissue formation within the pores after
initial cell proliferation. The “hatch” or distance between illuminated regions of the material
was adjusted to give the structure nanoscale roughness as seen in Figure 1(a) and Figure 1(c).
Previous work by Mozumder et al. indicates that introduction of surface roughness on the
sub-micrometer scale may have a positive effect on cell adhesion and spreading

42

. Repetitive

sub-micrometer surface nanotopography with a periodicity of 200 – 430 nm has been shown
to increase human embryonic kidney cell proliferation

43

. 3D cell culture gels induce higher

cell proliferation than their 2-D culture counterparts for several types of cells, including
smooth muscle, endothelial, and fibroblast cells

44

. This study, however, does not address

sub-micrometer topography, but rather develops a model for 3D cell culture with a flexible
scaffold that has potential to protect the culture during transplantation and during other
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mechanical stress exposures that require significant material elasticity. An inherent limitation
of submicron laser 3D printing is that as resolution increases into the submicron range, the
printing time also increases. Fine features require a more tightly focused beam that creates a
smaller voxel. Therefore, less volume is polymerized at one time and requires the focal point
to be moved along a greater distance, similar to how it is faster to paint a wall with a large
paintbrush as opposed to a smaller one. One way to decrease printing time, however, is to
increase the scanning speed, which in our study is relatively fast at 1000 mm/s.
Although cell response is dependent on a combination of factors (e.g., surface
polarity and functional groups), scaffold stiffness also plays a major role in determining cell
fate. For example, epithelial cells prefer softer polyacrylamide gels (150 Pa); increasing
stiffness (up to 5 kPa) may promote malignant behavior

45

. Muscle cells, however, show little

cell response on soft polyacrylamide gels (1 kPa) and develop striations on gels with stiffness
similar to muscle (up to 12 kPa) 46. Chondrocytes have been successfully cultured on alginate
gels that are mechanically similar to cartilage with a Young’s modulus at or greater than 75
kPa 47. The Young’s modulus of the photoelastomer evaluated in the present study could be
modified by altering the chemical composition; using the present formulation, the Young’s
modulus of 96 kPa was similar to that of skeletal muscle

37

, the spinal cord 38, arteries 39, and

other tissues 48. While the effects of stiffness are not necessarily required in static monolayer
cell culture, a customized stiffness value is suitable for other biological applications such as
use in mechanically dynamic culture or in implants; materials in these applications are
subjected to repeated or cyclical mechanical stress. In the case of implantation, the possibility
of failure is decreased by use of a flexible material that can withstand some wear and be
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easily handled. The physical properties of a material may be further optimized for improved
fixation with screws or sutures. The chemical biodegradation and swelling properties of a
material can be adjusted depending on the intended use. Originally, this material was
designed to have unusually high tear resistance for use in vascular grafts that are subject to
sewing.
For in vitro cell culture assays, the custom printed 3D constructs were used in a
standardized 96-well plate format; assays involving the 96-well plate format are traditionally
performed on cell monolayers or more rarely on 3D culture inserts. The results showed that a
3D structure allows for cells to grow, spread, and proliferate more vigorously in the 96-well
structure on a short time scale, potentially simulating cell behavior that is more closely
related to the 3D cell environment in vivo. The case for 3D cell culture has been gaining
strength as it is more closely related to the physiological and morphological environment
experienced by cells within tissues. The apparently increased cell proliferation shown by
MTT and DNA assays (Figures 4 and 5) on the 3D scaffolds compared to the smooth
surfaces revealed that the 3D structure may influence cell response on a relatively short time
scale of 3 days or less. The hBMSCs interacted with a much larger scaffold surface area with
both the sub-micrometer (texture) and micrometer (geometry) scales; it may be possible that
the higher cell proliferation rates resulted from increases in cell adhesion and retention on the
3D scaffolds. For the biological assays, all of the controls and scaffolds were transferred to
new wells; some cells may have been lost in the control samples due to poor adhesion. The
results suggest that 3D scaffold surface allowed for higher cell mobility and adhesion than
the smooth surfaces; as such, the 3D scaffold surface provided better results than the smooth
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surfaces in the acute toxicity assays described in the present study. The results of these short
term in vitro tests provide a strong rationale for translation to in vivo and clinical studies. The
elastomer performed as well as TCPS; in addition, the smooth elastomer demonstrated
similar protein adsorption characteristics to TCPS. Although the 3D scaffold adsorbed a
higher amount of protein than the smooth elastomer, this result can be attributed to the fact
that the 3D scaffold has a higher available surface area for protein interaction. The highly
porous 3D scaffold also may have trapped a small amount of residual proteins that were not
washed off completely prior to the assay measurements. Since the Micro BCA assay offers a
linear working range of 2 - 40 μg/mL, even a minor change in adsorbed protein may be
detected. The greater amount of initially adhered protein on the 3D scaffold than on the
smooth elastomer may explain the greater amount of cell adhesion on the 3D scaffold than on
the smooth elastomer. In addition, the cells may become trapped within the 3D scaffold and
may be able to create focal adhesions in multiple planes within the porous structure (see
Figure 7(b)).
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Conclusions:
The present study described use of 2PP structuring to create durable and large-scale
photoactive polymer scaffolds. To our knowledge, this is the first paper to date showing the
use of 2PP direct laser writing with an elastomer material. The advantages of 3D-printed
stable scaffolds with sub-micrometer resolution pave the way for more complex small-scale
medical devices, tissue engineering scaffolds, and implants. The resulting custom 3D-printed
scaffolds are conducive to cell growth and may be tailored for use with other cell types by
controlling (a) the nanoscale surface topography and (b) the overall geometric macroscale
structure. The scaffolds in our study were designed for standardized 96-well plate assays in
order to facilitate medium-throughput testing of various 3D constructs with tunable
parameters. Using a similar approach, functional tissue-specific implants may be fabricated
in the future in which the scaffold material requires high structural and textural complexity.
The high reproducibility of 2PP makes it a useful approach to create standardized 3D in vitro
cell testing platforms for future studies.
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CONCLUSIONS
The work described here signifies the importance of thoroughly characterizing nanomaterials
prior to evaluating their biological responses. Each engineered nanomaterials model requires
a unique set of applicable characterization techniques. For example, metallic coatings that
cause toxicity through leaching require the amount and rate of the leachate to be quantified
and optimized for best performance; for coatings or nanosurfaces that mediate cell response
through nanotexture, a roughness value should be reported using atomic force microscopy to
successfully determine the optimal parameter from biological studies. Direct control of the
geometrical, physical, and chemical properties on a material surface opens the ability of
preventing adverse responses and magnifying the desirable responses. Nanoscale surface
morphology should be a consideration for any medical device material that comes in contact
with the bodily environment. With the ability of 3D printing on the nanoscale described in
this thesis it it possible to directly study the effect of nanoscale surface morphology and its
effects on a variety of biological conditions and in vivo and in vitro models. Overall, the
unique properties of nanomaterials reported in these studies have the potential to drastically
improve the antimicrobial efficacy, biocompatibility and tissue regeneration capabilities of
future and existing medical devices.
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