
ABSTRACT 

Kai-Hung Yang. Biomaterials for Application as Bio-interface. (Under the direction of 

Dr. Roger Narayan.) 

 

Biomaterial can be defined as any substance that has been engineered to interact with 

biological system to probe or restore the function of our body. In recent year, efforts have 

been made to develop biomaterials for implants, wound dressing, regenerative medical 

treatment and electrodes trying to improve the life for living creature. This spans a wide 

range of materials from very hard materials, such as carbon-based materials, to extremely 

soft material such as hydrogel. The difference in young’s modulus can be over 7 orders of 

magnitude. Several unmet needs have been reported toward regeneration of the function. 

Therefore, the first goal of this work was to investigate the use of gelatin methacryloyl 

(GelMA) and allylated gelatin (GelAGE) as a 3D scaffold for cellular growth aiming for 

recapitulating the structure−function relationships similar to native tissues toward the 

fabrication of replacements for the organ/tissue. Although gelatin-based hydrogel has 

been extensively studied in the past few years, a more efficient photoinitiator is still in 

demand. In this work, novel photoinitiators with visible-light absorptivity and water 

solubility were evaluated for efficient photocrosslinking which circumvent the UV-

induced genotoxicity while widening the window of exposure condition. Ruthenium / 

sodium persulfate (Ru/SPS) exhibited strong absorption in visible-light range while the 

concurrent redox crosslinking enable the tailoring of viscosity and more depth of cure. 

The water-soluble diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) nanoparticle 

could be used without the introduce of lithium. However, the use of surfactant should be 

optimized toward substantial biocompatibility.  



 

 

 

As neurological disorder or damage could result in a permanent loss of function, the 

restoration of function with the use of biocompatible and robust electrodes for neural 

stimulation and therapy was of great interest. Thus, the second goal of this work was to 

evaluate the feasibility of applying nitrogen-incorporated ultrananocrystalline diamond 

(N-UNCD) as bio-interface and the use of this carbon-based coatings for neural 

stimulation. The geometry of the coating, including solid surface, nano-porous membrane 

and graphene induced microelectrodes, were evaluated with cellular adhesion. The 

surface composition, bonding character, wettability, charge and roughness were evaluated 

and correlated with electrochemical properties as well as biological response. The results 

demonstrated the capability of applying N-UNCD and hybrid (N-UNCD + graphene) 

coatings as material for neural stimulation is comparable with commonly used materials. 

No inhibitive effect on cell viability, mitochondrial function and neural outgrowth was 

evident suggesting the potential of using these coatings as electrodes for neural 

stimulation with tunable surface properties. Additionally, the use of another category of 

carbon-based material, diamond-like carbon (DLC), with oxygen plasma treatment 

exhibited a significant antifungal behavior which demonstrated the potential use of this 

material as coatings for biomedical implants.        
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Introduction 

Biomaterials 

Biomaterial can be defined or distinguished from other materials as any substance that has been 

engineered to interact with biological system and coexist with specific tissues or physiological 

systems such as interstitial fluids, blood and cells without exposing significant toxicity to the 

environment but potentially support the appropriate cellular activities1. As such, biomaterials 

usually worked with one of the capabilities, such as restore function with implants2,3, wound 

healing with dressings4,5, regenerative medical treatment with hydrogel scaffolds6–8 and 

electrodes and coatings for probing and sensing9,10. This covers a broad range of materials from 

very hard materials, such as diamond11–13, to extremely soft material like hydrogel14,15. The 

difference in young’s modulus can be over 7 orders of magnitude. In this study, hard carbon-

based material and soft hydrogel scaffold will be introduced as bio-interface with one of the 

specific functions aforementioned. Considering the use of these biomaterials for medical 

implants, the key characteristics of biomaterial is biocompatibility. As defined by Kohane and 

Langer, the biocompatibility is “an expression of the benignity of the relation between a material 

and its biological environment”16. Therefore, except assessing the performance of functionalities, 

the biomaterials with biological evaluation were carried out with specific cells as indicator of 

applicability for future implantation. 

 

Bio-fabrication 

For the use of biomaterial in tissue engineering and regenerative medical treatment, an artificial 

construct should be fabricated with structures similar to living tissues with complex architectures 

and also the incorporation of living cells and bioactive molecules to better create a three-
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dimensional (3D) model for in vitro studies and for the future use as biomedical implant17. The 

bio-fabrication involves the use of knowledge in diverse fields including cell biology, molecular 

chemistry and material science18,19 to turn this multi-component system into functional tissue 

constructs as demonstrated in Figure 117. In recent decades, several state-of-the-art bio-

fabrication approaches have been demonstrated to generate a 3D environment to study the cell-

material interactions such as micro-molding20–22, inkjet printing23–25, laser-assisted printing26,27, 

lithography-based printing28–31 and extrusion-based printing32–34. Micro-molding or casting is a 

relatively simple and reproducible approach towards fabrication of constructs with high 

throughput replication. Shape and feature sizes of the structures are determined by the molds as 

well as the master structure. Polydimethylsiloxane (PDMS) elastomers are extensively employed 

for molding pre-designed master structure35, metal21 or fibers20 towards generation of molds for 

subsequent fabrication of replica. The tunable mechanical strength, optical transparency, 

biocompatibility and available feature size in micro scale are ideal for molding various 

constructs for applications in tissue engineering. Plus, tunable wettability can be modified to 

facilitate detachment of different molded material. This micro-molding approach provides a 

straightforward strategy for fabrication of cell-encapsulated 3D structure with no misalignment 

as additive manufacturing. In contrast with micro-molding in PDMS which provides a static 3D 

environment for living cells, molding biomaterials in microfluidic channels with the supply of 

flowing fluid provides a dynamic environment for simulation of diffusion and interactions of 

living cells with supplying fluid which enable the study of cells in conditions similar to native 

tissue with nutrient supply and shear force36–38. 
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Figure 1. Four core elements considering the bio-fabrication of functional tissue constructs. 

Reprint with permission from ref 17. Copyright 2020 American Chemical Society. 

 

Bio-printing 

In addition to micro-molding for biofabrication, other types of approaches, usually known as 

bioprinting39, involves the use of 3D printing technique and cell-laden bioinks to accomplish the 

fabrication of more complex architecture as shown in Figure 217. 3D printing was first introduced 

in 198640 with the stereolithographic printing followed by extrusion printing in 198841. Till ten 

years later, in 1998, a 3D printed scaffold made of poly(lactideco-glycolide) (PLGA) was first 

used for cell seeding and culturing which opened the platform of automated manufacturing as 
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biocompatible scaffold for tissue engineering42. In recent decades, the interest of applying 3D 

printing in biomedical engineering has grown exponentially in popularity and has been a leading 

and widely adopted method for design and fabrication of complex architecture and appeared as a 

promising strategy to generate numerous constructs with the feature size from centimeters to 

micrometers which recapitulate the structure−function relationships similar to native tissues17. 

Inkjet printing operates via ejection of droplets, typically 10-150 pL of material from the nozzle 

with pressure generated by thermal, piezoelectric, or electromagnetic stimulus24. Bioinks with 

cells can be delivered to the substrate once cells are loaded in the cartilage; however, the 

viscosity of the ink could vary with the cell density and the increased shear stress with increasing 

viscosity might limit the viability of cells in the bioink43. Laser-assisted printing employs a 

similar mechanism as inkjet printing which bioink is ejected to the substrate by laser induced 

stimulus. Unlike the use of nozzle for bioink delivery, a double-layered ribbon is employed with 

one side loaded with bioink and the other side with an energy-absorbing material27. Once laser 

pulse is imposed the on ribbon, a laser induced phase change on the absorbing layer cause the 

ejection of bioink onto the substrate. Laser-assisted printing generally yields higher cell viability 

since the nozzle induced shear stress is removed from this mechanism. However, for both of the 

methods, secondary-crosslinking of the bioink after deposition should be incorporated to achieve 

building construct in z-direction.  

 

In contrast to the abovementioned methods, lithography-based printing and extrusion-based 

printing are intrinsically applied for building construct in z-direction. These two types of 

bioprinting leverages the spatiotemporal control of additive manufacturing pre-designed by 

computer aided design (CAD) software which involves writing or layer-by-layer fabrication of 
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constructs and enables the guided growth of cells44. As the CAD file is first generated, then the 

CAD file is converted into STL file which then the pre-designed structure is then composed of 

triangulated facets. Followed by conversion, the file is subsequently sliced into layers of material 

with thickness ranging from 25–100 μm and ready for subsequent printing45. 

 

In extrusion printing, a material filament is extruded through a nozzle and deposited onto a 

printing surface with subsequent light exposure for crosslinking. The dispensing mechanism can 

be pneumatic, piston-driven, or screw-driven17. By controlling the pressure of the dispensing and 

speed of the moving nozzle, clogging of material can be minimized and the resolution of the 

printed structure can be enhanced. Noted that, a smaller nozzle size can concurrently increase the 

resolution but reduce the cell viability by increased shear stress33. It’s ideal to print with non-

viscous bioink with minimized shear stress; however, this could compromise the resolution. 

Thus, materials with shear-thinning properties46, depending on the polymer chain length47 and 

physical crosslinking48, are preferential to reduce the shear stress imposed on the cells at nozzle 

while maintain enough viscosity to achieve better resolution. The strategy to use a cooled plate49 

to increase the resolution is commonly applied but the cooling effect might be diminished with 

building taller structure. Other strategies such as in-situ crosslinking or the use of supporting 

bath50–52 have been investigated to improve the resolution by simultaneous printing and 

crosslinking or support the geometry of printed construct by a supporting gel. These strategies 

are summarized in Figure 317. Recently, extrusion with another strategy, printing with a 

core/shell cartilage53,54, was demonstrated to be a way to printing complex structure while 

supporting the resolution by varying the component in core and shell cartilage.  
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Lithography-based printing, including stereolithography (SLA)55,56, digital light processing 

(DLP)29,57,58 and two-photo polymerization (2PP)59–61 has been extensively investigated for 

bioprinting. SLA utilizes laser as light source to trigger photo-polymerization by point-to point 

scanning of STL file defined area to generate 3D structure out of a vat of resin while in DLP, 

digital micromirror device is used to generate the masks for patterning the exposed precursory 

solution and crosslinking a 3D construct in a layer-by-layer fashion as demonstrated in Figure 

444. Once the layer is crosslinked, the motor-controlled platform would move this layer away 

from the exposure surface with a certain step size and recoated with the prepolymer solution for 

crosslinking of subsequent layers to build the construct in z-direction. However, the resolution of 

the structure is determined by the attenuation of the light in the prepolymer. The addition of 

photo-absorber62 might be applied to limit the penetration depth and reach a better feature size. 

Based on the applied irradiation, the crosslinking process can be triggered by UV, visible or 

near-infrared light with single-photon polymerization or two-photon polymerization. In general, 

SLA and DLP carry out the crosslinking of bioink with higher cell viability due to the absence of 

mechanical stress imposed on the cell63. However, the exposure time of laser with strong 

intensity should be controlled to reduce the photo-toxicity.  

 

Unlike single-photon polymerization, 2PP exploited the absorption of two photons 

simultaneously to trigger polymerization which the probability of two-photon absorption (TPA)59 

was proportional to the square of photon flux. Despite the use of near infrared (NIR) laser, TPA 

created same energy transition as single ultraviolet (UV) photon. Since polymerization would 

only initiate at the focal point of two laser beam, the resolution in submicron scale (<100nm) can 

be reached64. Another feature of 2PP was the printing process was accomplished by series of 
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unsupported floating voxel inside the bulk material which enable the printing of intricate features 

within a pre-existing device and printing without damaging the outer surface. However, the 

major drawbacks lay in the limited material matching the selection rule for third-order nonlinear 

optical process65,66, toxicity of feedstock and prolonged printing duration59,60. Additionally, 

limited working range in between burning point and laser power that initiate the polymerization 

made it less tailorable with different mechanical and physiological properties and preclude the 

structures with heterogeneous property. An efficient photoinitiator (PI) with high TPA cross-

section was on the demand. 

 

Figure 2. Four different types of bio-printing. Reprint with permission from ref 17. Copyright 

2020 American Chemical Society. 
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Figure 3. Strategies for improving performance of extrusion bio-printing. (a) shear thinning, (b) 

rapid sol-gel transition or (c) printed into a bath that supports their structure. Reprint with 

permission from ref 17. Copyright 2020 American Chemical Society. 

 

 

Figure 4. schematic diagram of SLA and DLP. Reprint with permission from ref 44. 

 

Hydrogel 

Since the introduction of crosslinked poly (2-hydroxyethyl methacrylate) hydrogels as by 

Wichterle and Lim in 196067, the application of hydrogel has gained much more attention for the 
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use as bio-interface with minimum foreign body response which has been used in contact lens68, 

cell encapsulation68 and tissue engineering69,70. The highly hydrated nature, which can absorb 

water over many times of their dry weight, and resemblance of physiochemical properties with 

natural extracellular matrix (ECM), as demonstrated in Figure 571, provided a three-dimensional 

(3D) space as scaffold with aqueous environment for protection of cell, tissues to develop, 

transport of nutrients and provide the physical cues for cell growth72. 

 

The water content in a hydrogel provides a pathway for permeation of nutrients and by products 

of cellular reaction into and out of the hydrogel. The total bound water is comprised of two 

component, “primary bound water” and “secondary bound water”. When a dry hydrogel absorbs 

water, the water molecules enter the matrix and then hydrate the most polar and hydrophilic 

groups in the polymer chain, resulting in “primary bound water” with the swelling of network. 

Further, as the network swells, the hydrophobic groups would be exposed and interact with water 

molecules, resulting in “secondary bound water”. Afterwards, the absorption of “free water” due 

to the osmotic driving force of the network, as opposed by the covalent or physical crosslinks, 

leads to an equilibrium swelling with elastic network.  
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Figure 5. Schematic of components of the ECM along with cell receptors that interact with these 

components. Reprint with permission from ref 71. 

 

 

Natural and synthetic materials  

As in the literatures, there are various of materials can be used as backbone of hydrogel, 

including natural materials and synthetic ones, which have been engineered to control structural 

integrity, cellular attachment, biodegradability and biocompatibility. Synthetic hydrogels, such 

as poly(ethylene glycol) (PEG)62, poly(vinyl alcohol) (PVA)73 and poly(ethylene oxide) (PEO)74, 

offered high batch-to-batch uniformity which was more controllable and reproducible in 

structures, gelation kinetics, degradation rates, and mechanical properties. However, the lack of 

bioactive sites as in the naturally derived material might limited the use of this kind of material 

in tissue engineering. The incorporation of adhesive sequences might be required for improved 

cellular attachment75,76. On the contrary, natural materials have gained interest, from a 
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biomaterial’s perspective, because of the inherent properties with cell interactions. 

Decellularized ECM77, collagen78, gelatin79, chitosan80, alginates81, hyaluronic acid82 and 

fibroin83 have been used as naturally derived materials in formation of hydrogel. Among them, 

gelatin was massively studied because of the innate adhesive peptide sequences (arginine-

glycine-aspartic acid, RGD)84,85, matrix metalloproteinase (MMP)86 sensitive degradation sites, 

and is cost effective. Although the decellularized natural ECM has been used as backbone of 

hydrogel, the issue of biocompatibility arose with the presence of residual detergents, 

endotoxins, cell debris and changes in ECM fiber structure87,88. While ECM is largely composed 

of collagens which can make up to over 90% of the dry weight of ECM, the use of collagen as 

backbone of hydrogel still exhibited the issue of antigenicity and immunogenicity89. In contrast, 

gelatin, a denatured form of collagen by irreversible hydrolysis as shown in Figure 617, showed 

no antigenicity90 which was an ideal material as biocompatible hydrogel for the study of cellular 

migration, proliferation, and differentiation. 
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Figure 6. Denaturing of collagen into gelatin. Reprint with permission from ref 17. Copyright 

2020 American Chemical Society. 

 

Chemical modification of gelatin 

As aforementioned, gelatin is a material with great potential for the fabrication of hydrogels. 

However, pure gelatin exhibits a low gelation temperature which behaves as liquid above 30 ˚C; 

as such, it cannot be used for cell culture at physiological temperature (37 ˚C) directly17. 

Modification with functional group is required to enable covalent network formation. For 

example, gelatin can be modified with methacrylic anhydride (MA) to make gelatin 

methacryloyl (GelMA)91–93 or modified with allyl glycidyl ether (AGE) to make allylated gelatin 

(GelAGE)15,94,95 as demonstrated in Figure 796.  
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GelMA was first introduced by Van den Bulcke and coworkers in 200097. Since this report, 

GelMA has gained much attention in terms of tailoring the physiochemical properties, 

bioactivity and the applications of this material in different fields, especially in tissue 

engineering and regenerative medical treatment toward the restoration of neural tissue98, 

vascularization99, cardiac100, cartilage101, bone102, skin103, muscle104, liver105, and kidney106. This 

material has been applied and synthesized extensively in the literatures. In general, the synthesis 

of GelMA is carried out by direct reaction of gelatin with MA in phosphate buffer saline (PBS, 

pH=7.5) at 50 ˚C, resulting in the anchoring of methacryloyl functional groups on the gelatin 

backbone by reaction with reactive amine and hydroxyl groups107,108. The substitution is then 

stopped by diluting the reaction mixture with PBS or water and dialyzed against deionized water 

through a semi-permeable membrane for 5-7 days to remove unreacted MA, byproducts and low-

molecular-weight impurities which could be potentially cytotoxic. At the last step, the dialyzed 

solution would be lyophilized to a white porous foam and stored before use. The degree of 

modification (DoM), hence the different physical properties, of the final product can be adjusted 

by the rate of MA addition and pH during the reaction which an enhanced reaction rate between 

MA and amine and hydroxyl groups was observed at high pH value resulting in higher DoM109.  

 

Recently, another strategy of chemical modified on gelatin has been reported which introduced a 

thiol-ene crosslinkable hydrogel110, GelAGE, with less susceptibility to 

oxygen inhibition111 and more homogeneous network112,113. For synthesis of GelAGE, the gelatin 

is first dissolved in deionized water and then reacted with of allyl glycidyl ether (AGE) at 65 

˚C15,94,95. NaOH is used to adjust pH value and to initiate fragmentation and modification with 

higher pH corresponds to stronger fragmentation and lower molecular weight. To stop the 
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reaction, aqueous HCl is added to the solution to adjust the pH to 7.4 and then dialyzed with 

semi-permeable membrane against deionized water, followed by lyophilization and isolatation 

the GelAGE macromer for future use. 

 

Figure 7. A) Chemical modification of gelatin into GelMA and GelAGE. B) Scheme of the 

network structure of GelMA and GelAGE. C) Analysis of the residual polymer fraction. Reprint 

with permission from ref 96. 

 

Crosslinking methods 

After determination of the building block of the hydrogel, the next task is to determine the way 

of crosslinking to create a continuous and pliable 3D network for loading molecules, cells or 

drugs. In general, the various crosslinking strategies can be classified into either physical 

crosslinking and chemical crosslinking depending on the reversibility of the interaction. These 

methods are summarized in Figure 8114. Physical crosslinking of hydrogel is accomplished 
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through physical entanglement of polymer chains by either ionic interaction115, electrostatic 

interaction116, hydrogen bonding117, crystallization118, metal coordination119 or thermally-induced 

hydrophobic interaction120. The predominant advantage of this kind of crosslinking strategy is 

the biocompatibility in the absence of chemical initiator and crosslinker which could be 

potentially cytotoxic. However, the stability of the hydrogel crosslinked with this strategy is of 

major concern and physical crosslinking could be less homogeneous considering the 

entanglement and clusters of the molecules. When considering the use of hydrogel as biomedical 

implant, the stability and inhomogeneity of the structure could interfere with the functionality as 

compared with the predicted outcome. In contrast, chemical crosslinking involves the 

establishment of covalent bonding between functional groups on the polymer chain to create a 

permanent bonding with enhanced stability and mechanical properties under physiological 

conditions121. The commonly used strategies to promote chemical reaction between the polymer 

chain were by leveraging enzymatic crosslinking122, click chemistry123 or photo-

polymerization124. Among these methods, the crosslinking via photo-chemistry not only provides 

an efficient and rapid way of bonding formation but also yield minimal byproducts. Also, photo-

polymerization could provide additional advantage of spatiotemporal control of the bonding 

formation depending on the exposure and scan rate of light source which is beneficial for 

fabrication of 3D constructs125. Thus, photo-crosslinking has been extensively studied in the 

literatures with significant efforts and breakthroughs in designing and synthesis of photo-

crosslinkable polymers for 3D printing with biocompatibility which can support the proliferation 

of the cells seeded on the 3D printed construct126 or the cells encapsulated inside the hydrogel127. 
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Figure 8. Crosslinking strategies for hydrogel: ionic crosslink, thermally induced hydrogel 

formation, crystallization induced hydrogel formation and chemical crosslinking, such as UV-

induced crosslink and enzyme catalyzed crosslink. Reprint with permission from ref 114. 

 

Mechanism of photo-crosslinking 

In general, photo-crosslinking can be classified into three categories, including (a) free-radical 

chain polymerization, (b) thiol-ene crosslinking and (c) photo-mediated redox crosslinking 

which induce the sol-gel transition with the incorporation of light exposure. 
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Free-radical chain polymerization 

In free-radical chain polymerization, there are three stages included during the process of 

crosslinking: initiation, propagation and termination as shown in Figure 9125. For initiation, 

which trigger the start of polymerization, radical species must be introduced into the reaction by 

photo-cleavage of photo-initiators. The rate of generation of radical species is a function of (a) 

incident light intensity, (b) photo-initiator concentration, (c) molar extinction coefficient of 

photo-initiator, (d) quantum yield or number of photo-cleavage event per photo absorbed, and (v) 

the number of radicals generated per photo-cleavage event128. After initiation, then free radicals 

can further react with functional groups (ex. unreacted double bonds) on the polymer backbone, 

forming reactive radical intermediates which account for propagation of radical species and 

formation of covalent bonds. The propagation rate can then be approximated as a second-order 

reaction of concentration of radicals and unreacted bond. At the final step, the polymerization 

would be terminated in either way of (a) quenching, (b) disproportionation or (c) chain transfer 

which correspond to combination of two chains to form one continuous chain, termination of two 

chain with one saturated terminal group and one non-saturated terminal group and transfer of 

radicals away from propagating polymer chain, respectively125. With all the three steps 

combined, the rate of polymerization (Rp)
129 could be expressed as: 

Rp=kp (
∅𝜖𝐼𝐶

𝑘t
)

1/2

[𝑀] 

by assuming pseudo-steady state of total radical species concentration, which the rate of 

initiation is equal to the rate of termination, and generation of two radical species upon photo-

cleavage where kp is the propagation rate constant, ∅ is the quantum yield, ϵ is the molar 

extinction coefficient of the photo-initiator, I is the intensity of incident light, [C] is the 
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concentration of photo-initiator, kt is the termination rate constant and [M] is the concentration of 

unreacted functional groups. With higher degrees of crosslinking,  

the mechanical strength of the resulting hydrogel increases and degradation times in the case 

of degradable materials take longer. Although the free-radical chain polymerization enables a 

rapid crosslinking, a few drawbacks still present while exploiting this crosslinking mechanism- 

oxygen inhibition130 and inhomogeneous network131. The quenching of radicals with the 

presence of ambient oxygen could be a critical issue for bioprinting which hinder the completion 

of crosslinking of precursor materials and jeopardize the shape fidelity of the 3D printed 

construct. One way to overcome this issue is to increase the intensity of light or concentration of 

photo-initiators; however, it could introduce higher cytotoxicity while printing with cell-laden 

hydrogel. Secondly, the formation of inhomogeneous network might be attributed to the rapid 

pile up of concentration gradients and limited diffusion of radicals which result in auto-

acceleration of propagation in local area132,133. Thus, intramolecular chain transfer events, such 

as branching or cyclization of polymer backbones, may have higher chance to occur. 
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Figure 9. Overview of free-radical chain polymerization. (A) Schematic of initiation, 

propagation, and termination. (B) Network of polymer chain crosslinked through free-radical 

chain polymerization. (C) Common functional groups employed in free-radical chain 

polymerization in bioprinting. (D and E) Change in storage and loss moduli during the free-

radical chain polymerization. Reprint with permission from ref 125. Copyright 2020 American 

Chemical Society. 

 

Thiol-ene crosslinking 

As compared with free-radical chain polymerization, thiol-ene crosslinking has gained attention 

as an alternative way for polymerizing hydrogel scaffolds which confer the hydrogel with 

homogeneous network96, less shrinkage, less accumulated stress134, more flexibility in tuning 

properties by crosslinker135 and insensitivity to oxygen inhibition111. The less susceptibility of 

oxygen inhibition circumvents the removal of oxygen by using nitrogen purging which not only 

reduce the complexity during crosslinking but also provide a friendly environment for cellular 
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growth while printing with cell-laden hydrogels136. Additionally, the introduce of thiol-

containing crosslinker may also serve as signaling ligand for redox in biological systems137,138. 

 

The same as free-radical chain polymerization, the mechanism of thiol-ene crosslinking involves 

initiation, propagation and termination as shown in Figure 10125. However, the difference is that 

the reaction requires the aid of crosslinker to complete the step growth. Once the initial radical is 

generated by photo-initiator, the thiol-containing molecules, crosslinkers, are converted into thiyl 

radicals. These thiyl radicals then can further react with molecules containing -enes with 

formation of thioether bonds125. Although it’s possible to have concurrent reaction of free-radical 

chain polymerization, for example between acrylates or methacrylates on the polymer backbone, 

step growth mechanism is still predominant134. The sequential conjugation of thiol with -ene 

results in a gradual increase of degree of crosslinking and formation of homogeneous network. In 

some systems with mixed mechanism of polymerization, it might be possible to leverage the 

advantage of both sides. However, the difference in mechanism may result in phase separation of 

the areas crosslinked with two different mechanisms. The conversion alone can not reflect the 

kinetics of the reaction. Worth noting that the reactivity of -ene group in thiol-ene crosslinking is 

determined by the electron density and location of the -ene group139. The -ene group with larger 

electron density is generally more reactive while the internal -ene group exhibit diminished 

reactivity compared with terminal -ene group due to radical mediated isomerization. In general, 

the rate of thiol-ene crosslinking can be modulated by the similar manner as free-radical chain 

polymerization. The variation in concentration of crosslinker was shown to slightly change the 

reaction rate but have obvious impact on the final properties of crosslinked material. The 

additional tunability of properties with the amount of crosslinker enable enhanced control of 
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degree of crosslinking since it’s dominated by the concentration of crosslinker but not the 

concentration of reactive groups (-ene). 

 

Figure 10. Overview of thiol−ene photo-cross-linking. (A) Schematic of initiation, propagation, 

and termination. (B) Network of polymer chain crosslinked through radical-mediated thiol−ene 

reactions. (C) Common −ene groups employed in radical-mediated thiol−ene reactions. (D and 

E) Change in storage and loss moduli measured via oscillatory shear rheology during the 

thiol−ene photo-cross-linking. Reprint with permission from ref 125. Copyright 2020 American 

Chemical Society. 

 

Photo-mediated redox crosslinking 

The third type of crosslinking mechanism has been utilized in polymerization was photo-

mediated redox crosslinking as shown in Figure 11125. The photo-sensitizer is employed in this 

reaction which generate radicals through electron transfer or hydrogen abstraction as compared 

with the photo-cleavage of photo-initiators used in previous two mechanism. Photo-sensitizer 

should enable an efficient absorption of light and catalyze the photo-oxidation and subsequent 

coupling of reactive groups140. Unlike free-radical chain polymerization which could be inhibited 
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by the presence of oxygen, it was reported that no appreciable crosslinking occurred in the 

absence of oxygen. While oxygen is incorporated in the reaction, the excited photo-sensitizer 

itself or intermediate radicals could trigger the of production of reactive oxygen species (ROS)141 

which could be harmful for the cells incorporated in the hydrogel and should be taken into 

consideration as well as the concentration of photo-sensitizer.  

 

Figure 11. Overview of photo-mediated redox cross-linking. (A) General mechanism for photo-

mediated redox reactions. (B) Network of polymer chains containing reactive groups cross-

linking through photo-mediated redox reactions. (C) Common functional groups employed in 

photo-mediated redox reactions in bioprinting. (D and E) Change in storage and loss moduli 

measured during the photomediated redox cross-linking. Reprint with permission from ref 125. 

Copyright 2020 American Chemical Society. 

 

Type I photo-initiators  

To trigger the crosslinking or polymerization of the hydrogel with either free-radical chain 

polymerization or thiol-ene crosslinking, a photo-initiator is employed to initiate the process by 
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absorbing light with specific range of wavelength and further generation of radicals. The types of 

photo-initiators commonly used can be classified into two types: type I and type II. Type I photo-

initiator requires only single component to trigger the initiation. After the absorption of light, the 

photo-initiator then is promoted to excited singlet or triplet state followed by homolytic 

cleavage142 which generates free radical responsible for the start of polymerization. This photo-

cleavage usually occurs at the α-position of carbonyl groups as known as α-cleavage. To date, 

various type I photo-initiators have been investigated in the literatures including, 2,2-dimethoxy-

2- phenylacetophenone (Irgacure 651), 1-hydroxycyclohexyl phenyl ketone (Irgacure 184)143, 2-

hydroxy-l-[4-(hydroxyethoxy)phenyl]-2-methyl-L-propanone (Irgacure 2959)144, lithium phenyl-

2,4,6-trimethylbenzoylphosphinate (LAP)145, 2,4,6 -trimethylbenzoyl-diphenylphosphine oxide 

(TPO)146 and 2, 2′-azobis[2-methyl-n-(2-hydroxyethyl) propionamide] (VA-086)147. The most 

important factors of photo-initiator considering the application in 3D printing with cell-laden 

hydrogel are biocompatibility, water solubility and wavelength of absorption. The 

biocompatibility is the universal criteria for any materials to be employed in tissue engineering. 

A photo-initiator with high water solubility could circumvent the use of toxic organic solvent to 

reach the desired concentration of photo-initiator and degree of crosslinking125. A substantial 

absorption in visible-light range could prevent the UV induced photo-toxicity and genotoxicity.  

 

Irgacure 2959 and LAP are the most commonly used type I photo-initiators in photo-crosslinking 

because of the decent water solubility and good viability for cells when used in low 

concentration. The chemical structure of both is shown in Figure 12129. Once absorbs light, 

Irgacure 2959 experiences an excitation to higher singlet state and converts to a triplet state 

through intersystem crossing142, and then the molecule dissociates into benzoyl and ketyl 
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radicals. Among the two, benzoyl radical plays the major role in photo-crosslinking since the 

ketyl radical can react with water rapidly and hence with shorter lifetime144,148. However, 

Irgacure 2959 absorbs light majorly in UV range rather than visible-light. Shifting the 

wavelength of the incident light to shallow UV range (350-400 nm) results in low efficiency of 

crosslinking which may require the use of higher photo-initiator concentration, higher light 

intensity or longer exposure time. Another feature of UV + Irgacure 2959 system is that the use 

of UV light and with Irgacure 2959 can greatly limit the penetration depth since UV light is with 

higher energy and the chromophore of Irgacure 2959 remains even after absorption of light129. If 

the printed construct possesses very fine feature and requires printing with higher resolution, the 

use of Irgacure 2959 could be a good candidate94.  

 

As an alternative to Irgacure 2959, LAP6,129 is another commonly employed and commercially 

available type I photo-initiator which exhibits a much higher molar extinction coefficient in 

shallow UV range (350-400 nm) which could result in higher polymerization rate and trails off 

into narrow visible-light range (400-420 nm). Once absorbs light, LAP dissociates into one 

carbon-centered radical and one phosphor-centered radical. Although both of the radicals can be 

responsible for initiating crosslinking, the reaction rate constant of phosphor-centered radical 

was shown to be 2 orders of magnitude higher than the carbon-centered radical in crosslinking 

acrylate149. Since the water solubility and LAP can be regarded as visible-light photo-initiator, 

LAP has been extensively employed after it was first synthesized150. Additionally, the advantage 

of using LAP as photo-initiator is the higher depth of cure since the chromophore129 is lost after 

photo-cleavage which enable the crosslinking of larger construct with fewer 3D printing steps. 

Til now, both Irgacure 2959 and LAP have been widely applied to trigger either free-radical 
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chain polymerization or thiol−ene crosslinking with extrusion-based printing or lithography-

based printing. Recent development has focused on the synthesis of novel photo-initiators with 

higher water solubility and molar extinction coefficient151–155 and also the use of nanoparticle156–

160 as photo-initiator which leverage plasmonic, panchromatic, or upconverting properties of 

nanoparticles. 

 

Figure 12. (a) Photo-cleavage of commonly used type I photo-initiator: Irgacure 2959 and LAP, 

(b) molar extinction coefficient of the Irgacure 2959 (solid line) and cleavage products (dashed 

line) and (c) molar extinction coefficient of LAP (solid line) and cleavage products (dashed line). 

Reprint with permission from ref 129. 

 

Type II photo-initiators  
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As compared with type I photo-initiator, type II photo-initiator requires the use of co-initiator, 

hence a two-component system, to initiate the polymerization which usually involve a more 

complex mechanism. To date, couple of type II photo-initiators have been investigated such as 

2,3-bornanedione (camphorquinone)143, eosin-Y161, riboflavin (RF)66,162 and tris(2,2-bipyridyl) 

dichlororuthenium(II) hexahydrate (Ru)6,96. After exposure to light source, the excited type II 

photo-initiator react with co-initiator to generate radicals via proton or electron transfer for 

triggering the initiation process163. The use of camphorquinone has a long history in photocuring 

dental composites; however, the low water solubility may limit the application in hydrogel 

system. Although eosin-Y absorbs visible-light with a high molar extinction coefficient, the 

reaction rate of co-initiator such as triethanolamine (TEA)63,142 with the reactive group is usually 

slow. In such circumstance, accelerants, for example N-vinylpyrrolidone (NVP) or N-

vinylcaprolactam (NVCL)161, might be necessary to induce an efficient crosslinking which 

substantially increase the complexity of the system and possible cytotoxicity from all the 

component combined. RF, as a natural photo-initiator, has also been extensively used in photo-

crosslinking. However, the efficiency of crosslinking is not predominant and RF is very 

susceptible to oxygen inhibition which can react with oxygen with multiple pathways to form 

byproduct162. Recently, the use of Ru with co-initiator, sodium persulfate (SPS), has been 

reported to provide attractive features in visible-light induced crosslinking. Ru possesses a high 

molar extinction coefficient of 14600 M−1 cm−1 at 450 nm164 which is compared with other 

photo-initiators in Figure13125. After photo-excited, SPS then accepts electron from excited Ru 

and dissociates into sulfate anions and sulfate radicals which is responsible for the subsequent 

initiation of polymerization where the Ru falls back to ground state via oxidation of water. This 

three steps cycle is demonstrated in Figure 146. This Ru/SPS system was demonstrated to be less 
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susceptible to oxygen inhibition and promote rapid crosslinking which can be beneficial for 

practical printing. Also, SPS can be used to trigger redox crosslinking which the Ru/SPS system 

can be applied to initiate the crosslinking with dual mechanism with higher depth of cure95.  

 

Figure 13. Absorption spectra and molar extinction coefficients of commonly used photo-

initiators for light-based bioprinting. Reprint with permission from ref 125. Copyright 2020 

American Chemical Society. 
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Figure 14. Schematic of Ru/SPS system during photo-excitation. Reprint with permission from 

ref 6. 
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Abstract 

 

Diamond has been studied as an interface between medical devices and the body because of its 

wide potential window, chemical inertness, mechanical hardness, capability for surface 

modification, tunable electrical conductivity, and biocompatibility. Diamond coatings have been 

considered for use in a variety of medical device applications, including in protective coatings, 

bio-interfaces, and biosensors. For example, diamond has been investigated for use in neural 

stimulation since it exhibits not only stability but also a wide potential window. This manuscript 

reviews the development of neural interfaces based on diamond coatings, which can provide an 

improved quality of life for individuals suffering from many types of health conditions. 

 

Background 

Diamond has been studied as an interface between medical devices and the human body for 

several decades because of its wide potential window[1,2], chemical inertness [3,4], mechanical 

hardness[5–7], capability for surface modification[8–10], tunable electrical conductivity [11], 

and biocompatibility [12–14]. Based on grain size, diamond coatings can be classified into 

microcrystalline diamond (MD), nanocrystalline diamond (NCD), and ultrananocrystalline 

diamond (UNCD) as shown in the Fig. 1(a) [7]. NCD and UNCD, which exhibit small grain 

sizes and low roughness values, may be used in microelectromechanical systems (MEMS) and 

other tribological applications [5,15].  

 

Raman spectroscopy is commonly used for examining the bonding of carbon atoms in diamond 

[16,17]. The Raman peak at 1140 cm−1 is sometimes noted in diamond coatings with small grain 
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size (< 0.1 μm). The 1140 cm−1 peak has been associated with nanocrystalline diamond coatings 

or sp2-bonded carbon atoms in nanocrystalline diamond coatings. The peak at 1332 cm−1 has 

been associated with sp3-bonded carbon atoms and is attributed to the zone center optical phonon 

mode, which exhibits F2g symmetry. This peak has a narrower full-width at half maximum value 

(2 cm−1) and a higher peak intensity in highly tetrahedral materials such as natural diamond. 

Broadening of this peak is observed in diamond coatings with large amounts of amorphous 

carbon and small grain sizes. The broad hump at 1580 cm−1 is called the graphite (G) band; it is 

the optically allowed E2g zone center mode that is associated with crystalline graphite. The small 

shoulder at 1350 cm−1 region is the A1g mode of graphite; it is known as the disordered (D) 

band. These two features are found in sp2-bonded amorphous carbon. The peak at 1470 cm−1 is 

also associated with amorphous carbon. An example of raman spectrum on diamond and other 

carbon features is illustrated in Fig. 2 [18].Other characterization techniques such as near edge 

X-Ray absorption fine structure (NEXAFS) spectroscopy and electron energy loss spectroscopy 

(EELS) can be utilized to determine the sp2/sp3 ratio in diamond coatings [19]. 

 

Diamond can be synthesized using chemical vapor deposition (CVD) methods, including hot 

filament CVD and microwave plasma CVD (MPCVD)[4] which provides a cost-efficient 

process of manufacturing[20–22].MPCVD is widely utilized in laboratory and industry 

settings.MPCVD can provide a high density plasma and a high concentration of active species, 

enabling deposition at low temperature and low pressure. Additionally, MPCVD enables high 

quality NCD or UNCD coatings be grown in the absence of contamination from the filament 

materials [23]. A schematic diagram of CVD method is shown in Fig. 1(b). 
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Electrical stimulation and biocompatibility 

NCD and UNCD has been considered for use in a variety of medical device applications, 

including in protective coatings, bio-interfaces and biosensors [24–28]. The mechanical strength 

and wear resistance of diamond coatings make them a proper candidate as protective coating for 

heart valve and joint prostheses. Anchoring of proteins, cells, or DNA on the surface of diamond 

coatings may facilitate uses of these materials as bio-interfaces and biosensors. Intrinsic diamond 

is a semiconductor material with a wide bandgap. The conductivity of diamond can be greatly 

increased with boron (p-type) or nitrogen (n-type) doping [11]; doping can increase conductivity 

to around 200 Ω-1cm-1 [5]. Field emission by hydrogen-terminated diamond with negative 

electron affinity (NEA) has also been demonstrated [29,30]. Under electrical stimulation, charge 

was delivered in the leading phase to depolarize the membranes of excitable cells by either the 

capacitive injection mechanism or the Faradaic injection mechanism [31]. The most commonly 

used conventional materials are titanium nitride[32,33], platinum[34–36] and iridium oxide[37–

39] with capacitive injection, pseudocapacitive injection and Faradaic injection approaches, 

respectively. Among them, faradaic injection is not favored since it may change local 

environment such as water electrolysis, change in pH value, protein reduction, or oxidation; 

these processes may be detrimental to cells. Dissolution of the electrode, delamination, and 

breakdown of the passivation film may also impair function. Poly(3,4-

ethylenedioxythiophene)( PEDOT), an electrically conductive polymer, has also been studied as 

electrode material [40–42]; however, the long-term stability of this material is uncertain.  

 

Diamond is a promising material for neural stimulation that exhibits not only stability but also a 

wide potential window to avoid the electrolysis of water. In the previous studies, diamond has 
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been demonstrated to have a potential window of around 3-3.2 V, which is higher than all of the 

materials mentioned above. The mechanical integrity and chemical inertness provided by 

diamond make it an appropriate material for long-term use.  

 

One of the concerns for application of NCD or UNCD as a biointerface for neural stimulation or 

recording is biocompatibility. Since NCD is doped with boron to give tunable electrical 

conductivity, it might demonstrate cytotoxicity with higher doping concentration (1021 cm-3 or 

higher). Surface termination and hydrophilicity were also important for determining cellular 

attachment, differentiation, and proliferation. In 2004, Specht et al. demonstrated ordered growth 

of neurons on diamond single crystal [12]. In recent years, Taylor et al. showed that human 

neural stem cells (hNSCs) are able to attach and proliferate on NCD and boron-doped NCD 

surfaces that exhibit high levels of boron doping (~1021 cm-3)[13]. For long term stability and 

compatibility, Nistor et al. examined differentiation and function of neurons; they demonstrated 

that boron-doped diamond (BDD) can support pluripotent stem-cell-derived human neurons after 

long-term culture [14].  

 

Neural stimulation and brain-machine interfaces can not only act as neural prostheses but also 

treat medical conditions. In neural stimulation, a microelectrode is often used to provide 

sufficient charge density injection over a small surface area [31]. These devices can be used for 

selected stimulation of tissues with good spatial resolution. Electrodes with high relative surface 

areas may have enhanced attachment of neuron cells; rough surfaces have been shown to provide 

better cell attachment than flat surfaces (Fig. 3) [43]. Too high or too low of roughness might 

have adverse effect. As shown in Fig. 4, nanoporous membranes have also been demonstrated to 
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provide cellular anchoring [44]. This study indicates that many types of micoscale and nanoscale 

structures may have appropriate functionality to serve as biointerfaces.  

 

Surface functionalization 

Following the demonstration of cochlear implants for hearing loss [45,46] and deep brain 

stimulation (DBS) devices for Parkinson's disease[47,48], visual prostheses[1,49–51] are being 

investigated for providing blind patients with capabilities for text reading, facial recognition, and 

sense of direction. A microelectrode array (MEA) with at least 600 pixels is commonly used in 

visual prostheses [52]. From an engineering side of view, a ground grid configuration is 

recommended to give better electrode resolution compared to distant ground, bipolar, [53] and 

hexapolar return electrode configurations [49]. Additionally, 3D nanostructured electrodes can 

provide higher resolution compared to their planar counterparts [51]. To create effective neural 

prostheses, studies on the behavior of both retinal neurons and glial cells are necessary since 

adhesion of glial cell and gliosis can affect the interaction between the electrode and the cells and 

long-term efficacy. Surface termination is important factor for controlling the attachment of cells 

to the diamond surface since neural cells tend to have stronger attachment to hydrophilic 

surfaces. Surface treatments were usually achieved through plasma [8,9,54–57] or photochemical 

reactions [10,58,59]. Four common surface termination approaches that have been demonstrated 

include hydrogen-termination, oxygen-termination, fluorine-termination and amino-termination. 

These four terminations gave distinct surface hydrophilicity and water contact angle (F-

termination>H-termination>NH2-termination>O-termination) attributes. Although NH2-

termination was relatively unstable when stored in air compare to the others, NH2-termination 

can be retained to a great extent for up to three months if properly packed.[60,61] Most as-grown 



53 

diamond surfaces are H-terminated because the film growth involves the CH3* radical [7]; 

however, nitrogen-incorporated UNCD is not intrinsically H-terminated. The growth of nitrogen-

incorporated UNCD film was shown to be based on C2 radical so additional hydrogen plasma 

treatment is required to impart H-termination to the surface. In recent years, Bendali et al. 

showed that both retinal bipolar neurons and retinal ganglion cell (RGC) neurons grew on 

unmodified O-terminated NCD while glial cells demonstrated low survival with O-termination 

[62]. The results suggested that O-termination can be applied on the tip of penetrating electrode 

to  facilitate neuron-electrode interaction while preventing glial cell growth. O-termination is 

preferred at the base of the electrode to facilitate rapid sealing. This further underlined the 

importance of patterning the surface with different types of termination [63]. An in vivo 

experiment demonstrated the stability of implanted diamond electrodes for 8 weeks in a rodent 

model [51]. In another study, biocompatibility of diamond MEAs in rat cortex was observed 

after implantation for six months; magnetic resonance imaging (MRI) showed no alteration of 

brain tissue [64]. In addition, less artifacts were observed because of the low magnetic 

susceptibility of carbon; this result suggests that diamond MEAs may be appropriate for 

functional imaging to investigate brain tissue. For MEAs, a foreign body reaction can induce 

fibrous encapsulation; this phenomenon not only affects the recorded signal from 

microelectrodes but also increase the threshold for stimulation by formation of a fibrous 

connective tissue. The encapsulation layer increases the distance between the microelectrode and 

the target tissue; it also increases the distance between microelectrodes during recording. The 

compromised signal quality and requirement for increased charge injection may cause safety 

issues; furthermore, the high-power consumption is not favorable for clinical use. Alcaide et al. 

demonstrated a thinner encapsulation layer for BDD electrodes compared with TiN electrodes 
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after implantation for two and four weeks[65]. Lower levels of inflammatory reaction were also 

observed on the BDD electrodes. The BDD electrodes demonstrated better biofouling resistance 

than the TiN electrodes.[66]. A stable electrochemical response was demonstrated over six 

weeks of implantation. Garrett et al., on the other hand, implanted diamond films into the back 

muscle of a guinea pig and further demonstrated that median encapsulation thickness after 

implantation: N-UNCD<BDD<PCD< silicone<stannous octoate[67]. However, it should be 

noted that the geometry of the implant may be different from that of the electrodes . 

 

Charge injection capacity and charge storage capacity 

To characterize the capability of microelectrodes to stimulate neural responses, charge injection 

capacity (CIC) or charge storage capacity (CSC) were usually measured using voltage transient 

(VT) and cyclic voltammetry (CV) approaches, respectively; these approaches serve as 

predictors for successful neural stimulation when comparing with the threshold charge density 

required for use in a neural prosthesis [31]. CIC is defined as the amount of charge delivered per 

unit area. There are a few mechanisms to derived it from the literature. One approach was based 

on the slope of voltage excursion in VT [50] or the scan rate of CV [2] to obtain the capacitance 

of the electrode. Injection capacity was obtained by multiplying capacitance with scan range of 

voltage. The other way was through direct measurement of injected current to get CIC [50]. The 

numbers obtained with each method can be quite different. The CSC was defined as the amount 

of charge available for the device. However, not all the charges available can be injected to give 

a stimulation pulse [68]. As such, CIC data cannot be replaced by CSC data. CSC data is usually 

obtained by performing a CV scan under a slow scan rate, which is not similar to the neural 
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stimulation pulse; the neural stimulation pulse is typically is performed at a high rate and with a 

high current density.    

 

Before use in electrochemical applications, an activation pretreatment is usually carried out to 

enhance charge injection by electrochemical or plasma treatment [69,70]. Cleaning of surface 

contaminants and roughening the surface provided sites for rapid electron transfer and additional 

higher injection capacity. In addition to a change in morphology, surface termination can also 

play an important role. Electrochemical pretreatment with a CV scan was demonstrated to induce 

changes in the distribution of functional groups on the surface. After activation, CIC values 

ranging from 250-300 μC·cm−2 [50] were reported with capacitive injection. Hydrogen plasma 

was used for activation, which rendered the surface H-terminated and increased the surface 

conductivity. Recently, Tong et al. demonstrated that oxygen plasma increases oxygen coverage, 

which in turn increase the hydrophilicity and double layer capacitance properties [71]. This 

caused a dramatic increase of CIC from 20 μC·cm−2 of the as grown film to 1.18 mC·cm−2 after a 

180 minute treatment (Fig. 5) [2]. Cell density, neurites per neuron, and neurite length values 

were high, indicating that the oxygen-plasma treatment can be optimized to facilitate neuron 

growth. Additional hydrogen plasma treatment after oxygen plasma was shown to push the CIC 

to a higher value. 

 

Recording electrode 

Hebert et al. showed that CSC of diamond MEA was carried out with 435 μC·cm−2 in phosphate 

buffered saline (PBS), which was comparable with CSC of Pt electrodes. This CSC can be 

further improved by applying carbon nanotubes (CNTs) as a scaffold for BDD growth. By using 
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this 3D nanostructure, Piret et al. demonstrated a CSC of 6.8 mC·cm−2 in PBS. However, the 

nickel used in CNT fabrication is carcinogenic. Metal impurities in diamond nanoparticles were 

reported to be cytotoxic[72]. In addition, the release of reactive oxygen species (ROS) from 

CNTs has been reported to cause cell death [73]. Complete encapsulation of CNTs by diamond is 

necessary to avoid this adverse effect.  

 

The ability to use NCD or UNCD as a recording electrode was assessed by electrochemical 

impedance spectroscopy (EIS); in this approach, a high electrode impedance corresponds to a 

low signal-to-noise ratio [64,66,74]. The impedance was usually measured under a frequency of 

1 kHz since that value is the fundamental frequency of a neuronal action potential [75]. It was 

expected that the primary component of the electrode impedance may interfere with the 

recording signal at a frequency of 1 kHz. Piret et al. recently demonstrated an impedance value 

of around 103 kΩ for BDD electrode; a 3D nanostructured BDD MEA exhibited an impedance 

around 50 kΩ; this value is comparable to that of state of the art neural electrode materials[74]. 

The median noise level of the 3D nanostructured BDD MEA was 3.1 µV, which was lower than 

the value for Pt microelectrodes (6.9 µV). However, the impedance of the conventional BDD 

microelectrodes was slightly higher (10.7 µV). The low noise level of the 3D nanostructured 

BDD MEA enabled a detection limit of 10-20 µV for the local field potential. Despite this, 

sometimes it may fail to measure the action potential in neurons. Cai et al. demonstrated the 

absence of the differentiation marker for Scarpa’s ganglion neurons on an NCD surface, which 

could indicate immature growth of neurons or exposure to stress [43]. 
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Future perspectives and challenges 

The recent development of neural interfaces based on NCD or UNCD can provide an improved 

quality of life for individuals suffering from many types of health conditions. A diamond 

interface can be used to treat patients suffering from spinal cord injury, stroke, hearing loss, 

visual impairment, epilepsy, Parkinson's disease, and paralysis by providing stimulation and 

recording functionalities. Additional research efforts are necessary to understand the in vivo 

performance of these materials. Improving the long-term stability of these materials based on 

new electrode designs, changes in morphology, changes in surface termination, changes in 

patterns, and composite materials may be worthy of further consideration. Nanostructured 

features and chemistry can dramatically affect charge injection. Patterning, doping, and surface 

treatments provide a mechanism to create conductive and insulating regions on a single structure. 

Composite materials or hybrid structures may give improvements to electrochemical properties 

and biocompatibility. In addition, the waveform of current injection and leakage of current with 

increased contact area may affect the threshold for stimulation.   
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Fig. 1. (a) Scanning electron microscopy images showing typical surface morphology of 

microcrystalline, nanocrystalline, and ultrananocrystalline diamond (UNCD) from left to right. 

Reprinted from [7] with permission from the publisher. (b) Schematic diagram of microwave 

CVD. 
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Fig. 2. Raman spectrum of diamond and other carbon features. Reprinted from [18] with 

permission from the publisher. 
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Fig. 3. The growth of human neurons followed the NCD pillars. (a, b) SEM pictures showing the 

growth of the regenerating human Scarpa’s ganglion neurites grew on the NCD pillar tops when 

the spacing was 4 m. (c, d) When the spacing was increased to 9 m, the axons still followed 

the structures, but anchored on both the NCD pillar tops and silicon pillar bodies. Reprinted from 

[39] with permission from the publisher. 
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Fig. 4. SEM images of SK-N-SH cell attached to (a,b) poly-lysine-coated glass, (c) solid portion 

of the N-UNCD membrane with 400 nm pores, (d ) 400 nm nanoporous region, (e) solid portion 

of the N-UNCD membrane with 100 nm pores, (f ) nanoporous region of the N-UNCD 

membrane with 100 nm pores. Reprinted from [40] with permission from the publisher. 
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Fig. 5. Capacitance values for the growth sides of N-UNCD after oxygen plasma treatment for 

various lengths of time (red bars). Capacitance of the smooth, seeded side of the N-UNCD after 

0 and 180 min of oxygen plasma (green bars). Also indicated are the capacitance of a 180 min 

oxygen plasma treated sample following a further 1 min in hydrogen plasma (purple dashed line) 

and the previously reported capacitance of electrochemical activated N-UNCD [35] (purple 

dashed line). Error bars are the standard deviation calculated from at least five measurements 

each from two sample electrodes. Reprinted from [2] with permission from the publisher.  
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Abstract: Recent advances highlight the potential of photopolymerizable allylated gelatin 

(GelAGE) as a versatile hydrogel with highly tailorable properties. It is, however, unknown how 

different photoinitiating system affects the stability, gelation kinetics and curing depth of 

GelAGE. In this study, sol fraction, mass swelling ratio, mechanical properties, rheological 

properties, and curing depth were evaluated as a function of time with three photo-initiating 

systems: Irgacure 2959 (Ig2959; 320–500 nm), lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP; 320–500 nm), and ruthenium/sodium persulfate (Ru/SPS; 

400–500 nm). Results demonstrated that GelAGE precursory 

solutions mixed with either Ig2959 or LAP remained stable over time while the Ru/SPS system 

enabled the onset of controllable redox polymerization without irradiation during pre-incubation. 

Photo-polymerization using the Ru/SPS system was significantly faster (<5 s) compared to both 

Ig2959 (70 s) and LAP (50 s). Plus, The Ru/SPS system was capable of polymerizing a thick 

construct (8.88 ± 0.94 mm), while Ig2959 (1.62 ± 0.49 mm) initiated hydrogels displayed poor 

penetration depth with LAP (7.38 ± 2.13 mm) in between. These results thus support the use of 

the visible light based Ru/SPS photo-initiator for constructs requiring rapid gelation and a good 

curing depth while 

Ig2959 or LAP can be applied for photo-polymerization of GelAGE materials requiring long-

term incubation prior to application if UV is not a concern. 

 

Keywords: photoinitiator; hydrogel; polymerization; visible light; gelatin; thiol-ene click 

chemistry 
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1. Introduction 

Hydrogels are ideal materials for use as tissue engineering scaffolds as they are composed of 

hydrophilic polymer networks that hold a significant amount of water [1–3]. The highly hydrated 

nature and physicochemical properties of hydrogels resemble the native extracellular matrix 

(ECM), making these materials a promising choice for biomedical applications, especially with 

the growing interest in 3D cell-seeded structures over recent 

decades. Applications for hydrogels include cell-seeded scaffolds and 3D models for studying 

cellular behavior (e.g., models for cell growth in cancer) [4–9]. Gelatin is one of the most studied 

biomaterials as it is well characterized, biodegradable, and water-soluble [10]. However, pure 

gelatin exhibits a low gelation temperature that 

behaves as liquid above 30 _C; as such, it cannot be used for cell culture at physiological 

temperature (37 _C). To overcome this limitation, gelatin is often conjugated with functional 

groups that can then facilitate interchain crosslinking via free radical chain-growth 

polymerization [11,12]. Our recent report highlights that a thiol-ene crosslinkable 

gelatin,allylated gelatin (GelAGE), can also be used to fabricate tissue engineering scaffolds that 

exhibit appropriate mechanical strength and shape retention to support cell growth, cell 

proliferation [13], and withstand erosion by the external environment. It has been suggested that 

thiol-ene based step-growth polymerization systems, in general, are less susceptible to oxygen 

inhibition compared to more commonly applied vinyl chain-growth systems [14]. This parameter 

may pose a major advantage when it comes to fabricating hydrogel scaffolds that can act as a 

structural 3D support for cells, be fashioned into clinically relevant dimensions for personalized 

medicine applications, and be easily handled in a clinical setting. In addition to choosing an 

appropriate crosslinking strategy, the employment of light to trigger photocrosslinking has been 
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widely exploited, which permits spatiotemporal control over material reaction and rapid 

fabrication [15]. It has further been observed that the selection of photo-initiator platforms plays 

a crucial role in limiting oxygen inhibition under ambient atmosphere. Detailed optimization of 

each biomaterial system is necessary to obtain appropriate structural stability for gelatin-based 

materials [16]. To date, a number of photoinitiators absorbing photons from the UV region to the 

visible light region have been investigated for polymerization of gelatin-based biomaterials. 

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and 2-hydroxy-1-[4- 

(hydroxyethoxy)-phenyl]-2-methyl-1-propanone (Ig2959) are commonly applied type I 

photoinitiators, which undergo photocleavage to create free radicals [17–19]. These 

photoinitiators absorb light in the UVA range (320–400 nm); LAP also exhibits absorption in a 

narrow visible light range (400–420 nm). However, a drawback to polymerizing with UV light is 

the possibility of genotoxicity [20,21] and weakening of cell membrane integrity associated with 

exposure to reactive oxygen species (ROS) [22]. Additionally, UV light may be attenuated by 

tissue [23]; this issue may limit the use of UV polymerization 

of hydrogels for tissue engineering applications as it may not be possible to fabricate clinically 

relevant sized samples in vivo due to limited penetration depth [24–26]. Still, LAP is commonly 

used in both the UVA [18] and visible light range [17] to maximize absorption and crosslinking 

efficiency due to its low absorptivity in the visible light range. In recent years, our team has 

conducted studies of another visible light photoinitiator system consisting of tris-bipyridyl 

ruthenium (II) hexahydrate (Ru) and sodium persulfate (SPS), which is capable of initiating 

polymerization of gelatin-based hydrogels, with high shape fidelity, cell viability, and cell 

metabolic activity; this system demonstrated a lower level of oxygen inhibition than 

conventional type I photoinitiators [13,16,17,27]. Due to reduced oxygen inhibition when 
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applying the recyclable Ru/SPS system, it has specifically been revealed that Ru/SPS can be 

used to fabricate vinyl functionalized gelatin (GelMA) scaffolds with significantly greater light 

penetration depth as compared to the UV-initated Ig2959 photo-initiator system. The choice of 

photo-initiator platform is evidently necessary to be optimised in order to control the fabrication 

window and thus clinical applicability of any photo-polymerisable material platform. While 

promising results have been seen with chain-growth mechanism [16,17], it has not yet been 

studied how specific photo-initiator systems may affect the light-curing depth of thiol-ene 

clickable hydrogels to fabricate large scale constructs. Likewise, considering 

prolonged surgical procedures, the stability of both end point property and gelation kinetics of 

GelAGE precursory solution has not been reported, although it can largely affect the reliability 

of resultant constructs and overall fabrication time. Hence, the aim of this study was to 

systematically explore the stability of the precursory solution, gelation kinetics, and curing depth 

of GelAGE incubated with three distinct, commonly applied photoinitiators: Ru/SPS, LAP, and 

Ig2959. The replenishment of photoinitiators was further investigated as a strategy to modulate 

physicochemical properties and gelation kinetics following longer periods of pre-incubation. In 

this approach, we harness the power of different photo-initiator systems to overcome limited 

fabrication windows, handleability issues, 

heterogeneous network formation, as well as restricted sample height. 

 

2. Materials and Methods 

GelAGE was synthesized as described in the literature [13]. In brief, gelatin (porcine skin, type 

A) was first dissolved in milli-Q water to 10 wt% concentration and then reacted with 12 mmol 

of allyl glycidyl ether (AGE) and 2 mmol NaOH per gram of gelatin at 65 ⁰C for 1 h to initiate 
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fragmentation and modification. The resulting solution was adjusted to pH 7.4 using aqueous 

HCl, dialyzed with a cellulose membrane (MWCO 1 kDa Spectra/Por®7 Dialysis Tubing, 

Repligen, Rancho Dominguez, CA, USA) against milli-Q water, then lyophilized to isolate the 

GelAGE macromer. NMR spectra were collected on a Varian Unity INOVA 500 MHz 

spectrometer (Agilent Technologies, Santa Clara, CA, USA); the degree of modification (DoM) 

verified to be 0.79 mmol allyl/gram gelatin, indicating successful synthesis of this material. The 

macromer solution for crosslinking was composed of 20 wt% lyophilized GelAGE in PBS and 

60 mM dithiothreitol (DTT) for a final 1:0.75 AGE:SH molar ratio as well as one of the 

following three photoinitiators: (1) 1 mM Ru combined with 5, 10, or 20 mM sodium persulfate 

(SPS), (2) 0.05 wt% LAP, or (3) 0.05 wt% Ig2959. All the photoinitiators were first dissolved in 

DI water and added to the macromer solution with a specific v/v ratio to achieve the final 

concentration. The photoinitiator formulation and concentrations are listed in Table 1. 

 

Table 1. Formulation of photoinitiators and irradiation condition to crosslink GelAGE. 

Hydrogel GelAGE 

Photoinitiator Ru/SPS LAP Ig2959 

Concentration 1 mM/5 mM 1 mM/10 mM 1 mM/20 mM 0.05 wt% 0.05 wt% 

Irradiation 3 min, 30 mW/cm2  

Wavelength 400–500 nm 320–500 nm 

 

To study mass loss, mass swelling ratio, compressive modulus, depth of cure, and curing 

volume, cylindrical hydrogel discs were cast by transferring macromer solutions into silicone 

molds (5.5 mm diameter, 2 mm depth), pre-incubating for either 0 or up to 30 min, then 

crosslinking with 3 min exposure at 30 mW/cm2 light intensity (OmniCure S1500, 320–500 nm 

light guide, Excelitas Technologies, Waltham, MA, USA); a 400–450 nm Rosco IR/UV filter 

equipped to OmniCure® was used with samples containing Ru/SPS to enable visible light 



81 

crosslinking. Details on the light intensity measurements can be found as Supplementary 

Information. The light filter was removed while crosslinking with samples containing LAP and 

Ig2959. All of the experiments were performed under ambient conditions without nitrogen 

purging. The initial mass was obtained immediately after photopolymerization (minitial); the 

mass after 24 h incubation in PBS (mswelling) was also noted. The mass after lyophilization of 

swollen discs (mdry, swelling) and non-swollen discs (mdry, non- swelling) was noted; the 

minitial, dry, sol fraction, and swelling ratio(q) were calculated as follows: 

Actual macromer fraction = mdry, non-swelling/minitial                                              (1) 

minitial, dry = minitial × actual macromer fraction                                                       (2) 

sol fraction = (minitial, dry-mdry, swelling)/minitial, dry                                               (3) 

q = mswelling/mdry, swelling                                                                                                            (4) 

 

Compression testing of swollen hydrogel discs (24 h incubation at 37 _C in PBS) was performed 

on an MTS Criterion® Series 40 Model 42 instrument (MTS, Murfreesboro, TN, USA) with 

uniaxial single compression at a speed of 0.01 mm/s and a preload value of 0.015 N. 

Compressive modulus data was obtained by fitting the stress-strain curve at a 10–15% strain 

range; stress-strain curves for all of the samples were linear within this range. The macromer 

solution exposed to 3 min of 30 mW/cm2 light within a silicone mold with a deep cylindrical 

channel (5.5 mm diameter, h = 10 mm) was used to study the depth of cure by measuring the 

resultant height and diameter of the hydrogel with respect to the depth of the mold. 

 

Rheology measurement was performed with a plate-plate (steel and glass) geometry at 20 ⁰C, 0.2 

mm gap, and 489.9 mm2 contact area (Physica MCR 301 rheometer, Anton Paar, Graz, Austria) 

with a solvent trap to reduce drying of the macromer solution during the measurements. 
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Oscillation measurements at 0.1% strain and 1 Hz conditions within the linear viscoelastic range 

as determined by amplitude sweep were performed; the storage and loss moduli with respect to 

time were monitored. All of the experiments were performed under a light-protective hood to 

remove any interference from ambient light. A macromer solution (150 _L) was transferred to 

the glass plate and exposed to visible light or UV light from the bottom side of the glass plate 

with the same intensity as the cast gel. The time to gelation was the indicator of gelation kinetics 

which was defined as the time required from initiation of irradiation to the time point of storage 

modulus and loss modulus cross over. For instant crosslinking, macromer solutions were added 

onto the glass plate and subjected to oscillation for 1 min to reach steady-state prior to in situ 

measurements of crosslinking. Crosslinking with pre-incubation was conducted with the mixed 

macromer solution incubating in a microtube, which was covered with aluminum foil to protect 

from light; the data was compared with pre-incubation under shearing for 1800 s. Comparisons 

were made to polymers with and without replenishment of photoinitiators (SPS for the Ru/SPS 

formulation, LAP for the LAP formulation, and Ig2959 for the Ig2959 formulation) after 30 min 

pre-incubation by adding the same amount as in the precursory solution. For convenience, curves 

with only storage modulus were shown for facile identification.  

 

Statistical analysis of replicates conducted using GraphPad Prism 8.4.1 (GraphPad Software, San 

Diego, CA, USA). The comparison of sol fraction, swelling ratio, and compressive modulus 

between time points of pre-incubation (same group) was conducted through one-way ANOVA 

with the Tukey post-hoc test; the comparison between samples before and after replenishment 

(different group) was conducted through the t test. It should be noted that the number of 

replicates is N = 9 except the data points of non-measurable and no-gel formation. Depth of cure 
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with different photo-initiators was also compared using one-way ANOVA with the Tukey post-

hoc test with N = 6. The results were deemed statistically significant for p < 0.05. 

 

3. Results 

3.1. Sol Fraction and Swelling Ratio To evaluate the differences in network composition as well 

as the stability of crosslinking as a function of time, the physicochemical properties and 

mechanical strength of the hydrogel constructs were analyzed. The sol fraction was defined as 

the percentage of macromers not crosslinked within the polymer network and was used as a 

measure to reflect the crosslinking efficiency. Similarly, the swelling ratio represents the amount 

of water taken up by the hydrogel, reflecting the interchain spacing of the network, and was 

calculated as the fractional increase in the weight of the hydrogel. The characteristics of the 

constituent polymer influence the mechanical properties of the bulk hydrogel construct; these 

physical cues that are known to affect the development of seeded cells. Precursory solutions with 

commonly used photo-initiator formulations (Ru/SPS, Ig2959 and LAP) were prepared. 

As demonstrated in Figure 1a–c, the sol fraction of casted gels with 1 mM Ru with 5 mM SPS, 

LAP and Ig2959 were 16.9 ± 2.4, 16.9 ± 3.7 and 32.1 ± 5.3%, respectively, following instant 

irradiation (t = 0). The corresponding mass swelling ratio (q values) were 12.5 ± 1.5, 11.4 ± 0.4 

and 13 ± 0.8 as seen in Figure 2a–c. For these three formulations, casted gel with Ig2959 

exhibited the highest sol fraction and swelling ratio. To understand the stability of these 

photoinitiator formulations, the sol fraction and q value with different pre-incubation time was 

recorded. For these three conditions, statistical analysis showed significant difference between 

instant crosslinking and after 30 min incubation for 1 mM/5 mM Ru/SPS and q for LAP. In 

general, casted gels crosslinked with Ru/SPS demonstrated a noteworthy change in sol fraction 
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and swelling ratio while values for LAP and Ig2959 crosslinked gel remained more stable and 

stayed in a similar range following pre-incubation. It was furthermore noted that after 30 min of 

pre-incubation, macromer solutions photocrosslinked with 1 mM/5 mMRu/SPS were unable to 

crosslink. This inability to form a gel is labeled as 100% sol fraction in Figure 1 and a pound 

sign (#) representing no-gel formation in Figure 2. It is believed that SPS was depleted in the 

macromer solution via redox crosslinking [28], which resulted in insufficient crosslinking later 

when irradiation was applied. Increasing the initial concentration of SPS to 10 mM and 20 mM 

was able to enhance the stability; the changes in sol fraction and swelling ratio between instant 

crosslinking and crosslinking after 30 min pre-incubation were decreased. Although the pre-

incubation time associated with a compromise in the ability to gel was the same for gels 

containing 10 mM and 5 mM SPS, the sol fraction and swelling ratio were much lower for gels 

containing 10 mM SPS after 30 min pre-incubation. By further increasing the SPS concentration 

to 20 mM, it took macromers around 70 min to become incapable of photocrosslinking, which 

was approximately double the time as compared to lower SPS concentrations. This result 

indicated that the phenomenon appeared to be a time-dependent process and driving force for 

depletion was insufficient for consuming this high concentration of SPS in 30 min. However, this 

high concentration of initial SPS made macromers undergo partial gelation without irradiation. 

Again, this result may be attributed to redox-crosslinking by SPS and DTT before the 

introduction of irradiation and Ru radicals [28]. 

 

In addition to increasing the initial SPS concentration, replenishment of SPS after pre-incubation 

was found to enable photo-crosslinking following prolonged incubation times. A flow chart of 

pre-incubation and time for replenishment is shown in Figure 1f. This replenishment of SPS 
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resulted in a decrease of both sol fraction and q value; an increase in both values was noted with 

further incubation. A statistical comparison between before and after replenishment is indicated 

by the capped line. Since using 20 mM SPS caused notable GelAGE redox crosslinking in the 

absence of light, mixing additional SPS for replenishment was not a viable strategy when using 

this formulation. On the other hand, the replenishment of LAP or Ig2959 resulted in an overall 

decrease in the sol fraction and q value. Since the crosslinking efficiency and interchain spacing 

were closely correlated with mechanical strength, the results were compared with the 

compressive modulus values obtained by uniaxial single compression. 

 

3.2. Mechanical Testing 

For GelAGE crosslinked with 1 mM/5 mM Ru/SPS, a reduction in compressive modulus was 

observed as a function of pre-incubation time, dropping from 22.7 ± 8.4 kPa for instant 

crosslinking to being as low as “non-measurable” (<2 kPa) after 30 min preincubation and the 

absence of gel formation after 40 min (as shown in Figure 3a). Compared with gels crosslinked 

with LAP or Ig2959, the resultant compress modulus values were 21.4 ± 5.6 kPa and 15 ± 3.4 

kPa, respectively, with no observation of incapability of crosslinking after pre-incubation. 

Interestingly, the compressive modulus of GelAGE crosslinked with LAP was observed to 

instead increased with pre-incubation, reaching 41.2 ± 3.8 kPa after 30 min pre-incubation, 

which may indicate ongoing dark polymerization in this experiment as stray light may initiate the 

crosslinking during pre-incubation [29]. Unlike the other crosslinked gels, GelAGE crosslinked 

with Ig2959 exhibited stable mechanical strength spanning across the full 30 min pre-incubation 

time, with no significant difference detected (p > 0.05). This modulation of compressive modulus 

with pre-incubation time has not been previously reported in the literature. It is speculated that 
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this phenomenon results from the depletion of SPS in the macromer solution instead of from the 

depletion of Ru since Ru is known to be recyclable in the type II co-initiator system [17]. 

Furthermore, the compressive modulus after replenishment returned to at least 70% of the value 

associated with instant crosslinking. This result rules out the depletion of the DTT crosslinker in 

the macromer solution. Similar to sol fraction results, an increase in initial SPS concentration 

was able to prolong the stability of macromer solution, which enabled crosslinking; the gels 

exhibited compressive modulus values of 84.5 ± 14.3 kPa with 10 mM SPS and 113.5 ± 18.5 kPa 

with 20 mM SPS. In the case of 20 mM SPS, it took 70 min to observe non-measurable gels with 

partial gelation. Again, by replenishing SPS after pre-incubation and regaining crosslinking 

capability, subsequent photocrosslinking resulted in cast gels with compressive modulus values 

of 27.2 ± 12.4 kPa and 59 ± 22.6 kPa (30 min pre-incubation + SPS) for 5 mM and 10 mM SPS, 

respectively; these results stand in strong contrast to the non-measurable gels (30 min pre-

incubation) that were obtained without replenishment. Then macromer solution gradually loses 

the capability crosslinking with further pre-incubation again; hence, lower mechanical strength 

values were noted. In contrast, the replenishment of LAP resulted in a further increase in 

compressive modulus to 73.4 ± 3.3 kPa. The compressive modulus reached 85.4 ± 5.8 kPa after 

another 30 min pre-incubation. Replenishment of Ig2959 increased the compressive modulus 

value since the concentration of photoinitiator was doubled; this phenomenon has been 

previously observed [29,30].  
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Figure 1. Sol fraction of GelAGE versus pre-incubation time prior to crosslinking with flow 

chart, circle (•) represents crosslinking with designated time of pre-incubation and triangle 

(▼) represents the samples with further pre-incubation after replenishment of photoinitiator 

at t = 30 min: (a) Sol fraction: 1 mM/5 mM Ru/SPS, (b) Sol fraction: LAP, (c) Sol fraction: 

Ig2959, (d) Sol fraction: 1 mM/10 mM Ru/SPS, (e) Sol fraction: 1 mM/20 mM Ru/SPS and 

(f) flow chart of the experiment. Values in the figures represent means and standard deviation 

of N = 9 replicates. Capped lines are for comparison with different groups (before and after 

replenishment). Asterisks (*) represents values statistically significant at the p < 0.05 level, ** 

for p < 0.01, *** for p < 0.001 and **** for p < 0.0001. ns represents values statistically non-

signigicant. 
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Figure 2. Mass swelling ratio of GelAGE versus pre-incubation time prior to crosslinking 

with flow chart, circle (•) represents crosslinking with designated time of pre-incubation and 

triangle (▼) represents the samples with further pre-incubation after replenishment of 

photoinitiator at t = 30 min: (a) q: 1 mM/5 mM Ru/SPS, (b) q: LAP , (c) q: Ig2959, (d) q: 1 

mM/10 mM Ru/SPS and (e) q: 1 mM/20 mM Ru/SPS and (f) flow chart of experiment. Values 

in the figures represent mean and standard deviation of N = 9 replicates. Capped lines are for 

comparison with different groups (before and after replenishment) while straight lines are for 

comparison within the same group. Asterisks (*) represents values statistically significant at 

the p < 0.05 level, ** for p < 0.01, *** for p < 0.001 and **** for p < 0.0001. Pound(#) sign 

represents no-gel formation. ns represents values statistically non-signigicant. 
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Figure 3. Mechanical strength of GelAGE versus pre-incubation time prior to crosslinking 

with flow chart, circle (•) represents crosslinking with designated time of pre-incubation and 

triangle (▼) represents the samples with further pre-incubation after replenishment of 

photoinitiator at t = 30 min: (a) 1 mM/5 mM Ru/SPS, (b) LAP, (c) Ig2959, (d) 1 mM/10 mM 

Ru/SPS and (e) 1 mM/20 mM Ru/SPS and (f) flow chart of the experiment. Values in the 

figures represent means and standard deviation of N = 9 replicates. Capped lines are for 

comparison with different groups (before and after replenishment) while straight lines are for 

comparison within the same group. Asterisks (*) represents values statistically significant at 

the p < 0.05 level, ** for p < 0.01, *** for p < 0.001 and **** for p < 0.0001. Pound (#) sign 

represents no-gel formation and (^) represents non-measurable. ns represents values 

statistically non-signigicant. 
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3.3. Rheological Testing 

Although mechanical, sol fraction, and q measurements provided the information on the 

effectiveness and outcome of crosslinking, these measurements serve as end point measurements 

of the polymerization process. Thus, interest was focused on obtaining continuous and in situ 

measurements. Rheological testing is furthermore important for downstream applications such as 

extrusion-based printing as well as lithography-based printing since the rheological properties of 

the material determine the elastic and viscous behavior of the material and handleability in 

constructs with clinically relevant size. The storage modulus and loss modulus represent the 

elastic and viscous components of the material. These parameters were tracked in real time via 

photo-rheological measurements. In Figure 4a, the transition in storage modulus was compared 

among the five testing conditions with no pre-incubation. All of the Ru/SPS formulations 

crosslinked immediately upon light exposure; the LAP and Irgacure 2959 formulations exhibited 

a delay between light exposure and a marked increase in storage modulus. For GelAGE 

crosslinked with Ru/SPS, a lower initial SPS concentration resulted in a lower storage modulus 

value. All of the Ru/SPS formulations exhibited an immediate response to irradiation, showing a 

time to gelation of approximately 3 s. The modulus reached a plateau within another 4 s and 

remained constant until the end of the irradiation period. However, GelAGE crosslinked with 

LAP and Ig2959 demonstrated a slower gelation kinetics, with Ig2959 requiring the longest time. 

GelAGE crosslinked with LAP and Ig2959 took approximately 50 s and 70 s to reach the cross-

over point, respectively, as shown in Table 2. It was observed that after the gel point was 

reached, the storage modulus continued to increase gradually with light exposure and ultimately 

stop after the irradiation switched off (3 min after the onset of exposure), which showed no dark 

polymerization [29]. 
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Pre-incubation resulted in a lower storage modulus for the GelAGE crosslinked with Ru/SPS, 

while replenishment of SPS increased the storage modulus to the same level as the material 

without pre-incubation (Figure 4b). The gelation kinetics was not affected by preincubation since 

Ru, which interacts with the photons, was not depleted. Pre-incubation under shearing was also 

investigated to evaluate the end point storage modulus. In Figure 4c, an increase of modulus 

before irradiation was observed after 400–500 s shearing for GelAGE crosslinked with 1 mM/10 

mM and 1 mM/20 mM Ru/SPS yielding a storage modulus around 100 times the value of loss 

modulus before irradiation. Interestingly, an increase in modulus was not observed for GelAGE 

crosslinked with 1 mM/5 mM Ru/SPS. It was further noted that both approaches for pre-

incubation, placement in microtube or under shearing in the rheometer, exhibited similar storage 

moduli after irradiation. 

 

Data from GelAGE crosslinked with LAP and Ig2959 are shown in Figure 4d,e, respectively. 

The results indicate no distinct change in storage modulus during pre-incubation. The time to 

gelation was not affected by pre-incubation. However, after adding 0.05 wt% photoinitiator 

again, the time to gelation was shortened from 50 s to 25 s for LAP and from 70 s to 40 s for 

Ig2959, indicating that the polymerization rate was concentration dependent which was similar 

to concentration-dependent polymerization mechanism observed for chain growth systems [30]. 
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Figure 4. Rheological testing with photocrosslinking: (a) variation of storage modulus under 

irradiation after 60 s stabilization for all the five photoinitiator formulation, (b) variation of 

storage modulus with 1800 s static pre-incubation with and without replenishment of SPS (1 

mM/10 mM Ru/SPS), (c) compare variation of storage modulus between the condition of 1800 

s shearing and 1800 s static pre-incubation (red dash line represents the time to turn of the 

light for static samples and red solid line represents time to turn of the light for shearing 
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samples), (d) variation of storage modulus for LAP under irradiation at different time points 

and effect of pre-incubation and replenishment of the photoinitiator and (e) variation of 

storage modulus for Ig2959 under irradiation at different time points and effect of pre-

incubation and replenishment of the photoinitiator. Note the 1800 s static pre-incubation was 

performed in the microtube before applied to the rheometer. 

 

Table 2. Time to gelation(s). 

Photointiator Ru/SPS LAP Ig2959 

Concentration 1 mM/5 mM 1 mM/10 mM 1 mM/20 mM 0.05 wt% 0.05 wt% 

Instant 3 3.5 3 50 70 

Shearing 

(600 s) 

2 4 4 47 52.5 

Shearing  

(1800 s) 

3 4.5 5 42.5 51 

Pre-incubation 

(1800 s) 

3.5 3 - 41 51.5 

Pre-incubation 

+ PI 

3 2 - 25 40 

 

3.4. Depth of Cure 

In addition to physicochemical properties and rheological behavior, the depth of cure is another 

parameter that affects the downstream applicability, including the utility for preparing with 

clinically relevant size or applicability in injectable hydrogel systems. of cure was investigated 
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via the height of cast gel with respect to the mold. Our results showed that macromers with 1 

mM/20 mM Ru/SPS resulted in 8.39 ± 0.73 mm with almost full height and the highest curing 

volume of 177.8 ± 22.6 mm3 when applying a 10 mm deep mold, as shown in Figure 5a. 

GelAGE crosslinked with 1 mM/ 10mMRu/SPS and LAP results in gels with medium height, 

6.82 ± 0.41 mm and 6.22 ± 1.56 mm, respectively; no significant difference between these 

measurements was noted. However, the cross-sectional area of the GelAGE cylinder crosslinked 

with LAP became lower from the exposed surface to the bottom of the gel, indicating less 

effective crosslinking at positions further away from the light source and showing half the curing 

volume compared with 1 mM/10 mM Ru/SPS. For gels with 1 mM/5 mM Ru/SPS, the depth of 

cure and curing volume exhibited no significant difference with gels with LAP but showed 

significant difference with 1 mM/10mMRu/SPS crossklinked gels. In contrast to the 

aforementioned formulations, GelAGE crosslinked with Ig2959 showed the lowest depth of cure 

and curing volume of 1.89 ± 0.34 mm and 32.7 ± 9.13 mm3. 
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Figure 5. (a) Image of GelAGE cast in 10 mm mold with different photoinitiators showing 

distinct heights and volumes, (b) schematic figure showing the direction of light and designed 

shape of gel, (c) depth of cure, and (d) curing volume. Values in the figures represent means and 

standard deviation of N = 6 replicates.  ns represents values statistically non-significant. 

 

4. Discussion 

GelAGE is a promising biomaterial due to its resistance to oxygen inhibition, formation of a 

homogeneous network by thiol-ene crosslinking, flexibility for adjusting material properties, and 
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compatibility with photocrosslinking by photoinitiators that absorb UV or visible light. The 

stability and time-dependent physicochemical properties of GelAGE based on different 

photoinitiators observed in this study have not been reported in previous studies. On the 

exposure to UV light, GelAGE crosslinked with Ig2959 created structures with relatively low 

strength. The limitations associated with Ig2959 include low water solubility and, more 

importantly, cytotoxicity which has previously been reported to result in an upper limit to the 

Ig2959 concentration [18]. Furthermore, there are concerns related to the detrimental effect of 

UV exposure to cells embedded in hydrogel.  

 

Although the water solubility of LAP is up to 8.5 wt%, LAP has been reported to exhibited low 

molar absorptivity in a narrow visible light range (ε ≈ 30 M−1 cm−1 at 405 nm, 0.05 cm−1 

absorptivity with 0.05 wt%) [18]. This was not enough to form gels using the GelAGE system 

with visible light initiation. The alternative absorption peak for LAP occurs at 375 nm (ε ≈ 220 

M−1 cm−1, 0.36 cm−1 absorptivity with 0.05 wt%). Thus, a light source with wavelength spanning 

from UVA to the visible light range was exploited instead in this study to carry out successful 

gelation. GelAGE crosslinked with LAP exhibited moderate mechanical strength; no depletion of 

photoinitiator in precursory solution was observed during pre-incubation. Instead, an increase in 

mechanical strength was observed during pre-incubation and could result from dark 

polymerization with stray light in this experiment while sol fraction stayed at a similar range. 

Since the degree of modification was not measured in this study, the sol fraction may not directly 

reflect the mechanical strength. It’s possible to have the same amount of polymer chain diffuse 

out while having more crosslinking site and results in higher mechanical strength. 
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The co-initiator system with Ru and SPS was reported to have an extended absorption into the 

visible light range with high molar absorptivity (ε ≈ 14,600 M−1 cm−1  at 450 nm, 14.6 cm−1  

absorptivity with 1 mM) [31]. The tailorability of compressive modulus with SPS concentration 

and pre-incubation provides a versatile strategy to achieve a range of mechanical properties. 

Although an increase in SPS concentration could extend the stability of the precursory solution 

from 30 min up to 70 min, concomitantly the redox crosslinking becomes strong enough to form 

a gel without the exposure of light. For this partial gelation, it was hypothesized that thiyl 

radicals were generated via a redox reaction between DTT and SPS, driving the reaction towards 

polymerization even without irradiation when higher initial levels of SPS were present. 

However, the lower SPS concentrations investigated in this study (5–10 mM) did not lead to 

partial gelation of the GelAGE precursory solution. As thiyl radicals are known to also form 

disulfide bonds [32], it is speculated that not all redox-generated thiyl radicals contribute to 

crosslinking GelAGE and a higher amount of SPS is thus required to yield gelation of the 

samples without any light exposure. Subsequently, when Ru participated in the reaction via light 

exposure, mitigation of disulfide bond formation occurred, thiyl radicals were regenerated, and 

polymerization overwhelmed as a consequence of additional thiol-ene crosslinking [29]. This 

phenomena may be useful to e.g., increase printability [28]. Thus, replenishment of SPS provides 

a strategy to modulate the properties for applications that require long periods of incubation 

while maintaining a liquid precursory solution. These two methods combined create a pathway 

for GelAGE as a promising candidate for the formation of constructs with mechanical gradients, 

which can serve as physical cues to facilitate guided proliferation, adhesion, migration, and 

differentiation of cells [19,33–36]. Also, control over the degree of crosslinking and interchain 
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spacing as shown in Figures 1 and 2 offer an opportunity for optimization of cell proliferation 

within the hydrogel. 

 

Rheological testing demonstrated rapid gelation kinetics for Ru/SPS formulation, which was 

independent of SPS concentration. This result indicated that regeneration of the Ru radical [17], 

as proposed by Lim et al., was rapid enough to react with SPS with a concentration at least 

twenty times higher. This rapid reaction can allow the overall process to be shortened with only a 

few seconds of irradiation for each step. However, a change in modulus during shearing was 

observed and seemed to depend on SPS concentration. One hypothesis is that this result is 

attributed to physical crosslinking by shearing with the aid of redox crosslinking via spontaneous 

reactions between DTT and SPS. For 1/10 mM and 1/20 mM Ru/SPS, this mild redox 

crosslinking could enable the subsequent physical crosslinking, thus require a prolonged time, 

and trigger the transition of macromer solution from liquid to gel-state during shearing. The 

oscillation during measurement could possibly accelerate the redox reaction and thus, while 

incubating in microtube, a low level of storage modulus for 10 m M SPS samples was observed 

before irradiation. In GelAGE with 1 mM/5 mM Ru/SPS, redox crosslinking is thought to be 

relatively minor due to lower SPS concentration; thus, no increase in modulus is observed in our 

result. Taken together with the physicochemical results, it clearly demonstrated that altering the 

SPS concentration can be utilized as a strategy to alter the viscosity and degree of redox 

crosslinking, which opened the operational window for printability of this material. Although a 

slower gelation kinetics and lag time [37] was observed for GelAGE crosslinked by LAP and 

Ig2959 due to radical scavenging [16] by the presence of oxygen; since these photoinitiators are 

not as recyclable as compared to Ru, a higher concentration of photoinitiator was capable of 
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modulating the gelation kinetics. Recently, Holmes et al. demonstrated a thiol-ene photo-click 

hydrogel based on thiol-functionalized type-I collagen with UV light (365 nm) and LAP or 

Ig2959 as photoinitiator [38]. A variation in the time to complete gelation with respect to the 

concentration of photoinitiator was demonstrated. It should, however, be noted that a higher 

concentration of 0.1–0.5% (w/v) of LAP or Ig2959 was used and a lower light intensity of 4.45 

mW/cm2 was applied as compared with our study. Compared to the Ru/SPS platform, the 

properties of GelAGE crosslinked with LAP or Ig2959 were further demonstrated to be stable 

over time. However, the required time to reach gelation may constrain the use of the materials 

and be incompatible with building clinically relevant constructs. Fairbanks et al. demonstrated a 

higher molar absorptivity and polymerization rate for LAP than for Ig2959 with the diacrylated 

poly(ethylene glycol) (PEGDA) hydrogel [18]. Our results were in accordance with the literature 

and further highlighted the superior polymerization rate that Ru/SPS can provide. 

 

Although thiol-ene crosslinking is thought to provide a rapid reaction and Ru regenerates 

through a three-step cycle [17], a higher depth of cure was observed only for GelAGE 

crosslinked with 20 mM SPS. This result suggested that the three-step cycle could provide 

sufficient time for photons to reach a medium level(~5 mm) of the mold. However, it was 

speculated that a higher SPS concentration and secondary route of crosslinking by redox 

reaction, with no depth limitation, could be necessary to crosslink GelAGE with full height; in 

consequence, a lower depth of cure was observed for GelAGE crosslinked with 10 mM and 5 

mM SPS. When comparing LAP and Ig2959, Fairbanks et al. reported that as LAP was photo-

cleaved into radicals, the chromophores no longer existed, and light propagated more deeply into 

the cast gel. Materials crosslinked with Ig2959 have not been reported to exhibit such bleaching 
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characteristics [18], resulting in extinction of chromophore after absorbing photons. Our results 

for LAP and Ig2959 were in accordance with these literature results as, for example, a low depth 

of cure for Ig2959 has previously been described. However, the low molar absorptivity in visible 

light range for LAP resulted in poor shape control, hindering the use of this material for 

fabricating bulky structures. The Ru/SPS platform, showing time-dependent viscosity and 

mechanical properties dependent on SPS concentration, may be a better choice to polymerize 

GelAGE when a higher depth of cure and more rapid gelation is required. On the other hand, 

LAP may be a better choice when a stable precursory solution is required and more 

straightforward due to the absence of redox crosslinking. However, UV light may still 

compromise the viability and generate gene toxicity. A recent report has shown that SPS-

mediated redox could be exploited to controllably increase viscous properties in the absence of 

light while retaining the ability to fully photopolymerize remaining crosslinkable groups [28]. It 

is important to note that the synthesis route for GelAGE macromers is slightly different in our 

previous study, leading to lower molecular weight GelAGE macromers herein [13]. Macromer 

chain length could potentially influence the gelation kinetics and ability of redox-initiated thiyl 

radicals to achieve crosslinking rather than disulfide bond formation, which could result in 

different degrees of viscosity and mechanical strength. 

 

5. Conclusions 

In summary, we demonstrated successful polymerization of GelAGE with a range of visible light 

and UV light photoinitiators and observed distinct material properties after pre-incubation with 

different photoinitiator formulations based on the thiol-ene clickable reaction. For the visible 

light based Ru/SPS system, a wide range of material properties, including physicochemical 
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properties, rheological properties, and depth of cure, can be obtained by controlling the SPS 

concentration or the pre-incubation time. Although the ability to crosslink is reduced following 

long-term pre-incubation, maintaining or recovery of the physiochemical properties was 

achieved by replenishment of SPS. This strategy allows the mitigation of any time-dependent 

variation and provides a viable option for applications that require long periods of incubation 

prior to crosslinking. It subsequently offers a strategy to prepare GelAGE constructs with 

uniform material properties. Compared to the widely adopted LAP and Ig2959 photoinitiators, 

Ru/SPS offered a facile approach for obtaining materials with tailorable physiochemical 

properties, rapid gelation kinetics, and tunable depth of cure using visible light. The required 

time to gelation may limit the use of LAP and Ig2959 for clinically relevant constructs. 

Especially, the low depth of cure for Ig2959 may preclude the use of this material for fabricating 

bulky structures. If a more stable precursory solution without redox crosslinking is required, 

LAP can be considered. However, the UV light may generate gene toxicity and compromise the 

viability for cells. 
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Abstract 

Gelatin methacryloyl (GelMA), a gelatin-based biomaterial, has been widely investigated as  

a resin for bioprinting of 3D tissue engineering scaffolds using various photoinitiators. However, 

there is a need for biocompatible photoinitiators with intense absorption in the visible-light range 

for bioprinting GelMA medical products. Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide 

(TPO) has strong absorption in the visible-light range but low water solubility, which inhibits its 

utility as a photoinitiator for bioprinting hydrogels in aqueous solutions. Recently, TPO 

fabricated into nanoparticle form with increased water-dispersability hasenabled broader 

applications for bioprinting of hydrogel scaffolds. . Nevertheless, the crosslinking efficacy, 

rheological behavior, and biocompatibility of GelMA crosslinked with nanoparticles containing 

TPO (TPO NP) has not been investigated. In this study, the use of TPO NP as a photoinitiator for 

bioprinting GelMA was compared with commonly used lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) photoinitiator by assessing the physico-chemical properties, 

mechanical strength, gelation kinetics, resistance to flow, absorptivity in different solvents, and 

biological responses. The results demonstrated that the physico-chemical and mechanical 

properties of the GelMA were similar by using LAP and TPO NP for crosslinking. The 

rheological experiments demonstrated that 1-2 min irradiation with subsequent dark 

polymerization resulted in complete crosslinking of GelMA crosslinked with TPO NP while 

GelMA crosslinked with LAP exhibited a faster time to gelation. Meanwhile, higher complex 

viscosity was observed for GelMA mixed with TPO NP compared to GelMA with LAP. The 

significant cytotoxicity observed in cells exposed to the GelMA with TPO NP suggests that cell-

embedded bioprinting may not be feasible and removal of toxicant may be needed to enable 

application of GelMA scaffolds crosslinked with TPO NP in biological applications.   
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1. Introduction 

With increased interest in biocompatible scaffolds for medical applications, GelMA, a 

gelatin derivative containing methacrylamide groups and methacrylate groups[1], has been widely 

investigated in the past decade[2]. Because of the inherent arginine-glycine-aspartic acid (RGD) 

peptide[3] in the gelatin backbone, this derivative of natural polymer has shown to support cell 

binding and subsequent proliferation[4]. In this regard, the formation of hydrogel scaffolds by 

employing GelMA resembling the characteristics of native extracellular matrix (ECM)[5] is of 

great interest in regenerative medicine[6], tissue engineering[5] and evaluation of cell-matrix 

interactions[7]. The fabrication of GelMA hydrogel scaffolds has been achieved by three-

dimensional (3D) printing with either stereolithography-based printing or extrusion-based 

printing[8]. With the use of light exposure and photoinitiator, a complex, 3D structure can be 

manufactured with a spatiotemporal control and tailored crosslinking, either during the process 

as in stereolithography-based printing or post-printing treatment as in extrusion-based printing. 

For this purpose, photoinitiators with absorption in UV/visible light range[9] are usually applied 

for photocrosslinking to create scaffolds with desired 3D structure, physicochemical properties, 

and biocompatibility; however, the use of UV light combined with UV photoinitiator, such as 

Irgacure 2959, may impact cellular responses, such as cytotoxicity and genotoxicity from UV 

exposure[10]. Thus, the development and application of visible-light photoinitiators with a high 

molar extinction coefficient for 3D printing of scaffolds for medical applications have been 

explored by researchers.  
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To date, a number of visible-light photoinitiating systems have been investigated, including 

Rose Bengal[11], eosin-Y[12] and riboflavin[13]. The disadvantages of using these  photoinitiating 

systems include the need for use of co-initiator[14], accelerants[6], oxygen inhibition[15] and 

cytotoxicity[16]. Eosin-Y is a type II photoinitiator which requires the use of co-initiator to initiate 

the crosslinking. However, the reaction is slow in which the use of accelerant is required. Rose 

Bengal was reported to be cytotoxic while riboflavin was shown to react with oxygen with multi-

pathway. Recent development of a novel visible-light photoinitiator, tris(2,2-bipyridyl) 

dichlororuthenium(II) hexahydrate (Ru)[17], has demonstrated promising results; however, the 

induced redox reaction made this system more complicated since a redox crosslinking could 

occur without light exposure[18]. Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO), a 

type I photoinitiator, absorbs light from 420 nm wavelength to UV range with peak absorption 

around 360 to 380 nm and has been studied in the literature[19–21]; however, the water solubility 

of traditional TPO photoinitiator is around 0.0003 wt% which limits the use of this material for 

bioprinting applications[22]. An organic solventmight be introduced to dissolve TPO prior to the 

use in photo-crosslinking[20]; however, the use of organic solventmay negatively impact the 

biocompatibility of the printed scaffold. Although lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), a lithium salt of TPO, was discovered to have water 

solubility up to 8.5 wt%[23], the introduction of lithium ions might cause adverse effects on the 

tissues when implanted by increasing the local concentration of lithium[10]. Recently, TPO in the 

form of nanoparticles (TPO NP) was developed with increased water-dispersability [22] which 

enabled the use of this material for 3D printing with a wide range of materials with varying 

physico-chemical properties; however, the efficiency of photo-crosslinking with GelMA and 

biocompatibility of this new form of photoinitiator was not evaluated previously. Thus, in this 
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study, the use of TPO NP as photoinitiator for 3D printing of GelMA scaffolds was compared 

with commonly used LAP photoinitiator by assessing the physico-chemical properties, 

mechanical strength, rheological behavior, absorptivity in different solvents, and cytotoxicity. 

 

2. Results 

2.1. Sol Fraction, Swelling Ratio, and Mechanical Strength 

To evaluate the performance of the TPO NP as photoinitiator, 0.5 wt% nanoparticle containing 

10 % TPO (total 0.05 wt% TPO = 1.44 mM) and 1 wt% nanoparticle (total 0.1 wt% TPO = 2.87 

mM) were used to compare with widely used 0.05 wt% (1.7 mM) LAP with 1, 3, 5 and 7 min 

irradiation under 30 mW/cm2 intensity. The exposure time and intensity were adopted according 

to our previous study[17]. In order to investigate the crosslinking efficiency, interchain spacing of 

polymers and mechanical strength, sol fraction, swelling ratio and compressive modulus were 

measured and calculated with the use of casted GelMA scaffolds. The sol fraction was calculated 

as the percentage of polymer leached out of the crosslinked network which reflects the crosslinking 

efficiency. The swelling ratio indicated the interchain spacing of the network by examining the 

amount of water retained by the hydrogel. The results are demonstrated in Figure 1.  

As compared with the other two photoinitiator formulations and shown in Figure 1(a), the casted 

gels using 0.05 wt% TPO NP exhibited the highest sol fraction of 12.7 ± 3.0, 10.7 ± 2.7, 10.0 ± 

3.4 and 10.2 ± 2.7 %, corresponding to 1, 3, 5 and 7 min irradiation, respectively. No significant 

differences were observed by varying the exposure time; however, the sol fraction of the GelMA 

0.05 wt% TPO NP was significantly different from the casted gels using the other two 

photoinitiator formulations at all exposure times.By doubling the concentration of TPO NP, the 

sol fractions dropped to 5.3 ± 2.7, 4.9 ± 2.6, 4.9 ± 2.9 and 4.8 ± 1.1 %, corresponding to 1, 3, 5 
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and 7 min irradiation, respectively. The sol fractions of casted gels using 0.05 wt% LAP with 

various exposure time were 7.3 ± 1.8, 6.4 ± 2.3, 6.0 ± 1.9 and 6.1 ± 2.4 %, corresponding to 1, 3, 

5 and 7 min irradiation, respectively. No significant differences were observed between these two 

photoinitiator formulations at any of the exposure times.  

Followed a similar trend of sol fractions, the swelling ratios of the casted gels using 

nanoparticle of 0.05 wt% TPO were highest (~8.9-9.3) with no significant differences with the 

varying exposure times as demonstrated in Figure 1(b); in contrast, the swelling ratio exhibited 

significant differences between each photoinitiator formulation at all exposure times, resulting in 

8.1 ± 0.2, 7.8 ± 0.3, 7.7 ± 0.4 and 7.7 ± 0.1 for casted gels using 0.1 wt% TPO NP and 8.7 ± 0.2, 

8.4 ± 0.2, 8.4 ± 0.2 and 8.3 ± 0.3 for casted gels using 0.05 wt% LAP, corresponding to 1, 3, 5 

and 7 min irradiation,  respectively. 

The mechanical strength of the casted gels obtained by using uniaxial compression testing is 

demonstrated in Figure 1(c). The casted gels crosslinked with 0.05 wt% TPO NP resulted in 

compressive modulus of 28.0 ± 2.9, 29.6 ± 5.6, 31.3 ± 3.8 and 31.0 ± 2.7 kPa from 1 to 7 min 

irradiation. With higher photoinitiator concentration, gels crosslinked with 0.1 wt% TPO NP 

resulted in higher compressive modulus[24,25] of 44.9 ± 3.4, 46.6 ± 3.7, 50.1 ± 6.6 and 50.4 ± 5.4 

kPa, respectively. The resulting compressive modulus were 35.9 ± 6.8, 37.4 ± 4.6, 38.1 ± 2.0 and 

37.8 ± 5.6 kPa for gels crosslinked with 0.05 wt% LAP. The result of mechanical strength 

showed no significant differences between different exposure times while using the same 

photoinitiator formulation. However, significant differences were observed between the three 

photoinitiator formulations. These results demonstrated gels with higher sol fraction and swelling 

ratio, indicating less crosslinking, corresponds to a lower compressive modulus.  
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The performance of GelMA scaffolds crosslinked using TPO NP and LAP as  the 

photoinitiators were fairly similar if normalized by molar concentration, and the increase in 

molar concentration resulted in higher mechanical strength, lower sol fraction, and lower 

swelling ratio. 

 

 

Figure 1. Variation of (a) sol fraction, (b) swelling ratio and (c) compressive modulus of casted 

GelMA with three photoinitiator formulations following 1 to 7 min =exposure (Black: 0.05 

wt% TPO NP, Red: 0.05wt% LAP and Blue: 0.1 wt% TPO NP). Values in the figures represent 

means and standard deviation of N = 3 replicate experiments. Horizontal lines represent the 

comparison within the same photoinitiator formulation over time and vertical linesat right 

hand side of the curves represent comparison with different photoinitiator formulations. 

Asterisks (*) represents values statistically significant at the p < 0.05 level. ns represents 

values statistically non-significant. 

 

2.2. Photorheology 

Photorheological testing is of interest for GelMA crosslinked with different photoinitiator 

formulations since it provides information about viscoelastic behavior and gelation kinetics with 

an in-situ measurement which is in contrast with end-point data such as sol fraction, swelling 

ratio and mechanical testing[17]. In this study, loss modulus, storage modulus, loss factor and time 
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to gelation for photo-crosslinking of GelMA macromer solution (GelMA mixed with 

photoinitiator) were tracked in real time. Prior to initiation of irradiation, macromer solutions 

were subjected to oscillation for 1 min to reach steady-state followed by 1, 3, 5 or 7 min 

irradiation for photo-crosslinking and an additional 3 min for studying the dark 

polymerization[24] after the LED was turned off. 

The result of the photorheology experiments is demonstrated in Figure 2. Prior to 

photorheology, rheological testing with no irradiation was performed on all three GelMA 

macromer solutions for studying physical gelation during oscillation; however, only a minor 

increase in storage modulus (<10 Pa) was observed for all GelMA formulations, indicating the 

physical gelation was not significant. When irradiation was introduced, the GelMA macromer 

solutions experienced a rapid transition from a liquid-like state to a solid-like state with dramatic 

increase in storage modulus (Figure 2 a-c) and decrease in loss modulus. The ratio of loss 

modulus to storage modulus (loss factor, Figure 2 d-f), was used to identify the time to gelation. 

The time to relation results are summarized in Figure 3 with 7.2 ± 0.5, 10.4 ± 1.5 and 7.3 ± 1 s 

corresponding to GelMA crosslinked with 0.05 wt% LAP, 0.05 wt% TPO NP, and 0.1 wt% TPO 

NP, respectively. No significant difference was observed in time to gelation between GelMA 

crosslinked with 0.05 wt% LAP and 0.1 wt% TPO NP, while GelMA crosslinked with 0.05 wt% 

TPO NP was significantly slower.  

In additional to photo-crosslinking during irradiation, dark polymerization after irradiation 

was observed for all the three photoinitiator formulations with 1 min irradiation in which the 

storage modulus increased by over 50% during the last 3 min with no irradiation. On the 

contrary, storage modulus increased by less than 10% with other exposure conditions which 

could be attributed to the presence of physical gelation of crosslinked polymer chain. After 
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crosslinking, the complex viscosity of GelMA with three photoinitiator formulations were all 

within 105 mPa∙s range; however, the complex viscosity is much lower for GelMA macromer 

solution mixed with LAP before photo-crosslinking as compared with the use of TPO NP. The 

results of complex viscosity are summarized in Table 1.  

 

Figure 2. Photorheological testing of GelMA macromer solution with three photoinitiator 

formulations and different exposure times: (a-c) storage modulus and (d-f) loss factor. For all 

measurements, macromer solutions were subjected to oscillation for 1 min to reach steady-state 

prior to irradiation (indicated by dotted vertical line) and followed by specific exposure time (as 
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shown in the figure legends) and additional 3 min after LED exposure. Note:  For the no light 

condition (black), no irradiation is performed on the macromer solution. 
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Figure 3. Comparison of time to gelation of GelMA macromer solution with different 

photoinitiator formulations obtained by monitoring the time required to reach loss factor ≤1. 

Values in the figures represent means and standard deviation of N = 4 replicateexperiments. 

Asterisks (*) represents values statistically significant at the p < 0.05 level, ** for p < 0.01, 

*** for p < 0.001 and **** for p < 0.0001. ns represents values statistically non-significant. 
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Table 1. Complex viscosity of GelMA macromer solutions before and after irradiation. 

 Complex Viscosity (mPa∙s) 

 Before Irradiation After Irradiation 

0.05 wt% LAP 50-65 2-5 x 10
5

 

0.05 wt% TPO NP  150-300 1.2-2.2 x 10
5

 

0.1 wt% TPO NP  200-550 1.5-4 x 10
5

 

 

2.3. Molar Extinction Coefficient 

As shown in the abovementioned results, the performance of photo-crosslinking using LAP 

or TPO NP as  the photoinitiator was similar if considering the difference in molar concentration; 

however, the molar extinction coefficient has a significant difference at 405 nm wavelength. As 

shown in Figure 4, the molar extinction coefficients of LAP and TPO NP were measured either 

by dissolving in DI water or 10 wt% GelMA. The molar extinction coefficient of LAP was 24.71 

M-1cm-1 in DI water and 91.94 M-1cm-1 in 10 wt% GelMA, while the molar extinction coefficient 

of TPO NP was 150.37 M-1cm-1 in DI water and 223.17 M-1cm-1 in 10 wt% GelMA. When both 

dissolved in DI water, the molar extinction coefficient was about 6 times higher for TPO NP as 

compared to LAP; however, when both dissolved in 10 wt% GelMA, the difference in molar 

extinction coefficient was reduced to about only 2.5 times higher. This difference can lead to a 

different initiation rate of polymerization.  
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Figure 4. Molar extinction coefficient of (a) LAP and (b) TPO NP dissolved in DI water (red) or 

10 wt% GelMA (blue). Photoinitiators were dissolved with a concentration of 0.2 wt%. 

 

2.4. Biological Evaluation 

Biological evaluation was conducted to assess the impact of different photoinitiator 

formulations on cellular responses for potential applications for bioprinting of 3D scaffolds 

and/or for cellular studies. The cellular responses to GelMA crosslinked with three photoinitiator 

formulations was evaluated by cell viability, proliferation, and membrane damage of L929 cells 

after 1 day and 5 days cell culture as shown in Figure 5. The results were normalized to the tissue 

culture plastic (TCP) negative control. At day 1, L929 cells seeded onto GelMA crosslinked with 

LAP demonstrated a significantly higher viability of 60-70% as compared with GelMA 

crosslinked with TPO NP which was in the range of 30-40% viability. The DNA content was 

approximately 80% and 1 % of the control group for LAP and TPO NP crosslinked GelMA, 

respectively. Lactate dehydrogenase (LDH) was used as in indicator of membrane damage which 

was normalized by DNA content to give the extent of membrane damage per cell. The 

LDH/DNA readings were significant higher for GelMA crosslinked with TPO NP as compared 
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with GelMA crosslinked with LAP and the negative control TCP, which correlate tothe low 

viability of L929 cells shown in Figure 5(a). After 5 days of cell culture, the viability of L929 

cells decreased to around 60% and 5% for LAP and TPO NP crosslinked GelMA, respectively, 

with 65-70% and negligible DNA content. The LDH measurements also demonstrated 

significant damage of the cellular membrane as shown in Figure 5(f). 

 

Figure 5. Cell viability, relative DNA content and relative LDH level of casted GelMA 

scaffold seeded with L929 fibroblasts at (a-c) 1 day and (d-f) 5 day. All measurements are 

normalized to the TCP negative control. Values in the figures represent means and standard 

deviation of N = 3 replicate experiments. Capped lines represent comparison of the group 

while uncapped line represent comparison between individuals. Asterisks (*) represents 

values statistically significant at the p < 0.05 level. ns represents values statistically non-

significant. 
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3. Discussion 

Polymerization of GelMA via radical chain growth has been conducted with various 

photoinitiators in the literature[23,26,27]; however, the water solubility of photoinitiators might 

limit the maximum concentration that can be used and the degree of crosslinking of hydrogel 

scaffolds. The water solubility of traditional TPO photoinitiator is low and requires the use of 

cytotoxic organic solvent, limiting the use of this material for bioprinting of medical products 

and/or 3D cell culture models [20]; however, the development of TPO NP with increased water 

dispersability has enhanced the potential for use in photo-crosslinking of 3D hydrogel 

scaffolds[22].  In this study, TPO NP was first dispersed in DI water to the final concentration of 1 

wt% TPO) as stock solution and was fully dispersed in a transparent system. This demonstrate 

that the use of TPO in the form of nanoparticle can greatly enhance the water solubility which 

enables more efficient photo-crosslinking with visible light. In the study of physico-chemical 

properties and mechanical strength by gel casting, the capability of radical chain growth initiated 

by LAP or TPO NP was fairly similar considering the differences in molar concentration and 

exposure time (1-7 min) did not have a significant  effect; however, the similarity in material 

properties with different exposure times might be attributed to dark polymerization after 

irradiation. As observed in the photorheological testing, the storage modulus increased by over 

50% within 3 min after 1 min irradiation which indicated that 1 min in not sufficient for the 

completion of crosslinking. The results of photo-rheological testing suggested that approximately 

2 min irradiation was required to complete the crosslinking. Thus, no significant difference was 

noticed between the end-point observations of physico-chemical properties and mechanical 

response since photoinitiators were fully consumed after 2 min irradiation while the 1 min 
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irradiation with subsequent dark polymerization resulted in similar properties with no significant 

differences. As the concentration of TPO NP doubled from 0.05 wt% to 0.1 wt%, the time to 

gelation was reduced by approximately 3 s. According to the abovementioned observations, the 

use of 1 min irradiation with subsequent dark polymerization might be employed as a strategy 

for both LAP and TPO NP to reduce the overall irradiation dosage while maintaining similar 

physico-chemical and mechanical properties. When using UV light for photo-crosslinking, a 

high dosage is not preferred due to potential adverse impact on cells caused by the 

irradiation[28,29]. Additionally, when designing the macromer solutions for 3D printing, one 

should consider the complex viscosity[30]. The macromer solutions mixed with TPO NP 

exhibited a higher resistance to flow which could possibly attribute to the physical crosslinking 

or charge-charge interactions between the ligands on the nanoparticles with the polymer chain. 

This phenomenon was more pronounced with the higher concentration of TPO NP which can 

influence the downstream applications of practical printing.  

This study demonstrated the performance of TPO NP and LAP as photoinitiators for 

crosslinking GelMA is quite similar though  a noticeable difference in molar extinction 

coefficient was observed. The more conjugated π electron on TPO NP enhanced the absorption 

with a red shift. Dissolving the photoinitiator in GelMA rather than DI water resulted in increase 

of molar extinction coefficient for both LAP and TPO NP which could be attributed to the 

solvent effect. For example, the reduced polarity of solvent could enhance the absorption of 

n→π* transition[31,32] in UV/vis spectrum which reduces the difference between molar extinction 

coefficients of the two photoinitiators at 405 nm wavelengthAccording to our results, it is 

hypothesized that the ligand on the nanoparticle might hinder the charge transfer and propagation 
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of radicals which caused less lower initiation events per radical. More investigation is required to 

study the interactions of the ligand with radicals to further elucidate these mechanisms.  

Although the initiation rate is proportional to molar extinction coefficient of photoinitiators, 

the overall reaction rate of crosslinking also depends on the reaction rate between generated 

radicals and polymer chains. Colley et al. studied the reaction rate constant of photo-cleavaged 

radicals generated from TPO and demonstrated that the phosphor-centered radical reacted in two 

orders of magnitude faster with acrylate as compared with carbon-centered radical[33]. The 

carbon-centered radical is the same as generated from LAP; however, the phosphor-centered 

radical is different in molecular structure. From the results in our study, it is hypothesized that 

the difference in the phosphor-centered radical could potentially lead to different reaction rates 

and result in faster time to gelation for LAP. A rapid gelation kinetics is beneficial to reduce the 

printing duration, especially for printing large scaffolds. 

Considering the use of GelMA crosslinked with TPO NP as a scaffold for bioprinting of 

medical products and for evaluation of cellular responses, the biocompatibility of the scaffolds is 

critical for potential biomedical applications. The results of cell viability, DNA content, and 

LDH measurements indicated that the GelMA crosslinked with LAP was significantly less 

cytotoxic. The use of TPO NP in crosslinking GelMA resulted in significant cytotoxicity, even 

after post-processing that included rinsing and incubation in ethanol and PBS. The use of ionic 

surfactant, sodium 1-dodecanol sulfate (SDS), for fabricating TPO NP was of major concern and 

was suggested to played the major role in this result. A different way of fabricating water-soluble 

TPO NP might be considered to alleviate the issue of toxicants. Although the use of TPO NP 

instead of LAP could eliminate the introduction of lithium ions while resulting in similar 

physiochemical and mechanical properties, increased complex viscosity and cytotoxicity were 
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observed with TPO NP crosslinking of GelMA.  Further investigations are needed to determine 

the cause of the cytotoxicity observed as well as the potential for post-processing methods to 

improve cellular compatibility with TPO NP crosslinked GelMa scaffolds; however, if post-

processing is required to enhance biocompatibility, cell-embedded bioprinting may not be 

feasible with TPO NP crosslinked GelMA using the current strategies. 

 

4. Conclusion  

GelMA, a gelatin-based biomaterial, was polymerized with LAP and water-soluble TPO NP 

as photoinitiators with rapid crosslinking.  The increased water-solubility of TPO in the form of 

nanoparticles enabled the visible-light crosslinking without introducing lithium ions. Although 

higher molar extinction coefficients were measured both in DI water and GelMA compared with 

LAP, the physico-chemical and mechanical properties of the crosslinked gel were similar, 

potentially due to  solvent effect and ligand-radical interactions. The photorheology studies 

demonstrated  2 min irradiation was shown to be sufficient for complete crosslinking; however, 1 

min irradiation with subsequent dark polymerization could result in crosslinked hydrogels with 

similar rheological properties with decreased irradiation dosage. Considering use of TPO NP 

crosslinked GelMA for future applications in 3D printing of biomedical products, the increase in 

complex viscosity would affect the printing conditions which could require the use of higher 

pressure for dispense the filament in extrusion-based pringing and increase the shear stress 

imposed on encapsulated cells. Furthermore, the cytotoxicity of the crosslinked scaffolds limits 

potential applications in biomedical applications. Further investigation on the 3D printing 

capabilities of TPO NP crosslinked GelMA and enhanced biocompatibility is needed to expand 

the potential applications of this material for 3D printing for biomedical applications.  
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5. Experimental Section / Methods 

Casting of GelMA 

Gelatin methacryloyl (MilliporeSigma, Burlington, MA) with 80% degree of substitution was 

acquired commercially for this study. The macromer solution for photo-crosslinking was 

composed of 10 wt% lyophilized GelMA in phosphate-buffered saline (PBS) (Thermo Fisher 

Scientific, Waltham, MA) and one of the following photoinitiatorphotoinitiators formulations: (1) 

0.05 wt% TPO NP (MilliporeSigma, Burlington, MA), (2) 0.1 wt% TPO NP, or (3) 0.05 wt% LAP 

(MilliporeSigma, Burlington, MA). The photoinitiatorphotoinitiators were first dissolved in 

deionized (DI) water at 37°C to a concentration of 1 wt% and added to the GelMA+PBS solution 

to the desired final concentration. The formulations of the GelMA with photoinitiator and exposure 

conditions for gel casting and photorheology measurements are listed in Table 2. 

 

Table 2. Formulation of photoinitiatorphotoinitiators and irradiation conditions to crosslink 

GelMA. 

Hydrogel GelMA 

Photoinitiator TPO NP LAP 

Photoinitiator 

Concentration 

0.05 wt% 0.1 wt% 0.05 wt% 

Irradiation 1, 3, 5, or 7 min at30 mW/cm2  

Wavelength 405 nm 
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The crosslinking efficiency, interchain spacing, and mechanical strength of the hydrogels were 

studied by gel casting with the use of a polydimethylsiloxane (PDMS) mold. The GelMA and 

photoinitiator mixture was transferred to the cylindrical mold (5 mm diameter, 2 mm depth) and 

then crosslinked with 405 nm wavelength at 30 mW/cm2 light intensity by using a Thorlabs 

DC2200 LED driver light emitting diodes (LED) with M405LP1 LED light source (Thorlabs Inc.,  

Newton, NJ) with an iris. All of the experiments were performed under ambient conditions with 

no nitrogen purging. For the calculation of sol fraction and swelling ratio, the mass of the casted 

gel at the following time points were measured: (a) the mass immediately after photo-crosslinking 

(minitial), (b) the mass after 24 hr incubation in PBS (mswelling), (c) the mass after lyophilization of 

swollen gel (mdry, swelling) and (d) non-swollen gel (mdry, non-swelling). The actual macromer fraction 

was calculated instead of using the theoretical 10% directly. Then sol fraction and swelling ratio(q) 

were calculated as follows: 

Actual macromer fraction = mdry, non-swelling/minitial (1) 

minitial, dry = minitial × actual macromer fraction (2) 

Sol fraction = (minitial, dry-mdry, swelling)/minitial, dry (3) 

Swelling ratio (q) = mswelling/mdry, swelling (4) 

Compression testing was performed on the swollen hydrogel discs (after 24 h incubation at 

37 °C in PBS) to remove the contribution of uncrosslinked polymers by using ElectroForce 3100 

mechanical testing instrument (TA Instruments, New Castle, DE) with uniaxial compression at a 

speed of 0.01 mm/s and a preload value of 0.015 N. The compressive modulus of each casted gel 

was acquired by fitting the linear region of the stress-strain curve at 10–15% strain range with the 

area of casted gels analyzed by ImageJ software. 
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Photorheology measurements were performed with a plate-plate (steel and glass) geometry 

under oscillation mode at 30°C, 0.3 mm gap, 0.3% strain and 5 Hz frequency within the linear 

viscoelastic range using a SmartPave 102 dynamic shear rheometer (Anton Paar, Graz, Austria). 

A solvent trap was applied to reduce drying of the macromer solution during the measurements 

and to prevent the ambient light from the surrounding area from crosslinking the macromer 

solution before irradiation. The LED source was placed at the opposite side (bottom) of the glass 

plate to provide light exposure while the measuring plate was moving on top. The variation of 

storage modulus, loss modulus, loss factor and complex viscosity with respect to time were 

measured. The time to gelation was defined as the time required from initiation of irradiation to 

the time point when the storage modulus equaled the loss modulus or the loss factor equaled 1. For 

all measurements, macromer solutions were subjected to oscillation for 1 min to reach steady-state 

prior to irradiation and followed by specific exposure time and an additional 3 min after the LED 

was switched off for studying the dark polymerization.  

In the investigation of molar absorptivity, the  photoinitiators dissolved in DI water or in GelMA 

(200 µL) with a concentration of 0.2 wt% were transferred into a 96-well plate (Corning, NY) and 

the absorbance was read from 300 to 450 nm using a Synergy H1 Hybrid Plate Reader (BioTek, 

Winooski, VT). The absorbance measurements of pure DI water and GelMA solution were set as 

background and subtracted from the readings of photoinitiator-containing solution, respectively.  

The cytotoxicity of the GelMA scaffold was assessed by seeding L929 mouse fibroblasts 

(ATCC NCTC clone 929, Manassas, VA) onto the casted gel. For uniform seeding, the GelMa 

with photoinitiator solutions were directly crosslinked in the 96-well plates to ensure the full 

coverage of the well by GelMA. The casted gels were incubated at 37°C in PBS for 24 h and then 

sterilized by adding 70% ethanol into each well followed by 30 min incubation. After sterilization, 
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the solution was aspirated and the GelMa scaffolds were washed with sterile PBS three times with 

another incubation in PBS overnight at 37°C prior to L929 seeding.   

The L929 cells were cultured in T75 cell culture flasks (Corning, NY) with RPMI-1640 cell 

culture medium (ATCC, Manassas, VA) containing 10% v/v fetal bovine serum (FBS, ATCC, 

Manassas, VA) and 1 % v/v penicillin-streptomycin (ATCC, Manassas, VA). The cells were 

incubated at in a 37, 5% CO2, and 80% humidity. For passaging, the cells were rinsed with PBS, 

exposed to TrypLE (Thermo Fisher, Waltham, MA) for 3 min to detach the cells, centrifuged in 

medium at 200 x g for 5 min, and the cell pellet re-suspended in fresh culture medium. The cells 

in suspension were counted using a hemacytometer. Then L929 cells were seeded onto GelMA 

and tissue culture polystyrene (TCP) with a density of 6400 cells/cm2. 

The biological evaluation including assessment of cell viability (metabolism), proliferation 

(DNA content), and membrane damage (LDH) after 1 day and 5 days culture using PrestoBlue™ 

Cell Viability Assay (ThermoFisher Scientific, Waltham, MA), CyQUANT™ Cell Proliferation 

Assay (ThermoFisher Scientific), and CytoTox 96® Non-Radioactive Cytotoxicity Assay 

(Promega, Madison, WI), respectively, following the manufacturer’s recommended protocols. 

Each assay was conducted with 3 replicate experiments with 3 samples per conditionin each 

replicate experiment. All results were normalized to the TCP negative control. 

Statistical analysis and graphics generation was conducted using GraphPad Prism 9.2 

(GraphPad Software, San Diego, CA, USA). The comparison of sol fraction, swelling ratio, 

compressive modulus, and biological responses between each condition was conducted using a 

one-way ANOVA with Tukey post-hoc test and a significance level α = 0.05. 
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Abstract: 

Ultrananocrystalline diamond (UNCD) has been demonstrated to have attractive features for 

biomedical applications and can be combined with nano-porous membranes for applications in 

drug delivery systems, biosensing, immunoisolation, and single molecule analysis. In this study, 

free-standing nano-porous UNCD membranes with pore sizes of 100 nm or 400 nm were 

fabricated by directly depositing ultrathin UNCD films on nano-porous silicon nitride 

membranes and then etching away silicon nitride using reactive ion etching (RIE). Successful 

deposition of UNCD on the substrate with a novel process was confirmed with Raman 

spectroscopy, X-ray photoelectron spectroscopy (XPS), cross-section scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). Both sample types exhibited 

uniform geometry and maintained a clear hexagonal pore arrangement. Cellular attachment of 

SK-N-SH neuroblastoma endothelial cells was examined using confocal microscopy and SEM. 

Attachment of SK-N-SH cells onto UNCD membranes on both porous regions and solid surfaces 

was shown, indicating potential use of UNCD membranes in biomedical applications such as 

biosensors and tissue engineering scaffolds. 

 

Keywords: ultrananocrystalline diamond, nano-porous membrane, reactive ion etching, 

biocompatibility 
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Introduction: 

The application of novel materials to specific biomedical applications is often associated 

with a tradeoff between functionality and biocompatibility. Considering neural stimulation as an 

example application, implant materials must not significantly affect the viability of the cells near 

the implant and must exhibit appropriate electrical properties for transmitting electrical signals. 

Diamond holds many attractive properties, including chemical stability, high hardness, and 

excellent tribo-mechanical properties1 that are of particular interest in the biomedical field. 

Diamond films are traditionally synthesized using plasma-enhanced chemical vapor deposition 

(CVD) (e.g., microwave2-4, electron cyclotron resonance5, DC glow discharge6, 7) or hot 

filament-assisted chemical vapor deposition methods8-10; it is possible to modulate surface 

morphology, grain size, and defect structure using these methods. CVD diamond can be 

classified as microcrystalline diamond (MCD), nanocrystalline diamond (NCD) or 

ultrananocrystalline diamond (UNCD) depending on the grain size11. Of the three, UNCD, is of 

particular interest due to the small 2 to 5 nm grain size, low as-grown roughness (5-7 nm) and 

high amount of sp3 bonding (95-98%). The small percentage of mixed sp2 and sp3 carbon phase 

that mostly resides at the grain boundary may facilitate cell attachment due to delocalized 

electrons.12 The biocompatibility13, absnece of cytotoxicity14, anti-biofouling properties15, and 

easy surface modification properties16-20 of this material are other attractive properties that open 

the possibility for use in biosensing and medical devices. 

The biocompatible nature of diamond combined with the ability to modulate parameters such 

as surface roughness and conductivity makes it a highly attractive material for medical 

electronics and other medical devices. Diamond has been studied in various applications, 

including as a passivation layer23, electrochemical electrode14, 24-28, wear-resistant coating29, 30, 
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micro-electromechanical system (MEMS) material, and nano- electromechanical system 

(NEMS) material.1, 31, 32  Diamond coatings on temporomandibular joint prostheses30 and heart 

valves35 have been demonstrated to extend implant lifetime. Bergonzo et al. have shown that 

NCD micro-electrode arrays (MEAs) were appropriate for use in retinal implants; no major 

reactive gliosis was associated with this type of implant27. By including nitrogen in the reacting 

gases during film deposition, a tunable electrical conductivity as high as 260 -1cm-1can be 

achieved22. Garrett et al. found that nitrogen doped UNCD (N-UNCD) exhibits charge injection 

capacity values as high as 163 μC cm−2 which was suitable for use in neural stimulation24. 

Ganesan et al. have proposed a scalable strategy for fabricating an all-diamond array that was 

composed of conducting N-UNCD channels within insulating polycrystalline diamond (PCD) 

substrates36. A wide electrochemical window (-1.6 to 1.3 V) for N-UNCD enables a large 

potential range for operation and prevents non-reversible reactions such as hydrolysis, protein 

reduction, or oxidation37. Hydrogen-terminated UNCD has been studied as a substrate for 

biomedical MEMS; UNCD showed a low work for attachment when compared to a silicon 

surface16, 17. NCD with functionalized surfaces has been shown to exhibit low non-specific DNA 

attachment38, which can enhance sensitivity. Diamond-based biosensors have been created by 

binding antibodies39, enzymes40 and/or fluorescent indicators41 to the film surface. Surface 

properties such as roughness can affect the attachment, proliferation, and differentiation of cells 

14, 26, 36, 42-45 . Neural attachment may occur within a specific range of roughness values and may 

favor a structured surface rather than a flat surface46-48. For example, Rezek et al. examined the 

effect of protein absorption and cell growth on the solution-gated field-effect transistor (FET) 

based on hydrogen-terminated NCD49.  
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Micro/nano-porous membranes have been considered for use in many medical devices. Von 

Recum and Park reported improved migration of epidermal cells for better sealing around 

percutaneous implants using a micro-porous 53 membrane. In recent years, nano-porous 

membranes have been utilized implantable drug delivery systems54, 55, biosensing56, 57, 

immunoisolation58, 59 and single molecule analysis60-62. Orosz et al. have shown that 

antiangiogenic and antioxidant drugs can diffuse across nano-porous membrane for medical 

treatment54. Singh et al. developed a cholesterol biosensor based on immobilization of 

cholesterol oxidase on a zinc oxide (ZnO) nano-porous membrane57. Flamme et al. explored the 

immunoisolation of glucose from immunoglobulin G (IgG) with a nano-porous membrane (pore 

size as small as 7 nm), which is sufficiently permeable to glucose but exclude larger proteins59. 

Kasianowicz et al. showed that a lipid bilayer membrane was capable of single biomolecule 

analysis for DNA and RNA. Molecules traversing the membrane blocked the pores and resulted 

in decreased ionic currents that reflected the concentration, size, and chemical properties of the 

analyte62. 

Micro-porous UNCD membranes fabricated from commercially available silicon nitride 

substrates with various pore sizes was previously reported to be cytocompatible with human 

epidermal keratinocytes to gauge applicability for percutaneous implants.63 However, nano-

porous membrane of ultrananocrystalline diamond was not studied as a bio-interface yet. 

Therefore, the goals of the present study were to 1) deposit N-doped UNCD by a novel process 

using nano-porous silicon nitride membrane as a scaffold for producing free-standing nano-

porous N-UNCD membrane in bottom-up approach as opposed to complicated microfabrication 

steps using top-down process, and 2) evaluate the attachment and morphology of SK-N-SH 

neuroblastoma endothelial cells on these membrane substrates as an interface for biosensing. 
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Experimental Procedure: 

Membrane Fabrication: 

Silicon nitride membranes of 200 nm thickness with 100 nm or 400 nm pores were 

commercially obtained (Ted Pella Inc., Redding, CA). Each sample is composed of a 500 m x 

500 m silicon nitride membrane and is supported by a circular silicon frame for handling. The 

middle of each membrane contained a 70 µm x 80 µm pore array with a regular hexagonal 

arrangement. N-UNCD coatings were deposited on the porous silicon nitride substrates by using 

915 MHz Lambda Technologies microwave plasma chemical vapor deposition (MPCVD). The 

silicon nitride membranes were seeded by continuous dipping in nanodiamond solution rather 

than ultrasonication due to the fragility of the nano-porous membranes. Membranes were dipped 

into a 20% diamond seed solution in methanol for 2 minutes and then dried by gentle dry 

nitrogen flow in a chemical hood. Prior to deposition, the chamber was pumped down to a base 

pressure of 5 x 10-7 Torr. The deposition was carried out at 850 °C and involved reactions 

between methane, argon and nitrogen gases in the chamber (CH4: 3 sccm, Ar: 160 sccm, N2: 40 

sccm) with a pressure of 56.25 Torr. The forward microwave power was 2300 W and the 

absorbed power was 2145 W. The resulting deposition rate was around 6 to 7.5 nm/min.  

Reactive Ion Etching and cross-section Electron Microscopy Imaging using Focused Ion Beam:  

After deposition of N-UNCD, the membranes were etched using a Plasmalab reactive ion etching 

(RIE) system (Oxford Instruments plc, Abingdon, UK). The silicon nitride membrane was 

removed from the silicon support by etching with fluoroform (CHF3) plasma for 4 min from the 

back side of the chip. Oxygen plasma was applied for 1 min to etch away diamond occluding the 

pores. After etching, the structure was imaged with an FEI Nova 600 Nanolab dual-beam 

focused ion beam/scanning electron microscope (FIB-SEM) system (FEI, Hillsboro, OR); both 
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plane and cross-section views were imaged. For cross-section imaging, gallium ion milling was 

performed on a porous area to confirm the presence of open pores. Imaging using a JEOL 

2000FX scanning transmission electron microscope (STEM) was also performed. The chemical 

phase (bonding configuration) of the membranes was examined by using Renishaw inVia Raman 

microscope (Renishaw, Gloucestershire, UK) with a He-Ne laser (633 nm wavelength). Surface 

chemical composition was measured by SPECS FlexMod X-ray photoelectron spectroscopy 

(XPS) with Mg Kα excitation (1254 eV), hemispherical analyzer PHOIBIS 150, takeoff angle at 

normal to surface, X-Ray incidence angle of ~30° from surface, x-ray source to analyzer angle of 

~60° and base pressure in 10-10 mbar range.  

SK-N-SH Cell Culture: 

SK-N-SH neuroblastoma endothelial cells (ATCC, Manassas, VA) were cultured at passage 2 

or 3 using RPMI media (11835-055, ThermoFisher, Waltham, MA) fortified with 10% v/v FBS 

(10437-028, ThermoFisher, Waltham, MA) in an incubator at 37°C, 90% relative humidity, and 

5% CO2. Cells nearing 80% confluence were rinsed two times with PBS, exposed to trypsin 

(T3924, Sigma Aldrich, St. Louis, MO) for 5 min, centrifuged at 218g for 5 min, and the 

resulting pellet suspended in fresh media. The cells in suspension were counted using a 

hemocytometer and diluted to 1.20x105 cells/mL. 

UNCD membranes were sterilized by exposing both sides to germicidal UV light for 30 min 

per side in a cell culture hood. Membranes were then placed into 24-well plates for cell 

attachment studies. Glass bottom (35mm diam.) dishes (P35GC-0-14-C, MatTek, Ashland, MA) 

containing poly-D-lysine-coated #0 glass coverslips were used as the control surfaces. SK-N-SH 

cells were seeded at a density of 3.0x104 cells/cm2, which corresponds to 0.5 mL in each well of 
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a 24-well plate and 2.5 mL in the glass bottom dishes. Membranes were incubated for 24 hrs to 

allow for cell attachment. 

Scanning Electron Microscopy Imaging: 

For scanning electron microscopy imaging, membranes were rinsed with warm (37°C) PBS 

and exposed to 2% glutaraldehyde (G5882, Sigma Aldrich, St. Louis, MO) in PBS for 2 

hours. Fixed membranes were then rinsed with PBS and dehydrated through an increasing series 

of ethanol concentrations (10%, 25%, 50%, 70%, 95%, and 100% v/v ethanol in ultrapure water) 

for 5 minutes each. Final dehydration was performed with exposure to 1 mL 1,1,1,3,3,3-

hexamethyldisilazane (440191, Sigma Aldrich, St. Louis, MO) for 5 minutes followed by drying 

on lens paper overnight. SEM images were acquired using a TESCAN Mira3 SEM (Brno, Czech 

Republic) after sputter coating with gold. 

Confocal Microscopy: 

A staining solution containing 45 µM 4,6-diamidino-2-phenylindole (DAPI, 62248, 

ThermoFisher, Waltham, MA) and five units of Alexa Fluor 488 Phalloidin (A12379, 

ThermoFisher, Waltham, MA) per mL of dye solution was used to stain nuclei and actin fibers, 

respectively. This solution was prepared in PBS containing 1% v/v FBS. Membranes for 

confocal imaging were rinsed with warm PBS, exposed to 4% warm paraformaldehyde (15710, 

Electron Microscopy Sciences, Hatfield, PA) for 10 minutes, rinsed in PBS containing 1% v/v 

FBS, exposed to 0.1% v/v Triton X-100 (Sigma Aldrich, St. Louis, MO) in PBS for 10 minutes, 

and stained for 30 minutes in the dye solution. After the dye solution was aspirated, 2 mL PBS 

was added to the glass bottom dishes and the control cells were immediately imaged. Stained 

membranes were contacted to a #1 glass coverslip using a droplet of PBS and immediately 

imaged. Images were acquired using a confocal microscope (Leica TCS SP8 X, Leica, Buffalo 
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Grove, IL) using 405 nm and 500 nm excitation wavelengths. The DAPI emission signal was 

integrated over 420-478 nm and the Alexa Fluor 488 Phalloidin emission signal was integrated 

over 510-530 nm.  

Conductivity measurement: 

Resistivity and conductivity was obtained by applying Lucas Lab Pro4 four-point probe. 

Since the fragility of the nanoporous membrane preclude the use of four-point probe directly on 

the membrane, conductivity of N-UNCD was obtained by measuring the resistivity of N-UNCD 

on Si wafer substrate under the same coating condition.  

 

Results and Discussion: 

Free-standing N-UNCD nano-porous membranes were successfully synthesized using 

MPCVD and reactive ion etching. The conductivity of N-UNCD ranged from 176 to 208 -1cm-1 

in this study. The microwave energy promoted higher deposition rates versus radio frequency 

energy under high vacuum conditions. For N-UNCD film synthesis, pre-deposition treatment and 

seeding play important roles in determining grain structure and morphology. The conventional 

seeding process usually involves (a) mechanical polishing with micrometer-sized or nanometer-

sized diamond powder or (b) ultrasonic agitation to increase the density of nucleation sites, 

which leads to a more uniform coating with better mechanical properties1, 11, 21. In this study, the 

fragility of the nano-porous membrane made it impossible to sustain sonication; therefore, a 

dipping method was utilized. SEM images of the resulting membranes verified that this alternate 

seeding procedure results in smooth, uniform UNCD membranes as shown in Fig. 1 and Fig. 2. It 

was observed that membranes with 100 nm pores were closed by the lateral growth of N-UNCD; 

therefore, RIE was applied to etch silicon nitride membrane from the support structure and also 
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to reopen the pores by etching away diamond particles in the porous region. In the 400 nm pore 

membranes, some residual diamond particles were observed surrounding the pore periphery as 

shown in Fig. 1(c); these features may result from under-etching of diamond with oxygen 

plasma. TEM images of the 100 nm nano-porous membranes showed open pores, which are 

indicative of fewer diamond particles that are segregated in the smaller pores after RIE.  

In previous studies, fabrication of the porous membrane was usually carried out using 

electron beam lithography, reactive ion etching, and optical lithography64, 65. Commercially 

available silicon nitride nano-porous membranes manufactured using these established 

techniques were purchased for this study. Silicon nitride is an appropriate substrate material for 

UNCD growth since the thermal expansion coefficient values for silicon nitride and diamond are 

similar, which facilitates lower residual stress and better film attachment. SEM-FIB and TEM 

images show that the UNCD membranes exhibit a patterned porous structure (Fig. 1 and Fig. 2). 

The film thickness for both membranes was 150 nm. The porosity is ~25% and the pitch is ~750 

nm for 400 nm pore membranes and ~200 nm for 100 nm pore membranes. As evident in the 

FIB cross-section images, the pores are cylindrical and retain a clear cross-section through the 

entire film thickness.  

For both the 100 and 400 nm nano-porous membranes, the Raman spectra exhibited typical 

Raman signature of N-UNCD exhibiting (a) broad hump at 1332 cm-1, which was attributed to 

the diamond-zone center2, 11, 66 and (b) a G band centered around 1575 cm-1 arising from stretch 

vibrations of sp2 bonded carbon8, 67. Results from XPS demonstrated surface composition of 

94.8% C, 4.4% O and 0.8% N as shown in Fig. 3(a). Deconvolution of C 1s spectra shown in 

Fig. 3(b) demonstrated the bonding was dominated by sp3 which is centered at 285 eV with a 
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few percent sp2 bonding centered at 284.3 eV. Two peaks centered at 287.3 eV and 285.9 eV 

may be attributed to C=O and C-O bond respectively.  

SK-N-SH neuroblastoma endothelial cells were cultured on UNCD membranes and 

contrasted with poly-D-lysine-coated glass as a control surface. Cell morphology was assessed 

using confocal microscopy and SEM as shown in Fig. 4 and Fig. 5, respectively. In the 100 nm 

pore membrane, attachment of cell aggregates spanning the porous area was demonstrated on 

both the surfaces of the solid and porous regions. For the 400 nm pore membrane, no aggregates 

spanning both the solid and porous regions were found; thus, separate images of cells attached to 

either the solid surface or porous region were obtained.  

Cell attachment on substrates is a crucial step and can be manipulated to regulate cell 

growth, proliferation, and differentiation. In the literature, topography46, 48, 68, 69, surface energy42, 

plasma treatment12, 26, 36, 43, surface termination with functional groups44, 45 and electronic charge 

were shown to influence cell attachment. Parikh et al. have investigated the influence of different 

surface morphologies, including smooth surfaces, islands, connected islands, and pits on the 

attachment of SK-N-SH neuroblastoma endothelial cells based on self-assembly of gadolinium-

doped ceria on yttria-stabilized zirconia substrates (GDC/YSZ)46. Increased attachment on pits 

and connected islands were observed and indicated that higher feature area was a major 

determining factor. It was worth noticing that porous arrays with highly ordered symmetry 

resulted in decreased cell attachment, especially on hexagonal placement, based on the 

interaction between human mesenchymal stem cells (MSCs) and polymethylmethacrylate 

(PMMA)70.  

UNCD is considered to be a good substrate material for supporting cell attachment since it 

can be treated with various types of gas plasma chemistry to have distinct surface termination 
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that serves as an anchoring site for cells. In particular, a negative charge applied to the UNCD 

surface (e.g., oxygen termination) can attract positively charged ions, which promote binding of 

the extracellular matrix (ECM) to the substrate material71. The attachment of cells on the solid 

surface in our study demonstrates the feasibility of the concept even without surface plasma 

treatment. A mechanism for cell attachment was proposed by Chen et al., which involves an 

integrin-mediated attachment process of neural stem cells (NSC) on the UNCD film.50 The 

absorption of fibronectin on UNCD surface and further activation of integrin- extracellular 

signaling-regulated kinase (Erk) signaling lead to enhanced differentiation and growth. It has 

also been reported that a spacing of 140 nm was sufficient for focal contact and of 440 nm was 

required for αvβ3-mediated fibroblast spreading72. Our results showed that SK-N-SH cells spread 

across the porous region even though the spacing between the pores was around 200 nm for the 

100 nm pore membranes.  

The feasibility of SK-N-SH cell attachment to UNCD membrane indicates the potential use 

of UNCD as a neural interface. One especially promising application is for fabrication of retinal 

implants, in which patterning of conducting and passivating diamond layers could be beneficial. 

Current strategies involve traditional silicon-based technologies such as complementary metal-

oxide semiconductor processes. For example, Stelzle et al. fabricated a sub-retinal implant 

composed of a photodiode array using this process; upon illumination a photodiode element, a 

current would be delivered to the rod and cone cells via a nano-porous titanium nitride electrode 

patterned on the surface.51 However, the silicon dioxide passivation layer was found to degrade 

in vivo over a period of months.52 It may be possible to fabricate a similar device which exposes 

only UNCD to the tissues; non-conductive UNCD could be used as a passivation layer while 

conductive N-doped UNCD could be used as an electrode material. Although the proliferation 
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and level of metabolic activity were important indicators for cell study and were absent in this 

report, the feasibility of UNCD membrane as a bio-interface was shown. More detailed cell 

studies should be performed and in situ SEM may be able to provide detailed information about 

how the interaction happen at the interface which would be our future prospect. 

 

Conclusions: 

Free-standing nano-porous N-UNCD was successfully deposited on nano-porous silicon 

nitride membranes and exhibited typical N-UNCD characteristics after the etching step. SK-N-

SH neuroblastoma endothelial cells exhibited similar morphology on the N-UNCD smooth 

surface, the N-UNCD nano-porous region, and on the poly-lysine glass control. Since no 

deleterious effect on cell attachment was observed, the N-UNCD coating may be an attractive 

material for fabrication of implanted MEMS devices. The high surface area presented by nano-

porous regions is enhanced by the 2-5 nm grains of UNCD; thus, the increased surface area 

would contribute to an improved electrical signal delivered to the neural tissue. Previous studies 

from our lab demonstrated cytocompatibility of UNCD-coated membranes with human 

epidermal keratinocytes, suggesting potential use in percutaneous implants.63 Similarly, the 

finding of cytocompatibility of UNCD with SK-N-SH cells warrants further investigation into 

the use of this material in neural interfaces. Neural interfaces exciting either the photoreceptor 

cells or the ganglion layer of the retina have demonstrated shortcomings such as the degradation 

of the silicon dioxide passivation layer.52 Successful attachment of cells to the N-UNCD surface 

combined with the chemical stability of diamond potentially leads to improved implant longevity 

and functionality for neural devices. 
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Figure 1. 400 nm nano-porous N-UNCD membrane: (a) SEM FIB-plane view, (b) SEM FIB 

cross-section view, (c) TEM image, and (d) Raman spectrum. 
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.

 

Figure 2. 100 nm nano-porous N-UNCD membrane: (a) FIB-plane view (b) FIB-cross-section 

view (c) TEM image (d) and Raman spectrum. 
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Figure 3. XPS results of N-UNCD for (a) surface chemical composition and (b) deconvolution of 

C 1s spectra. 
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Figure 4. Representative confocal microscope images of SK-N-SH cells attached to (a) poly-

lysine coated glass (b) 400 nm nano-porous N-UNCD membrane (c) 100 nm nano-porous N-

UNCD membrane.  
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Figure 5. SEM images of SK-N-SH cell attached to (a,b) poly-lysine coated glass (c) solid 

portion of the N-UNCD membrane with 400 nm pores (d) 400 nm nano-porous region (e) solid 

portion of the N-UNCD membrane with 100 nm pores (f) nano-porous region of the N-UNCD 

membrane with 100 nm pores. 
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Abstract 

The surface chemistry of nitrogen incorporated ultrananocrystalline diamond (N-UNCD) films 

was altered by plasma treatment utilizing oxygen and fluorine plasma chemistries; the modified 

N-UNCD surfaces were characterized using contact angle and zeta potential measurements to 

give a more complete understanding of the interactions between the solid surface and the 

aqueous solution. The bonding character, surface composition, and morphology of the N-UNCD 

films before and after surface treatment were also monitored using X-ray photoelectron 

spectroscopy, atomic force microscopy, and Raman spectroscopy to ensure the grafting of 

functional groups; the contributing factor to the results was purely from the surface termination.   

Keywords: zeta potential, contact angle, diamond, surface termination 

 

1. Introduction 

The hydrophilicity/hydrophobicity of a diamond surface could affect cellular adhesion, cellular 

proliferation, and the structure of the electric double layer.1 Zeta potential measurements not 

only probe surface charge but also provide information on the isoelectric point (IEP) (the pH 

value of the solution in which the surface carries no net charge) and additional insight regarding 

the surface acidity or basicity. The goal of this study is to investigate the zeta potential, contact 

angle, bonding character, surface composition, and morphology of O- and F-terminated nitrogen 

incorporated UNCD coatings. 

 

2. Material and methods 

Nitrogen incorporated UNCD (N-UNCD) coatings were deposited on silicon wafers using 915 

MHz microwave plasma chemical vapor deposition (Lambda Technologies, Morrisville, NC) 
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with seeding pretreatment. The deposition was carried out at a substrate temperature of 850 °C 

with a gas mixture of methane, argon, and nitrogen gases (CH4: 3 sccm, Ar: 160 sccm, N2: 40 

sccm) at a chamber pressure of 56 Torr and a microwave power of 2300 Watts. The resulting 

coating was composed of sp3 carbon with grain sizes of 5 to 10 nm and sp2 carbon at grain 

boundaries as previously described.2 Plasma treatment was performed using a reactive ion etcher 

(RIE, Oxford Plasmalab 80 Plus) to render oxygen (O-terminated) or fluorine (F-terminated) 

surface termination.  The parameters for oxygen plasma treatment were as follows: 50 sccm O2, 

working pressure of 35 mtorr and power of 100 W with a duration of 20 s. For fluorine plasma 

treatment, parameters were as follows: 25 sccm Ar, 25 sccm CHF3, working pressure of 35 

mTorr and power of 50 W with a duration of 30 s.  

 

The hydrophilicity of the coatings was characterized by optical contact angle measurements 

(DataPhysics OCA200), which were carried out with distilled water using 0.2 mL droplets. 

Images were analyzed and calculated for contact angle with ellipse fitting of the droplet profile.  

Zeta potential was measured used the streaming current method (SurPASS 3 Electrokinetic 

Analyzer), during which streaming current was evaluated as a function of pressure drop across 

the sample cell. The sample surfaces were probed with either aqueous 1 mM KCl solution, 0.05 

M KOH solution to raise the pH, or 0.05 M HCl to decrease the pH to 3.  

 

The zeta potential 𝜁 is determined by the Helmholtz-Smoluchowski equation: 

𝜁 =
d𝐼

d𝑃

𝜂

𝜀r𝜀0

𝐿

𝐴
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where d𝐼 is the differential streaming current, d𝑃 is the differential pressure drop, 𝜂 is the 

solution viscosity, 𝜀r is the solution relative permittivity, 𝜀0 is the vacuum permittivity, 𝐿 is the 

length of the streaming channel, and 𝐴 is the cross-section of the streaming channel.3,4 

 

Raman spectroscopy measurements (Horiba Jobin Yvon LabRAM HR Evolution confocal 

micro-spectrometer) were performed utilizing laser excitation at a wavelength of 633 nm. 

Surface roughness was determined using atomic force microscopy (AFM, MFP-3D-Bio 

instrument); studies were tapping mode at a resonant frequency of 300 kHz under ambient 

conditions. X-ray photoelectron spectroscopy (XPS, SPECS FlexMod XPS) data were collected 

using Mg Kα excitation (1254 eV) with a hemispherical analyzer (PHOIBIS 150). Energy 

calibration was established by referencing to adventitious carbon. 

 

3. Results and discussion 

XPS results from unmodified N-UNCD (Figure 1) showed 2.76 atomic percentage (at%) oxygen, 

which could be attributed to adsorption of oxygen from the air; O-terminated N-UNCD exhibited 

a much higher oxygen content of 16.21 at%.  With fluorine termination, a distinct feature of 

34.07 at% fluorine content was evident. 

 

After confirmation of surface treatment using XPS, the surfaces were subject to contact angle 

measurements in which water drops at the age 5 s were reported for five replicate measurements 

for each sample. Figure 2 (a-c) show contact angle measurements of 87.2±0.3° for unmodified 

N-UNCD, 27.8±2.3° for O-terminated N-UNCD, and 100.4±1.2° for F-terminated N-UNCD. 
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Oxygen plasma treatment rendered the surface hydrophilic while fluorine plasma treatment 

rendered the surface more hydrophobic; these results are consistent with the literature.5,6 

Since plasma treatment may affect the surface conductivity, streaming current measurements 

were adopted, which is more appropriate than the streaming potential method for conductive 

surfaces.3,4 However, streaming current measurements are dependent on the sample surface area, 

and hence surface roughness is an important factor to consider. Herein, the use of N-UNCD with 

low surface roughness could alleviate the concern. A chart showing zeta potential versus pH 

value was shown in Figure 2 (d). At pH 10, O-terminated N-UNCD exhibited less negative zeta 

potential (-61.6 mV) than unmodified N-UNCD (-71.0 mV) while F-terminated exhibited most 

negative value (-98.4 mV). On the other end, the zeta potential of unmodified N-UNCD turned 

positive (0.3 mV) while both F-terminated (-4.2 mV) and O-terminated (-21.3 mV) N-UNCD 

were still negative at pH 3. The negative zeta potentials indicated that electron transfer occurred 

from aqueous solution to N-UNCD or ionization of oxygen-containing groups on the surface.7 

Although IEP was not reached for O-terminated and F-terminated N-UNCD at pH 3, the trend of 

the curve suggested that the IEP in the sequence of unmodified, F-terminated, and O-terminated 

with unmodified N-UNCD the highest. 

 

As demonstrated in Figure 3 (a-c), the Raman spectra of all N-UNCD samples exhibited major D 

and G bands centered at 1350 cm−1 and 1580 cm−1, respectively, which represent a breathing 

mode of A1g symmetry and in-plane bond-stretching motion of pairs of C sp2 atoms with E2g 

symmetry.8 The ratio of intensity (ID/IG) ranged from 1.35 to 1.37. A minor peak was observed at 

1144 cm−1, associated with trans-polyacetylene at grain boundaries.9 The diamond T2g peak at 

1332 cm−1 was not observed due to the low scattering cross-section of sp3 bonding under visible 
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laser excitation compared to sp2 bonding, which resulted in screening of the diamond T2g peak by 

D band.10 The results were consistent with our previous studies on N-UNCD films.11 The 

similarity between the three samples also indicated that the observed change in zeta potential 

originated from the surface chemistry instead of the contribution from the bulk material. 

 

Since zeta potential is an interfacial property of the solid-liquid interface, surface roughness is 

considered to play a role in solid-liquid interactions, which can affect the water contact angle and 

subsequent surface charge-counterion interactions. Representative AFM images are shown in 

Figure 3 (d-f); root-mean-square (RMS) values of the surface roughness based on 10 µm x 10 

µm scans were 3.94 nm for unmodified N-UNCD, 6.22 nm for O-terminated N-UNCD, and 5.55 

nm for F-terminated N-UNCD. This minor change in roughness was attributed to plasma-

induced etching of UNCD. The results suggested a similarity in morphology; as such, a fair 

comparison of zeta potential can be made.  

 

Considering the zeta potential values of the three surface terminations, a more negative zeta 

potential throughout most of the pH range was observed for O-termination and F-termination 

compared with unmodified N-UNCD; this result could be due to the higher electron affinity of 

the two modified surfaces and deprotonation of carboxyl and hydroxyl groups.12 However, the 

zeta potential of O-terminated N-UNCD plateaued and became less negative than the unmodified 

N-UNCD at around pH 8; F-terminated N-UNCD still exhibited the most negative zeta potential. 

When investigating the zeta potential of chemically modified low-density polyethylene, Temmel 

et al. observed that an increased magnitude of zeta potential at high pH values correlated with 

increased hydrophobicity; they suggested that hydrophobic surfaces increased anion (e.g., 
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hydroxide) adsorption in aqueous solution, which was preferential to water or cation (e.g., 

hydronium) adsorption13. Kudin and Car investigated the mechanism of preferential hydroxide 

adsorption onto hydrophobic surfaces with molecular dynamics simulations14. These results were 

consistent with our observations of zeta potential at different pH values (Figure 3), in which the 

relative zeta potential ordering at high pH values indicates that O-terminated N-UNCD was the 

most hydrophilic surface and F-terminated UNCD was the most hydrophobic surface. Noted that 

XPS was not able to reflect this phenomenon of preferential adsorption because it was measured 

under vacuum but not with aqueous solution. 

 

4. Conclusions 

The surface morphologies of the N-UNCD coatings with various surface chemistries were 

similar before and after plasma treatment. O-termination rendered the surface hydrophilic and 

more negatively charged due to an increase in oxygen-containing groups but shifted the zeta 

potential to less negative values at high pH; it was less sensitive to changes in pH. F-termination 

rendered the surface more hydrophobic; it shifted zeta potential to more negative values because 

of preferred hydroxide adsorption as opposed to unmodified N-UNCD, and experienced a more 

significant change of zeta potential across the pH range.  
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Figure 1. XPS of (a) unmodified, (b) O-terminated and (c) F-terminated N-UNCD surface. 
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Figure 2. Water contact angle of (a) unmodified, (b) O-terminated, and (c) F-terminated N-

UNCD surface. (d) Zeta potential of unmodified, O-terminated, and F-terminated N-UNCD 

sample from pH 10 to pH 3 by streaming current method. 
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Figure 3. Raman spectra of (a) unmodified, (b) O-terminated, and (c) F-terminated N-UNCD and 

AFM images of (d) unmodified, (e) O-terminated, and (f) F-terminated N-UNCD. 
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Abstract 

Ultrananocrystalline diamond (UNCD), composed of sp2 and sp3 hybridized carbon, has been 

brought to the field of research in recent years and demonstrated to have attractive properties for 

biomedical applications due to excellent mechanical properties, wide electrochemical window, 

chemical inertness, tunability of surface and biocompatibility. UNCD incorporated with nitrogen 

(N-UNCD) was further demonstrated to be semi-conductive. The combination of these features 

enabled the use of N-UNCD as electrode material for neural stimulation. However, the 

comparison of oxygen and fluorine surface terminations on the change of charge storage was not 

studied and a facile way of fabricating an all-diamond microelectrodes was not demonstrated. In 

this study, the N-UNCD was compared with a hybrid N-UNCD + graphene (UG) coating which 

was fabricated by using 3 steps seeding process. The successful deposition was confirmed with 

scanning electron microscopy (SEM). The plasma treatment was applied to change the surface 

termination, bonding and wettability. Bulk bonding character of sp3 and sp2 carbon was 

characterized by Ramen spectroscopy while surface roughness was probed by atomic force 

microscopy (AFM).  Surface composition and bonding were characterized X-ray photoelectron 

spectroscopy (XPS) and compared with water contact angle. Cyclic voltammetry was applied to 

measure the charge storage capacity (CSC) to evaluate the capability of the coating as electrode 

material. The biological evaluation with cellular viability, mitochondrial integrity, membrane 

damage and morphology of neuron cells were demonstrated.  The results showed that all the 

coating with different material properties and CSC were biocompatible to the neuron cell seeded 

on the surface which demonstrated the feasibility of using these coatings as materials for neuron 

stimulation.  
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Introduction 

Diamond coatings has been studied as bio-interface to react with cell in vitro or with human 

body for several decades. Because of the mechanical properties[1], electrochemical window[2], 

chemical inertness[3], tunability of surface[4] and biocompatibility[5] as well as the electrical 

conductivity[6]. Based on grain size of the diamond coating, it can be categorized into 

microcrystalline diamond (MD), nanocrystalline diamond (NCD), and ultrananocrystalline 

diamond (UNCD)[7], [8]. Among them, UNCD was of great interest because of it exhibited 

small grain sizes and low roughness values with further enhanced the tribological properties[9] 

which may be additional benefit as coatings on the biomedical device for implantation[10]. 

Recently, the application of semi-conductive N-UNCD as electrode material for neural 

stimulation attracted much attention because of wide electrochemical window, capacitive 

injection mechanism of electrons and comparable charge storage capacity (CSC)[11] with other 

commonly studied electrode materials such as titannium nitride, platinum, iridium oxide and 

poly(ethylenedioxythiophene) (PEDOT). Titanium nitride and platinum are chemically stable 

with capacitive or pseudocapacitive injection mechanism[12]. However, diamond electrode was 

shown to exhibit wider electrochemical window[13]. Iridium ejected the electrons through 

faradaic mechanism which exploiting the redox reaction on the surface and can result in 

irreversible damage to the electrode and tissues[14]. PEDOT is a conductive polymer with high 

injection capacity[15]. However, the injection mechanism is also faradaic and the stability of the 

polymers in physiological condition would be of concern. Although N-UNCD holds a few 
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promising features and surface terminations has been demonstrated to tailor the electrochemical 

properties by plasma treatment[16] or electrochemical activation[17]–[19], the improvement of 

the CSC or injection capacity is still in demand to ensure the function in long-term implantation 

while interacting with neurons. Increased CSC of diamond with multielectrode array (MEA) was 

demonstrated in the literature. However, this usually requires the use of laser milling[2], 

lithography[20] or multi-steps deposition[21].  

 

In recent years, induced pluripotent stem cell (iPSC)-derived neurons were extensively studied 

such as in functional screening assays for neurite formation[22], Tau protein secretion[23] and 

sensitivity to the potent neurotoxin[24]. The behavior resembled the mature neurons and the 

availability with large quantities enabled the use of iPSC as in vitro models for toxicity 

screening[25] and electrophysiological study[26]. Additionally, human iPSC-derived cells enabled 

disease- and genotype-specific studies with cells established from different individuals[27], [28]. 

Thus, in this study, iPSC-derived DopaNeuron was applied for studying the interaction of neurons 

on N-UNCD and a hybrid N-UNCD + graphene (UG) coatings fabricated through different seeding 

procedure for generation of microelectrodes on the surface while plasma treatment was applied to 

both the coatings with systematic comparison. Biocompatibility assessments such as cell viability, 

mitochondrional integrity and membrane damage would be evaluated.  Mitochondrional integrity 

is a functional indicator of neurons since mitochondrial function is critical in neurons to establish 

membrane excitability, regulate the neurotransmission and plasticity[29] while membrane damage 

indicates the apoptosis or necrosis of neurons. Additionally, as neurons create connective networks 

via extensions of cellular body, axons and dendrites with synaptic communication to one another, 

the outgrowth of neurite is commonly investigated to evaluate the development or degeneration of 
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neurons in vitro which involves the interplay of both extracellular and intracellular signals[30], 

[31]. 

 

Experimental procedure 

Sample preparation 

In this study, nitrogen incorporated UNCD (N-UNCD) and hybrid N-UNCD+graphene (UG) 

hybrid coatings were deposited on diced silicon wafers (1 cm x 1 cm) using 915 MHz microwave 

plasma chemical vapor deposition (MPCVD, Lambda Technologies, Raleigh, NC) with different 

seeding pre-treatment[32]. For N-UNCD coatings, the diced silicon wafers were seeded with 20% 

nanodiamond slurry (Adamas Nano, Raleigh, NC) in methanol for 20 min with ultrasonic agitation 

followed by rinsing in acetone, methanol and isopropanol. For hybrid UG coatings, the diced 

silicon wafers were first seeded with 20% nanodiamond as aforementioned and then solution 

suspended 10 mg/L graphene in ethanol (Graphene Supermarket Inc., Ronkonkoma, NY) was 

applied on the surface of the nanodiamond-treated silicon wafer. At the last step of seeding, the 

samples were rinsed with 20% nanodiamond to cover the deposited graphene flasks with 

nanodiamond. The samples were then transferred to the vacuum chamber and pumped down to a 

base pressure of 5 x 10-7 torr prior to deposition. The deposition of N-UNCD was carried out at 

temperature of 850 °C, chamber pressure of 56 Torr and microwave power of 2300 Watts with a 

gas mixture of methane, argon and nitrogen gases (CH4: 3 sccm, Ar: 160 sccm, N2: 40 sccm) as 

previously described to enable the growth of N-UNCD.  

 

Surface termination 
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After the deposition process, the samples were treated with Oxford Plasmalab 80 Plus reactive ion 

etcher (RIE, Oxford Instruments Plasma Technology, England) to enable the adjustment of surface 

with different terminations tailoring the surface conductive properties and hydrophilicity. The RIE 

treatment with a gas flow of 50 sccm O2, working pressure of 35 mTorr and power of 100 W were 

applied for anchoring oxygen-containing species while a gas flow of 25 sccm Ar and 25 sccm 

CHF3, working pressure of 35 mTorr and power of 50 W were applied for anchoring fluorine-

containing species on the surface. To minimize the damage and change in morphology by RIE, the 

treatment duration was optimized to 20 s and 30 s respectively for oxygen plasma treatment and 

fluorine plasma treatment.  

 

Material characterization 

A NanoLab dual-beam focused ion beam (FIB)/scanning electron microscopy (SEM) system 

(FEI, Hillsboro, OR) was used to take the images of both plan and cross-section views to confirm 

the uniformity of the coating the presence of graphene flasks. Gallium ion milling was performed 

to etch the selected area prior to the imaging of cross-section view. To investigate the 

morphology with or without plasma treatment, surface roughness was proved using MFP-3D-Bio 

atomic force microscopy (AFM, Oxford Instruments Plasma Technology, England) with tapping 

mode at resonant frequency of 300 kHz and ambient conditions. The resulting AFM images and 

root-mean-square (RMS) values of the surface roughness based on 10 µm x 10 µm scans were 

obtained. To have an insight of bonding character and sp hybridization of the entire coating, a 

Horiba Jobin Yvon Lab-RAM HR Evolution confocal Raman spectroscopy (Horiba, Japan) was 

employed to characterize the coating by using a solid-state visible-light laser (633 nm) with a 

laser spot size of approximately 2 µm in diameter. The surface composition was characterized by 
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using a SPECS FlexMod X-ray photoelectron spectroscopy (XPS, SPECS GmbH, Germany) to 

confirm the anchoring of functional groups with Mg kα excitation (1254 eV), a PHOIBIS 150 

hemispherical analyzer (SPECS GmbH, Germany), takeoff angle at normal to surface, X-ray 

incidence angle of 30° and X-ray source to analyzer angle of 60°. Base pressure in the vacuum 

chamber was in 10-10 mbar range. Compositional analysis of the spectrum and deconvolution 

were conducted with CasaXPS (Casa Software Ltd, UK) with Voigt function 

(Gaussian/Lorentzian) as line shape for fitting. The energy spectrum was calibrated by 

referencing to adventitious carbon. Origin 2021 (OriginLab, Northampton, MA) was used for 

graphic generation. The wettability was characterized by using DataPhysics OCA200 optical 

contact angle measuring system (DataPhysics Instruments, Charlotte, NC) with distilled water 

droplets. Five replicates of measurements were performed and analyzed for each condition with 

5 s aging prior to capturing of the images and ellipse fitting of the droplet profile.  

 

Electrochemical Characterization 

The charge storage capacity (CSC) of the coatings in aqueous condition was characterized by 

cyclic voltammetry (CV) using Gamry Reference 600 Potentiostat (Gamry Instruments, 

Warminster, PA). All electrochemical experiments were carried out with phosphate-buffered 

saline (PBS, Thermo Fisher, Waltham, MA) as electrolyte at room temperature without nitrogen 

purging to mimic physiological condition. For signal reading, a three-electrodes configuration 

was adopted with Ag/AgCl electrode (Gamry Instruments, Warminster, PA) as reference 

electrode and graphite rod (Gamry Instruments, Warminster, PA) as counter electrode. The 

samples mounted with a metal wire served as working electrode with silver paint (Ted Pella, Inc, 

Redding, CA) to make the connection and then sealed with epoxy to only expose the coating to 
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PBS. The exposure area was calculated using ImageJ. CV scans were carried out at a scan rate of 

50 mV/s and step size of 2 mV over a voltage range from -1.5 V to 1.5 V vs Ag/AgCl. The 

results were analyzed by using Gamry Echem Analyst (Gamry Instruments, Warminster, PA). 

The charge storage capacity (µC ∙cm-2) was calculated by 𝐶𝑆𝐶 =
∫ 𝐼 𝑑𝑉

2 𝑥 𝐴 𝑥 
𝑑𝑉

𝑑𝑡

 , where ∫ 𝐼 𝑑𝑉 is the 

integrated are in CV curve, A is the surface area and 
𝑑𝑉

𝑑𝑡
 is the scan rate.  

 

Biological evaluation 

The biological evaluation of the N-UNCD and (N-UNCD + graphene) coatings were assessed by 

seeding induced pluripotent stem (iPS) cell-derived human midbrain floorplate dopaminergic 

neurons (iCell DopaNeurons) with iCell neural medium (FijiFilm Cellular Dynamics, Madison, 

WI). For this purpose, the samples and glass (Ted Pella, Inc, Redding, CA) control were first 

sterilized by 70% ethanol for 10 min and rinsed with PBS for 3 times. Then samples and glass 

control were treated with 0.01% poly-L-ornithine (PLO, MilliporeSigma, Burlington, MA) at room 

temperature for 1 hour and rinsed with PBS twice according to the protocol. Then 3.3 ug/mL 

laminin (MilliporeSigma, Burlington, MA) solution was added and incubated at 37 °C for 1 hour. 

Followed by the treatment, the samples and glass control were then transferred to 24-well plates 

for cell seeding with the wells pre-treated with 1% Pluronic F-127 (MilliporeSigma, Burlington, 

MA) for 30min to prevent cell adhesion on the well. The neurons cells were thawed in 37 °C water 

bath for 3 min after taking out from liquid nitrogen tank and transferred to centrifuge tube (Thermo 

Fisher, Waltham, MA) with drop-wise addition to ensure maximum viability. The cell suspension 

was then centrifuged at 400g for 5 min and re-suspended the cell pellet in fresh medium. The cells 

in suspension were counted using a hemacytometer followed by seeding with a density of 1.6 x 

105 cells/cm2 on samples and control group. After 4 days incubation, viability, mitochondrial 
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integrity and membrane damage were analyzed by using CyQUANT™ Cell Proliferation Assay 

(Thermo Fisher, Waltham, MA), Calcium-AM (Thermo Fisher, Waltham, MA), MitoTracker 

(MilliporeSigma, Burlington, MA) and CytoTox 96® Non-Radioactive Cytotoxicity Assay 

(Promega, Madison, WI) respectively, following recommended protocols by the manufacturer. 

The fluorescent signals were measured with plate reader (Tecan Infinite M1000, Switzerland). 

Each assay was performed with N=3 replicate experiments and 3 samples of each condition per 

replicate. All results were normalized to the negative controls. 

 

For confocal imaging and analysis of neural outgrowth, another set of samples were cultured in 

the same way as aforementioned for 4 days and prepared for immunofluorescent staining. The 

neuron cells were fixed with 4% paraformaldehyde (MilliporeSigma, Burlington, MA) for 15 min 

and then stained with mouse anti-tyrosine hydroxylase (MilliporeSigma, Burlington, MA) as 

neuron-specific primary antibody and Hoechst (AAT Bioquest, Sunnyvale, CA) in blocking buffer 

of 0.2% Triton X-100 (MilliporeSigma, Burlington, MA) and 2% fetal bovine serum (FBS, ATCC, 

Manassas, VA) in PBS overnight. Followed by rinsing with wash buffer of 2% FBS in PBS, 

AlexaFluor 488 conjugated donkey anti-mouse IgG (Thermo Fisher, Waltham, MA) was used as 

secondary antibody with 1 h incubation under room temperature. The branching points, total length 

and average length of the neurite were calculated by analyzing confocal images acquired by Leica 

SP8 CLSM confocal microscope (Leica Microsystems, Buffalo Grove, IL) with a 63x oil 

immersion objective lens and specific wavelength of excitation/emission (Ex: 499/Em: 518 for 

Alexa Fluor 488 and Ex: 405/Em: 430 for Hoechst). The resulting images were processed by using 

ImageJ and AngioTool. 
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Statistical analysis and graphics generation of replicates was conducted using GraphPad Prism 

9.2 (GraphPad Software, San Diego, CA, USA). The comparison of viability, mitochondrial 

integrity, LDH level, branching point, total neural length and average neurite length between 

each condition was conducted through one-way ANOVA with Tukey post-hoc test and a 

significance level α = 0.05. 

 

Results and discussion  

Deposition of N-UNCD coatings was carried out with no hydrogen gases which the growth 

mechanism was suggested by the exothermic reactions of C2 dimer insertion into C-H bonds and 

formation of single bonds between adjacent C2 dimers[33]. With a different seeding pre-

treatment and incorporation of graphene flasks, a hybrid UG coating was fabricated under the 

same deposition conditions as N-UNCD. The application of nanodiamond seeds before and after 

the dispense of graphene enable the growth of N-UNCD around graphene which also anchor the 

flasks in the landing position as demonstrated in Figure 1(a). Seeding only before the dispense of 

graphene with subsequent CVD deposition resulted in pure N-UNCD coating which was 

suspected due to the destruction or relocation of graphene flasks during the plasma deposition. 

Seeding only after the dispense of graphene with subsequent CVD deposition resulted in poor 

connection between N-UNCD and graphene flasks. The use of 3 steps seeding and this sandwich 

structure enabled the further fabrication of all-carbon multielectrode configuration in one step as 

shown in Figure 1(b, c) which the graphene flasks were covered with growing N-UNCD and 

appeared as little hills on the surface. In the cross section view of UG coating created by ion 

milling as shown in Figure 1(d), graphene flask was surrounded by N-UNCD to provide a good 

connection while the rest of the area were similar to the N-UNCD coating shown in Figure 1(e) 
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with small grains covered the surface. After the validation of successful deposition of the two 

coatings, the samples were subjected to plasma treatment to modify the surface properties 

subsequently.  

 

Surface modifications by using plasma treatment were demonstrated to tailor the surface 

properties such as wettability[34] and surface charge[35] by tuning the surface bonding and 

composition[36], [37]. For biomedical applications, especially as electrodes for neuron 

stimulation, the variation of wettability corresponded to different extend of cellular 

attachment[38], [39] and hence the effective electrical stimulation. The surface charge can 

enhance or weaken the capability of injection of electron[40], [41]. In this study, both of N-

UNCD and UG coatings were subject to either oxygen plasma or fluorine plasma treatment with 

minimized duration to reduce the destruction on the surface morphology facilitating the 

investigation of the impact of surface termination on the charge storage capacity (CSC) and 

biological evaluation. For this purpose, the samples were first characterized with the bonding 

character, surface roughness, surface composition and water contact angle to compare the 

intrinsic properties of N-UNCD and UG coatings as well as the validation of the change surface 

termination. The identification of bonding character and surface roughness of UG coatings via 

Raman spectra and AFM measurement are shown in Figure 2. As compared with our previous 

study with N-UNCD[35], the Raman spectrum of UG is composed of two bands with one G peak 

centered at about 1590 cm-1 and D peak centered at approximately 1350 cm-1[42], [43] which is 

similar to the Raman spectrum of N-UNCD except the G peak is centered around 1580 cm-1 for 

N-UNCD. The G peak originates from the in-plane vibrational mode of sp2 hybridized carbon 

with E2g symmetry which corresponded to the Brillouin zone center phonons while the presence 
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of D peak demonstrates the beathing of A1g mode[44], [45] which corresponded to the K-point 

phonons. These two modes directly reflect the presence of sp2 carbon since the sp3 carbon is less 

sensitive in visible-light Raman which results in the screening of diamond T2g peak by D 

peak[13]. Besides, a minor peak observed at 1144 cm−1 corresponds to trans-polyacetylene at 

grain boundaries[46]. The shift of G peak to higher wave number for UG coatings as compared 

with N-UNCD could indicate the formation of small sp2 clusters on the surface or the presence of 

more olefinic sp2 bonds since the olefinic sp2 bond is shorter than aromatic bond which exhibit a 

higher vibrational frequency. The variation of intensity ratio of the two peaks (ID/IG) from 1.35-

1.37 in N-UNCD to 1.46-1.5 in UG coatings indicated the increase of sp2/sp3 ratio[47]–[49] 

which could attribute to the incorporation of graphene flasks in the coating. On the other hand, 

the application of plasma treatment on the UG coating resulted in no change in Raman spectra as 

shown in Figure 2(a-c) which was also demonstrated in N-UNCD. The surface roughness, shown 

in Figure 2(d-f), was also similar with root-mean-square (RMS) values of 38.88 nm, 21.755 nm 

and 29.215 nm corresponded to UG, O-UF and F-UG, respectively. The increased roughness of 

UG coatings as compared with N-UNCD was attributed to the presence of graphene flasks which 

was taller than the thickness of the N-UNCD coating.  

 

Except for the investigation of bonding character of the bulk material, the surface composition 

and the grafting of functional groups on the surface of the coatings before and after the plasma 

treatment was examined by using XPS. The surface composition of the coatings is demonstrated 

in Figure 3 with the atomic percentage summarized in Table I.  The application of plasma 

treatments substantially changed the coverage of carbon atoms from 88.7 % and 92.3 % for N-

UNCD and UG to around 83.5 % for O-UNCD and O-UG while exhibited 61 % carbon for F-
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UNCD and F-UG. The oxygen plasma treatment brought the oxygen content on the surface to 

around 16.5 % which was in contrast with the oxygen content on untreated coatings. The 

presence of the predominant fluorine features with respect to untreated coatings validate the 

successful adjustment of surface composition. To further investigate the bonding character on the 

surface and respective contribution, the C 1s region in XPS spectrum was deconvoluted into 

peaks with Gaussian/Lorentzian product line shape to identify the specific bonding as 

demonstrated in Figure 4 with the percentage of contribution summarized in Table II. Peaks 

centered around 284.3 eV, 285.1 eV, 286.8 eV and 287.3 eV, corresponding to sp2, sp3, C-O and 

C=O bonding, respectively, were identified on untreated coatings and oxygen plasma treated 

coatings while four additional peaks centered around 286.5eV, 288.8 eV, 290.5 eV and 292.8 eV 

contributed to the long tail on the higher energy side corresponded to C-CF, C-F, C-F2 and C-F3 

bonding, respectively. The surface composition and contribution of each peak on UG coatings 

resembled the observed results on N-UNCD coatings which was in contrast with results from 

Raman spectroscopy since the graphene flasks were covered with N-UNCD and only 

photoelectron from the very surface can contribute to the signal. Both plasma treatments were 

shown to reduce the coverage of carbon atoms on the surface by introducing functional groups 

containing oxygen or fluorine. However, only sp3 carbon decreased with the introduce of plasma 

treatment while sp2 carbon increased in percentage of contribution to the C 1s peak. Preferential 

etching of sp2 carbon by plasma oxidation has been reported in the literatures due to lower 

activation energy of oxidation as compared with oxidizing sp3 carbon[50]. It was believed that 

the sp2 carbons at the grain boundaries which exposed to the plasma would be removed more 

rapidly. However, the sp3 carbons subjected to plasma treatment could experience bond 
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breaking, anchoring of functional groups and formation of sp2 bonding by the introduce of 

defects. Thus, apparent increase in the sp2 carbon and C=O bonding was observed. 

 

It was crucial to understand the surface wettability of the coatings since both the electrical 

stimulation and biological evaluation were under aqueous condition which could greatly 

influence the double layer capacitance[51] and cellular adhesion[34]. Images of water contact 

angle measurements are demonstrated in Figure 5. The water contact angle of N-UNCD, O-

UNCD and F-UNCD are 88.1 ± 0.8°, 36.7 ± 2.3°, and 93.3 ± 0.2°, respectively while the water 

contact angle of 77.8 ± 2.5°, 26.7 ± 1.9°, and 95.4 ± 0.4° correspond to UG, O-UG and F-UG, 

respectively. 

The results were obtained by averaging N=5 replicate measurements. In general, the N-UNCD 

and UG coatings exhibited similar hydrophobicity and oxygen plasma treatment rendered the 

surface more hydrophilic by the introduction of polar bonding[52] while fluorine plasma 

treatment rendered the surface more hydrophobic[53], [54] than the other two conditions via the 

introduction of less densely packed fluorocarbon as proposed in the literature using atomistic 

molecular simulation[55].  

 

To evaluate the performance of the coatings as electrode for neural stimulation, CV scan was 

performed in PBS for all the coatings as demonstrated in Figure 6. Based on the measured curve, 

CSC were calculated to be 429, 598 and 335 µC∙cm-2 for N-UNCD, O-UNCD and F-UNCD, 

respectively while 678, 762 and 381 µC∙cm-2 were obtained for UG, O-UG and F-UG, 

respectively. Although CSC is not identical to the charge injection capacity (CIC) since not all 

the charge stored can be ejected, CSC can still be viewed as an indicator of the capability of 
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charge ejection. As compared with N-UNCD, the increased CSC in UG coating might be result 

from the increased surface area by the incorporation of graphene flasks. Oxygen plasma 

treatment[16] or anodic electrochemical treatment[13] was shown to increase the double layer 

capacitance[56] of N-UNCD in the literatures which was consistent with our observation in this 

study. Although the incorporation of fluorine could be served as additional charge carrier 

surface[57], [58], the fluorine-terminated surface exhibited a decrease in CSC. It was 

hypothesized that the increased hydrophobicity of fluorine-terminated surface could reduce the 

total charge in the electrical double layer and hence the CSC. Noted that the CV curve at 

oxidation side (right hand side) exhibited less steep increase in current density for both the 

plasma treatments suggesting a barrier to charge transfer[59] while a more steep increase in 

cathodic current (left hand side) was observed which indicated the enhanced reduction of water.  

As compared with other diamond-based electrodes[2], [13], [16], [60], the CSC observed in our 

study, ranging from 335 to 761 µC∙cm-2, is comparable with the values reported in the literatures 

and is sufficient for stimulation of various neurons[12]. Although a high CSC of 6.8 mC∙cm-2 

was reported for microelectrode array based on boron-doped diamond (BDD) deposited on 

carbon nanotube (CNT)[21], the use of Ni for growing CNT could introduce cytotoxicity and it 

took multi steps of deposition. Compared with other materials for neural stimulation with non-

Faradaic mechanism such as platinum[60], the CSC reported in our study could be double the 

CSC of 350 µC∙cm-2 reported for platinum electrodes. Although the a high CSC of 900 µC∙cm-2 

for TiN[61] was reported, the actual current density generated from the N-UNCD and UG 

coatings, hence the capability to trigger the neural stimulation, could be higher than observed in 

this study. Since the electrical conductivity of N-UNCD originated from the grain 

boundaries[62], the actual current density should be averaged by the grain boundary area that 
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exposed to the aqueous environment, but not calculated by averaging over the entire coating 

surface area. Further investigation and comparison with in vivo evaluation could be required to 

measure the threshold charge density to trigger the neural stimulation.  

 

To apply these coatings as neural prostheses, the first thing of interest is to understand the 

biocompatibility and the interference of the coating surfaces on the attachment and growth of the 

neurons. The cell viability, mitochondrial integrity and LDH level of the DopaNeuron growing 

on the 6 types of coatings are summarized in Figure 7. A high cell viability for over 70 %, 

mitochondrial integrity over 85 % and LDH level as low as 106 % were obtained for the coatings 

with no statistically significant difference observed as compared with glass control which 

indicated a good cellular attachment and biocompatibility with proper functionality of the 

neurons and no severe membrane damage. Although a higher feature area was shown to enhance 

the cellular attachment of neuroblastoma cells on gadolinium-doped ceria[63], no significant 

difference in cell viability was observed comparing N-UNCD and UG coatings. 

From a non-physical perspective, although surface terminations and hydrophobicity were 

reported to influence the cellular attachment, this high viability across all the coatings was 

observed and was attribute to the protein treatment prior to the seeding of neurons. The effect of 

protein treatment could overwhelm the effect of surface termination which facilitate the 

attachment of neurons on all coatings. In practical biomedical implantation, the electrodes would 

ultimately be covered with proteins in the host body during the prolonged implantation. Thus, 

our results indicated that the coatings with or without the surface treatment could be applied as 

electrode material with good cellular attachment which could reduce the distance between the 

neurons and electrodes with more effective stimulation. Especially, the fibrous encapsulation[64] 
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of implanted device from foreign body reaction could increase the distance between the neurons 

and electrodes which deteriorate the performance over time. A good initial attachment of neuron 

could possibly prolong the life time of the implanted device.  

 

Cellular morphology and analysis of branching point, total length and average length of neurite 

are demonstrated in Figure 8 and Figure 9 with branching point 103 to 113 %, total length 98 to 

114 % and average length of neurite 93 to 124 % of glass control while no statistically 

significant difference between the coatings and control is shown which reflect the 

biocompatibility results as aforementioned. Spinal cord injuries[65] and central nerve system 

(CNS) diseases such as Parkinson’s disease[22], Alzheimer's disease[66] and stroke[23] have 

been implicated to modulate neurite outgrowth. Also, the growth of neurites via cytoskeletal 

reorganization can be stimulated or inhibited by neurotoxic chemicals[30], nanostructure or 

surface terminations[16] as reported in the literatures. The analysis of neurite outgrowth provides 

insight into the potential effects of exogenous factors on neuronal activity and development. 

However, in our results, the effect of nanostructure, as comparing N-UNCD and UG, and surface 

terminations on the neurite outgrowth was not obvious which indicated the feasibility of using all 

these types of coatings as electrodes for neural stimulation with a range of material properties. 

As the enhancement of neurite outgrowth by electrical stimulation has been reported in the 

literatures[67], [68], an in situ measurement or comparison of neurite outgrowth versus electrical 

stimulation with these coatings might be worth investigating in the future.  
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Conclusion 

In this work, N-UNCD and UG hybrid coatings were deposited with different seeding treatment 

resulting in enhanced roughness and higher sp2/sp3 ratio of UG coating. Plasma treatment were 

performed subsequently resulting in the different surface composition, bonding and wettability 

with minor variation in surface roughness. Oxygen plasma introduced the O-containing groups 

on the surface with increased wettability and CSC while fluorine plasma introduced the F-

containing groups on the surface with decreased wettability and CSC. CSC ranging from 335 to 

761 µC∙cm-2 was obtained while UG coatings exhibited higher CSC than coatings based on N-

UNCD due to increased surface area. These values are comparable with commonly studied 

electrode materials and are sufficient for various neural stimulation. Biological evaluation 

demonstrated a good cell viability, functionality and no severe membrane damage of 

DopaNeuron seeded on various coatings. The protein treatment prior to seeding can better mimic 

the actual situation that would be experienced by implanted device since the proteins from host 

body would cover the entire device after implantation. The results suggested that CSC of 

coatings can be tailored with plasma treatment while no matter N-UNCD or UG coatings with or 

without plasma treatment can be applied as biocompatible electrodes with no interference on the 

function of neurons. Additionally, the morphology and outgrowth of neurons demonstrated that 

the development of neurons were not influenced by any of the coatings which suggest feasibility 

of using all these types of coatings as electrodes for neural stimulation. 

 

FDA Disclaimer 

The findings and conclusions in this paper have not been formally disseminated by the Food and 

Drug Administration and should not be construed to represent any agency determination or 
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policy. 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 Department of Health and Human Services. 
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Figure 1. SEM images of (a) graphene flasks on Si substrate, (b, c) plan view of UG and (d) 

cross section view of UG as compared with (e) plan view of N-UNCD.  
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Figure 2. Raman spectra and FM images of (a, d) UG, (b, e) O-UG and (c, f) F-UG coatings.  
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Figure 3. XPS spectra of (a) N-UNCD, (b) O-UNCD, (c) F-UNCD, (d) UG, (e) O-UG and (f) F-

UG coatings.  
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Figure 4. Deconvolution of C 1s peak region of (a) N-UNCD, (b) O-UNCD, (c) F-UNCD, (d) 

UG, (e) O-UG and (f) F-UG coatings. 
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Table I Atomic percentage of N-UNCD, O-N-UNCD, F-N-UNCD, UG, O-UG and F-UG 

Sample C O F 

N-UNCD 88.7 11.3 - 

O-UNCD 83.6 16.4 - 

F-UNCD 60.8 5.1 34.1 

UG 92.3 7.7 - 

O-UG 83.4 16.6 - 

F-UG 61 5.4 33.6 

 

 

Table II Percentage of bonding contribution in C 1s. 

Sample sp2 sp3 C-O C=O C-CF C-F C-F2 C-F3 

N-UNCD 6.7 85.2 7.7 0.5 - - - - 

O-UNCD 20.9 66.4 6.8 5.9 - - - - 

F-UNCD 27.1 41.3 2.9 6.0 10.8 6.6 2.8 2.5 

UG 4.9 87.2 7.9 - - - - - 

O-UG 20.9 64.2 5.4 9.5 - - - - 

F-UG 25.4 43.5 3.6 6.9 8.8 7.0 2.8 2.0 
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Figure 5. Water contact angle of (a) N-UNCD, (b) O-UNCD, (c) F-UNCD, (d) UG, (e) O-UG 

and (f) F-UG coatings.  

 

 

Figure 6. Cyclic voltammetry of (a) N-UNCD, (b) O-UNCD, (c) F-UNCD, (d) UG, (e) O-UG 

and (f) F-UG coatings.  
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Figure 7. (a) Cell viability, (b) mitochondrial integrity and (c) LDH level of DopaNeuron 

growing on the samples. All measurements are normalized to the glass negative control. 

Values in the figures represent means and standard deviation of N = 3 replicate experiments. 

ns represents values statistically non-significant. 

 

Figure 8. Confocal images of DopaNeuron seeded on (a) N-UNCD, (b) O-UNCD, (c) F-

UNCD, (d) UG, (e) O-UG, (f) F-UG and (g) glass negative control. (Green: TH, Blue: 

Hoechst) 
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Figure 9. (a) Branching point, (b) total length of neurite and (c) averaged length of neurite of 

DopaNeuron growing on samples. All measurements are normalized to the glass negative 

control. Values in the figures represent means and standard deviation of N = 3 replicate 

experiments. ns represents values statistically non-significant. 
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Abstract 

Silicon-incorporated diamond-like carbon (DLC), an amorphous material containing Si atoms 

with sp3 and sp2 hybridized carbon, is a promising biomaterial for versatile biomedical 

applications due to excellent mechanical properties, chemical inertness, biocompatibility, and 

antimicrobial capability. However, the antifungal properties of plasma treated Si-DLC have not 

been systematically evaluated. In this study, Si-DLC coatings were deposited by chemical vapor 

deposition and further treated with either oxygen or fluorine plasma to render the surface 

anchored with different functional groups and hydrophobicity. Surface roughness was probed 

with atomic force microscopy (AFM) while bonding character and surface composition were 

assessed using Raman and X-ray photoelectron spectroscopy (XPS). Wettability and surface 

charge were investigated via water contact angle and zeta potential measurements. Antifungal 

assessment was performed using a Candida albicans multi-well plate screening technique and 

crystal violet biomass quantification. The results demonstrate that oxygen plasma treated Si-DLC 

exhibited hydrophilic property, less negative zeta potential, and significant antifungal behavior 

and can potentially be applied as coatings for reduced nosocomial infections. 

Keywords: zeta potential, hydrophobicity, antifungal, diamond-like carbon, plasma treatment 

 

Introduction 

Carbon-based materials have been used in numerous fields of research including 

biomaterials[1,2] because of the abundance, accessibility, and exceptional properties. Among 

these materials, diamond-like carbon (DLC), an amorphous material composed of sp3 and sp2 

hybridized carbon[3], has been widely studied for biomedical devices to extend the lifespan of 

implants and to improve the efficacy of regenerative treatments[4,5]. The excellent mechanical 
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and tribological properties[6], chemical inertness[7], biocompatibility[8], and antimicrobial 

capability[9] of DLC are ideal for medical instrumentation and implantable devices, such as 

medical wire and needles[10], blood pumps[11], heart valves[12], and joint prothesis[13]. 

Additionally, the relatively low deposition temperature compared with deposition of crystalline 

diamond make DLC suitable for various substrate materials. 

 

Several thin film coating techniques have been applied for the deposition of DLC including both 

chemical vapor deposition (CVD) and physical vapor deposition (PVD). Moreover, Gotzmann et 

al. have demonstrated that the DLC coatings deposited by these techniques all exhibit 

biocompatible properties[14]. In recent years, plasma enhanced CVD (PECVD) has been widely 

applied for the deposition of DLC[5,8,15] with reasonable deposition rate, coating uniformity, 

and suitability for large-scale manufacturing[16]. To prevent the delamination of the DLC 

coating from the substrate and subsequent failure of a medical device, silicon incorporation into 

DLC has been shown to reduce the internal stress of the film and to promote better adhesion of 

DLC with the substrate[17]. Additionally, Wu and Hon[18] demonstrated improved thermal 

stability of DLC films by the addition of silicon while Kim et al. showed that a low friction 

coefficient was observed with silicon-incorporated DLC[19]. These findings, coupled with the 

aforementioned properties of DLC, enhance the potential for this carbon-based material in 

biomedical applications. 

 

Despite these favorable properties, one critical factor in considering the practical use of DLC in 

biomedical devices is the potential inhibition of microorganisms. The initial attachment of 

bacteria or fungus leads to biofilm formation which serves as protection for microorganism from 
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phagocytosis and resistance to antimicrobial treatment[5,20]. The high incidence of infections 

resulting from the use of implanted biomedical devices jeopardize the patient’s health and 

increase the subsequent health care costs[21]. The removal or replacement of the medical device 

is often suggested once the infection is diagnosed in order to avoid further severe and potentially 

lethal complications. However, removal or replacement procedures include various risks and 

have potential to further expose the patient to increased risk of infection.  

 

In a nationwide surveillance study, Candida species were identified as the fourth leading cause 

of nosocomial bloodstream infections in the United States, accounting for 8% of all bloodstream 

infections, and were associated with up to 40% patient mortality[22,23]. Among Candida 

species, Candida albicans was the most commonly found fungal pathogen, although it was also 

found as commensal fungus in the gastrointestinal tract and oral cavity[5]. In previous studies, 

the dependence of antimicrobial properties on the surface hydrophobicity of carbon-based 

materials was reported[9]. However, the antifungal properties of plasma treated Si-DLC have not 

been evaluated. In this study, the goal was to investigate the influence of different surface 

termination and hydrophobicity of Si-DLC coatings on antifungal properties. Plasma surface 

treatment was conducted after Si-DLC deposition to render the surface either terminated with 

oxygen-containing species or fluorine-containing species. This tailored surface chemistry can be 

achieved by exposing Si-DLC to oxygen plasma or fluorine plasma. Concurrently, the plasma 

treatment may result in selective etching and cause a change in surface morphology. Therefore, 

surface roughness was measured with AFM while Raman and XPS were applied to investigate 

the resulting composition and bonding character of the coating. Wettability and surface charge 
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were investigated via water contact angle and zeta potential measurements while antifungal 

behavior was assessed using Candida albicans and crystal violet staining. 

 

Materials and methods 

Silicon-incorporated diamond-like carbon (Si-DLC) deposition 

A custom-designed radio frequency (RF) plasma enhanced chemical vapor deposition (PECVD) 

system located in the Nanofabrication Facility (NNF) at North Carolina State University (NCSU) 

was utilized for silicon-incorporated diamond-like carbon (Si-DLC) deposition on Si (100) 

substrates and aluminum disks. The PECVD system was designed to generate plasma in 

capacitively coupled mode. Inside the stainless-steel cylindrical chamber, a driving electrode 

with a diameter of approximately 12 inches was placed on the bottom of the chamber as the 

substrate holder while the driving electrode was electrically insulated from the chamber body. 

The rest of the chamber acted as the counter electrode and was grounded as shown in Figure 1. 

The plasma was generated by an RFX-600 radiofrequency (RF) power supply (Advanced Energy 

Industries, Inc., Denver, CO, USA) with a frequency of 13.56 MHz. The pumping system 

provided a base pressure of approximately 1.6 x 10-8 Torr. The argon, oxygen, and 

tetramethylsilane (TMS) process gases flowed into the chamber from the gas inlet at the top of 

the chamber through a showerhead distribution ring. The deposition procedure consisted of 

loading, plasma cleaning, plasma deposition, and unloading steps. Following loading and an 

overnight pump-down procedure, the plasma cleaning step was conducted for 10 min by argon 

and oxygen gases with a mass flow rate of 90 standard cubic centimeters per minute (sccm) and 

50 sccm, respectively. During the cleaning step, the peak-to-peak voltage (Vpp) was kept at 400 ± 

10 V with an RF power of 84 ± 10 W and a DC bias of -153 ± 10 V. Afterward, the Si-DLC 
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deposition was carried out by using 1.6 sccm of TMS and 90 sccm of argon with 50 min 

duration, Vpp of 200 ± 10 V, RF power of 57 ± 10 W and a DC bias of -72 ± 10 V. The working 

pressure was kept at 50 mTorr using a Baratron® pressure gauge (MKS Instruments, Inc., 

Andover, MA, USA) during the cleaning and the deposition steps. The deposition rate of Si-DLC 

was calculated to be ~6 nm/min. 

 

Figure 1: Schematic of the PECVD instrument utilized for Si-DLC deposition. 

 

Surface termination by plasma treatment  

Tailored surface properties of Si-DLC can be achieved by plasma treatment to terminate the 

surface with oxygen-containing species or fluorine-containing species, resulting in different 

degrees of hydrophilicity. Plasma treatment was performed using a Plasmalab80Plus reactive ion 

etcher (RIE) (Oxford Instruments Plasma Technology, Concord, MA, USA) to render the surface 

oxygen or fluorine terminated. A gas flow of 50 sccm O2 with a working pressure of 35 mTorr 

and a power of 100 W were applied for a duration of 20 s for oxygen plasma treatment. For 

fluorine plasma treatment, a gas flow of 25 sccm Ar and 25 sccm CHF3, a working pressure of 
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35 mTorr, power of 50 W, and duration of 30 s were applied. The power and duration were 

optimized to minimize the etching of the DLC coating. 

 

Surface roughness 

Surface roughness of the DLC coatings was measured by atomic force microscopy (AFM) using 

an MFP-3D-BIO AFM (Oxford Instruments Asylum Research, Santa Barbara, CA, USA) to 

investigate the change in surface roughness before and after plasma treatment. The resulting 

AFM images based on 5 µm x 5 µm scans were obtained using tapping mode at a resonant 

frequency of 300 kHz under ambient conditions.  

 

Structure characterization 

For structural characterization and investigation of sp hybridization, an alpha300 Raman 

spectroscopy imaging system (WITec Wissenschaftliche Instrumente und Technologie GmbH, 

Ulm, Germany) was employed to characterize Si-DLC coated samples. The Raman spectroscopy 

instrumentation was equipped with a solid-state green laser (532 nm) and a UHTS 300 

spectrometer for signal detection. Raman spectra were acquired using a laser spot size of 

approximately 2 µm diameter and calibrated by the characteristic peak of Si (100) at 520.6 cm-1 

with a resolution of 1 cm-1. 

Surface composition 

A FlexMod X-ray photoelectron spectroscopy (XPS) system (SPECS Surface Nano Analysis 

GmbH, Berlin, Germany) was applied to characterize the surface chemistry to confirm the 

grafting of functional groups. Signals were collected using Mg kα excitation (1254 eV) and 

PHOIBIS 150 hemispherical electron analyzer (SPECS Surface Nano Analysis GmbH, Berlin, 
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Germany) with takeoff angle at normal to surface X-ray incidence angle of 30° and X-ray source 

to analyzer angle of 60°. Base pressure in the analysis chamber was in 10-10 mbar range. Energy 

calibration was established by referencing to adventitious carbon. Compositional analysis of the 

spectrum and deconvolution were conducted with CasaXPS software (Casa Software Ltd., 

United Kingdom) using the Voigt function (Gaussian/Lorentzian) for line shape fitting.  

 

Wettability 

The hydrophilicity of the Si-DLC coatings were characterized by optical contact angle 

measurements using an OCA 200 contact angle goniometer and drop shape analysis system 

(DataPhysics Instruments USA Corp., Charlotte, NC, USA). Images were captured 5 s after 

adding a 0.2 L distilled water droplet and contact angle measurements were determined using 

ellipse fitting of the droplet profile. Ten measurements for each sample type were analyzed for 

water contact angle.  

 

Zeta potential 

The zeta potential of the DLC coatings was measured using a SurPASS 3 Electrokinetic 

Analyzer (Anton-Paar GmbH, Graz, Austria). For each sample type, two rectangular pieces were 

cut and loaded into the instrument’s adjustable gap cell. The sample surfaces faced each other to 

form a streaming channel with a separation distance of approximately 100 µm. Streaming 

potential was measured as a function of pressure drop across the sample cell during the 

measurement. Then the zeta potential 𝜁 was determined by the Helmholtz-Smoluchowski 

equation:  

𝜁 =
d𝑈

d𝑃

𝜂

𝜀r𝜀0
𝑘B 
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where d𝑈 is the differential streaming potential, d𝑃 is the differential pressure drop, 𝜂 is the 

solution viscosity, 𝜀r is the solution relative permittivity, 𝜀0 is the vacuum permittivity and kB is 

the electrolyte conductivity[24,25]. The sample surfaces were probed using 1 mM KCl with the 

addition of 0.05 M KOH solution or 0.05 mM HCl solution to increase or decrease the pH value. 

During the rinse cycle, 100 mL of electrolyte solution were withdrawn by the instrument and 

pressurized to 600 mbar. Then the electrolyte solution was released through the streaming 

channel and recovered. The sample surfaces were exposed to three rinse cycles of the probing 

solution for equilibration; then the surfaces were exposed to three additional rinse cycles, during 

which streaming potential was measured as a function of pressure drop across the sample cell. 

 

Antifungal evaluation 

The antifungal behavior of DLC coatings was evaluated by crystal violet quantification after 

exposure to the opportunistic fungal pathogen Candida albicans. Prior to biofilm quantification, 

Candida albicans was incubated in 1× Yeast nitrogen base (YNB) + 100 mM dextrose overnight 

and was re-suspended in 1:10 RPMI 1640 medium/deionized water to a density of 107–108 

cells/mL. Samples were seeded with 1 mL of the cell suspension and incubated at 37 °C for 24 h 

to promote cell attachment and growth. The samples were rinsed 3 times with PBS, dried at 

ambient conditions for 1 h and then stained with 0.5 mL of 0.35% crystal violet dye solution (in 

DI water) for 15 min. Excess crystal violet solution was removed with further rinsing 3 times in 

DI water and drying for 1 h. Five hundred microliters of 33% glacial acetic acid was then applied 

to solubilize crystal violet dye bound to retained Candida albicans. After 15 min, a 150 L 

aliquot of acetic acid extract was transferred to a 96-well plate and measured for absorbance at 

600 nm using a multi-well microplate spectrophotometer. Four replicates of each sample were 
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performed. Background absorbance of the control samples (growth media without fungi) were 

subtracted from each respective sample.  

 

Results and Discussion  

Surface modification of DLC coatings using plasma treatment may be applied to tailor surface 

properties for specific biomedical applications; however, it is important to understand the impact 

of the surface modifications on the resulting surface properties (e.g., surface morphology, 

bonding character, surface composition, wettability and surface charge), as these characteristics 

may impact coating performance and biological interactions. Therefore, in this study, the effects 

of surface functionalization of DLC on various physical-chemical properties was evaluated as 

well as the impact on antifungal characteristics. .  

Three types of DLC coatings, Si-DLC, O-Si-DLC and F-Si-DLC, were subject to AFM 

measurements for probing the change in surface roughness after plasma treatment. The resulting 

AFM images are shown in Figure 2 and root-mean-square (RMS) values of the surface 

roughness were 433 pm (Si-DLC), 402 pm (O-Si-DLC), and 448 pm (F-Si-DLC), respectively. 

The slight change in roughness between the unmodified Si-DLC and plasma treated DLC was 

attributed to plasma-induced etching of Si-DLC, as oxygen plasma is known to remove carbon 

atoms easily[26]. However, this roughness change was minor due to the minimized plasma 

treatment duration. The results supported the similarity in surface roughness/morphology of the 

three samples.  

 

The Raman spectra for the structural analysis of the DLC coatings on silicon substrates are 

depicted in Figure 3. The Raman spectrum of DLC is composed of two bands, one at about 1580 
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cm-1 (G peak) and the other at approximately 1350 cm-1 (D peak)[27,28]. Typically, the D and G 

peaks of silicon-incorporated DLC show a redshift in wavelength in comparison to DLC[29]. 

The G peak originated from the in-plane vibrational mode of sp2 hybridized carbon (Brillouin 

zone center phonons of E2g symmetry). The D peak was assigned to the beathing of A1g 

mode[30,31]. The spectra of the three samples were acquired in the range of 800-2000 cm-1. 

Gaussian distribution method was utilized for the deconvolution of the spectrum and fitting of 

the D and G peaks. The D and G peaks of the Si-DLC film were determined to be at 1339 cm-1 

and 1482 cm-1, respectively. The G peaks of O Si-DLC and F Si-DLC were located at 1498 cm-1 

and 1493 cm-1 with the D peaks of 1360 cm-1 and 1353 cm-1, respectively. Thus, all three spectra 

confirmed the presence of DLC structure on the silicon substrate. The intensity ratio of the two 

peaks (ID/IG) was directly related to the sp2/sp3 ratio and has been widely used for the qualitative 

estimation of the changes in the sp2/sp3 ratio[32–34]. With the incorporation of the oxygen and 

fluorine atoms on the surface of the Si-DLC coatings, the G peak position shifted to higher 

wavenumber values, from 1482 cm-1 of untreated Si-DLC to 1498 cm-1 and 1493 cm-1, 

respectively. At the same time, the ID/IG ratio increased from 0.27 to 0.71 and 0.72 for O-Si-DLC 

and F-Si-DLC. This is indicative of an increase in sp2/sp3 ratio on the surface of O-Si-DLC and 

F-Si-DLC films and formation of small sp2 clusters on the surface, since the olefinic sp2 bonds 

are shorter than aromatic bonds which exhibit higher vibrational frequencies. 

 

XPS was applied to characterize the grafting of functional groups on the coating surface. The 

results of XPS measurement before and after plasma treatment are shown in Figure 4 and Table I 

summarizes the elemental composition of each DLC coating. The spectra demonstrated that the 

plasma treatments were successful by the presence of the predominant oxygen and fluorine 
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features with respect to untreated Si-DLC. The atomic ratio of oxygen reached 54% on the 

surface of the oxygen plasma treated Si-DLC compared to 10% on unmodified Si-DLC. As 

compared with evaluation of plasma surface modification of nitrogen incorporated 

ultrananocrystalline diamond (N-UNCD) in our previous study[35], Si-DLC samples exhibit a 

higher susceptibility for anchoring oxygen termination as only 16.2% of oxygen was observed on 

oxygen-terminated N-UNCD. However, the atomic ratio of fluorine for F-Si-DLC was at similar 

level with fluorine-terminated N-UNCD. To further understand the bonding character on the 

surface, deconvolution of C 1s region for all the Si-DLC are shown in Figure 4(d-f) with the 

percentage of contribution listed in Table II. In Si-DLC, peaks centered at 283.3 eV, 284.3 eV, 

285.1 eV and 287.3 eV were observed, which corresponded to Si-C, sp2, sp3 and C=O bonding, 

respectively. In O-Si-DLC, an additional peak centered at 286.8 eV was visible which indicated 

C-O bonding was introduced by the oxygen plasma treatment. As for F-Si-DLC, four additional 

peaks located at 286.5eV, 288.8 eV, 290.5 eV and 292.8 eV were identified which corresponded 

to C-CF, C-F, C-F2 and C-F3 bonding, respectively. Both plasma treatments reduced the 

coverage of carbon on the surface by introducing oxygen or fluorine while sp3 carbon decreased 

more significantly than sp2 carbon. Preferential etching of sp2 carbon over sp3 carbon by oxygen 

plasma has been reported in the literature due to lower activation energy of oxidation[36]. It was 

hypothesized that more sp3 carbon was subjected to bond breaking and anchoring of functional 

groups since sp2 carbon was removed from the surface by the formation of CO and CO2. 

 

Water contact angle images are shown in Figure 5(a-c) with corresponding measurements of 91.0 

± 0.7° for Si-DLC, 50.4 ± 1.4° for O-Si-DLC, and 81.0 ± 1.0° for F-Si-DLC, respectively. The 

results were obtained by averaging n=10 measurements. As shown, the unmodified Si-DLC is 
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hydrophobic, which is partially due to the Si content. In a study by Ahmed et al[37], Si-doped 

DLC demonstrated higher water contact angle measurements compared with undoped DLC. 

Oxygen plasma treatment rendered the surface most hydrophilic by introducing polar C-O 

bonding as compared with Si-DLC and these results are consistent with our previous study[8]. In 

contrast, F-Si-DLC was still relatively hydrophobic[38,39] which may be due to the introduction 

of less densely packed fluorocarbon compared with hydrocarbon as demonstrated in the literature 

using atomistic molecular simulation[40] and reduced surface free energy which echoed the 

results of the XPS measurements with 35% contribution of fluorocarbon in C 1s peak. In this 

study, Si-DLC without plasma treatment was more hydrophobic than both O-Si-DLC and F-Si-

DLC, whereas in our previous study on N-UNCD, the unmodified N-UNCD was slightly more 

hydrophilic than the F-terminated N-UNCD. These differences in coating wettability may be due 

to the stronger effects of Si-incorporation on hydrophobicity than the fluorine surface treatment 

or due to differences in surface roughness and/or degree of surface functionalization. 

 

Since the Si-DLC samples are insulating with or without plasma treatment, streaming potential 

measurements were adopted to obtain the optimized zeta potential which is independent of 

surface area exposed to the electrolyte and not be affected by surface roughness. The resulting 

zeta potentials versus electrolyte solution pH value, ranging from 3 to 10, are shown in Figure 

5(d). The curve was fitted with a sigmoid function. In acidic electrolyte solution (pH=3), the zeta 

potential of untreated Si-DLC (-9 mV) was less negative than the other two coatings, with O-Si-

DLC the most negative (-23.8 mV) and F-Si-DLC in between (-16.8 mV). The extrapolated 

isoelectric points (IEP) were in the same sequence. When the electrolyte solution pH value was 

increased to basic pH 10, O-Si-DLC exhibited less negative zeta potential (-69.3 mV) than both 
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untreated Si-DLC (-95.8 mV) and F-Si-DLC (-92.1 mV) coatings. The negative zeta potentials 

could indicate that electron transfer occurred from aqueous solution to Si-DLC or the presence of 

ionization of oxygen-containing groups on the surface[41]. Figure 5 demonstrates that the zeta 

potential of O-Si-DLC was less susceptible to electrolyte solution pH change, increasing by 45.5 

mV with decreasing pH. In contrast, the zeta potential of untreated Si-DLC and F-Si-DLC varied 

with pH value more significantly, with increasing zeta potential by 86.8 mV and 75.3 mV 

respectively with decreasing pH. Studying the correlation between water contact angle and zeta 

potential of low-density polystyrene, Temmel et al. suggested that the hydrophilic surface could 

lead to an increased adsorption of water and, hence, cause a decrease of anion adsorption [42]. 

Therefore, for hydrophilic surfaces, a shift of zeta potential to less negative value was observed 

at high pH values compared to hydrophobic surfaces. Using molecular dynamics simulations, 

Kudin and Car demonstrated that hydrophobic surfaces acquired a net negative charge by 

localized hydroxide ion in the surface layer[43] which further correlated the wettability with zeta 

potential. In our previous study, N-UNCD with a hydrophilic surface exhibited a less negative 

zeta potential while the hydrophobic surface exhibited more negative zeta potential at high pH 

values[35]. These studies are consistent with the observations in this study.  

 

The results of antifungal assessment based on Candida albicans with crystal violet quantification 

are shown in Figure 6 with (a) the images and (b) absorbance measurements of the samples. The 

percentage of biofilm inhibition was calculated with respect to the polystyrene control as[44]:  

% biofilm inhibition = [1 – (OD600 of samples with coating/OD600 of polystyrene control) × 100] 
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Among the three types of samples, O-Si-DLC demonstrated the highest percent inhibition with 

99.5% while the inhibitions were 22.8% and 24% for F-Si-DLC and Si-DLC, respectively. These 

results indicate that a hydrophilic surface has higher percent inhibition for biofilm growth. It has 

been well studied that the adhesion of Candida albicans depends on the van der Waals and 

hydrophobic interactions[45]. Based on the thermodynamic calculations, the solid surface with 

hydrophobic character could facilitate the attachment of Candida albicans and, thus, less 

antifungal characteristics. Moreover, the repelling of water by the hydrophobic surface could 

further bring the cells close to the liquid-solid interface[46] which can serve as another benefit 

for attachment of cells and further growth. The hydrophobicity due to the incorporation of silicon 

in DLC [15] may be attributed to the low percent inhibition of Candida albicans on unmodified 

Si-DLC observed in this study. Similarly, the less densely packed fluorocarbons resulted in a low 

surface free energy and hydrophobicity[40] for the F-Si-DLC which led to low percent inhibition 

of Candida albicans attachment and growth. Although Zhao et al. have demonstrated that the 

incorporation of silicon in DLC resulted in an increase in sp3/sp2 ratio and decrease in bacterial 

adhesion[47], the case may differ from one microbial species to another and may also depend on 

the other factors such as cell surface hydrophobicity[48].  

 

Since a large number of the nosocomial infections are attributed to adhesion and biofilm 

formation of Candida albicans on host tissues or implanted devices[46], evaluation of antifungal 

surface treatments to prevent and/or minimize potential infections associated with medical 

devices is of significant interest. Si-DLC films have potential as implant coatings, as the surface 

chemistry can be easily adjusted by plasma treatment which enables tunable surface properties 
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for different medical applications. Nevertheless, detailed investigation of pathogen and solid 

interface interactions should be performed prior to use of these coatings in medical applications. 

 

Conclusion 

In this work, Si-DLC containing 19% Si was deposited using a custom-designed PECVD system 

and further treated with oxygen and fluorine plasma to alter the surface chemistry and resulting 

hydrophobicity. Low surface roughness and no significant change in morphology after plasma 

treatment were observed. Successful surface termination and increased coverage of C-O and C-F 

bonding were confirmed with XPS providing distinct surface chemistry and, hence, different 

wettability. Water contact angle measurements correlated with zeta potential of the surface at 

high pH values suggested by a mechanism of anion adsorption. The interaction of Candida 

albicans with the three different Si-DLC surfaces were evaluated by crystal violet quantification, 

showing more significant inhibition with hydrophilic O-Si-DLC surface while the hydrophobic 

nature of Si-DLC and F-Si-DLC resulted in more negative zeta potential and increased 

hydrophobic interactions with Candida albicans. Although the results suggested that a 

hydrophilic Si-DLC surface possess a better antifungal property against Candida albicans, the 

results may differ between different microbial species. The properties of the surfaces as well as 

the microbes may affect the tendency for microbial attachment and biofilm growth. Coatings 

applied to medical devices for antimicrobial effects should be properly investigated for different 

relevant growth form of the species as well. Nevertheless, in this work we demonstrated that Si-

DLC can serve as a platform with versatile surface hydrophobicity and zeta potential. The ability 

to tailor the surface chemistry and resulting properties gives Si-DLC great potential as a 

biomaterial for reduced nosocomial infection. 
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FDA Disclaimer 

The findings and conclusions in this paper have not been formally disseminated by the Food and 

Drug Administration and should not be construed to represent any agency determination or 

policy. 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 Department of Health and Human Services. 
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Figure 2. AFM images of (a) Si-DLC, (b) O-Si-DLC and (c) F-Si-DLC coatings.  
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Figure 3. Raman spectra of (a) Si-DLC, (b) O-Si-DLC, and (c) F-Si-DLC coatings. 
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Figure 4. XPS spectra of (a) Si-DLC, (b) O-Si-DLC and (c) F-Si-DLC coatings and 

deconvolution of (d) Si-DLC, (e) O-Si-DLC and (f) F-Si-DLC coatings in the C 1s region. 
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Table I Atomic percentage of Si-DLC, O-Si-DLC and F-Si-DLC 

Sample C O F Si 

Si-DLC 71 10 - 19 

O-Si-DLC 23 54 - 23 

F-Si-DLC 54 7 35 4 

 

 

Table II Percentage of bonding contribution in C 1s 

Sample sp2 sp3 C-O C=O Si-C C-CF C-F C-F2 C-F3 

Si-DLC 14 82 - 2 2 - - - - 

O-Si-

DLC 

20 63 9 7 1 - - - - 

F-Si-DLC 18 35 - 9 3 17 9 7 2 
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Figure 5. Water contact angle for (a) Si-DLC, (b) O-Si-DLC, (c) F-Si-DLC coatings and (d) zeta 

potential of Si-DLC, O-Si-DLC and F-Si-DLC coatings versus electrolyte solution pH value. 
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Figure 6. (a) Images of O-Si-DLC, F-Si-DLC, Si-DLC, and polystyrene (PS) with fungal 

pathogen Candida albicans after crystal violet staining. (b) Crystal violet quantification of 

Candida albicans on O-Si-DLC, F-Si-DLC, Si-DLC, and PS samples using absorbance 

measured at 600 nm. Four replicates of each sample were evaluated. Background absorbance of 

the control samples with the growth media without microorganisms were subtracted from the 

absorbance of each respective sample. 
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Conclusion 

To promote the regeneration or restoration of function, one of the goals of this work was to 

investigate the use of GelMA and GelAGE as 3D scaffold for cellular growth aiming for 

fabrication of bioactive prosthesis mimic the native tissue. The operation window of GelMA and 

GelAGE were extensively studied in the literatures, including degree of substitution, degree of 

fragmentation and weight percent of use in PBS. However, the exploration of more efficient 

photoinitiatos is still underway although the current photoinitiators seem to be good enough. 

Development and synthesis of biocompatible and water-soluble photoinitiator with substantial 

visible-light absorptivity is the ultimate goal. In the present work, novel photoinitiating systems 

was applied for visible light-based 3D printing of GelMA and GelAGE hydrogel scaffolds to 

optimize crosslinking, to tailor physico-chemical properties, and to improve scaffold-cell 

interactions.  

 

With excellent mechanical properties, wide electrochemical window, chemical inertness, 

tunability of surface and biocompatibility, N-UNCD was considered as potential candidate for 

neural stimulation. The therapy with electrical stimulation to restore the function impaired by 

neurological disorder or damage requires sufficient charge injection with no or minimum 

faradiac reaction and close contact or adhesion of neurons with the electrode material.  

The adhesion of neuroblastoma cells on solid N-UNCD and nano-porous structure were 

demonstrated and further shown similar adhesion of neuron cells on flat N-UNCD surface and 

microelectrodes generated by graphene incorporation. The surface bonding, wettability, zeta 

potential and CSC were correlated which can be tailored with plasma treatments. The results 

demonstrated the capability of applying N-UNCD and UG coatings as material for neural 
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stimulation. Cellular viability, mitochondrial function, membrane damage and neural outgrowth 

of the neuron cells seeded onto the coatings have no statistically significant difference with the 

control group suggesting the potential of using these coatings as electrodes for neural stimulation 

with tunable surface properties while the antifungal behavior of oxygen-terminated Si-DLC 

enable the use of this coating for biomedical implants to reduce the infection and secure the life 

of the patient. 
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Future perspectives and challenges 

With the interests in regenerative medical treatment and fabrication of 3D structure recapitulate 

the native tissue, the development of bioprinting has gained lots attention in recent years which 

promote the advance in printing strategy, novel macromer composition and photo-initiators and 

pave the way for the production of sophisticated architecture in the future. The printing strategy 

has evolved from simple molding to spatiotemporal controlled 3D printing with capability of 

building feature size from centimeters to submicron range. The use of macromer has moved from 

decellularized ECM to chemically-modified natural and synthetic materials with enhanced 

stability of hydrogel. Composite material has also been used to promote specific function by 

hybridization of these macromer with carbon nanotube, graphene, minerals or nanoparticles. The 

current photo-initiators seems to be good enough for crosslinking; however, the development of 

more efficient visible-light photo-initiator is still in demand considering the fabrication of more 

stiff hydrogel with higher degree of crosslinking, lower cytotoxicity and creating environment 

for culturing various kinds of cells. Although Ru/SPS and TPO NP exhibited visible-light 

absorption and decent crosslinking, the redox reaction in Ru/SPS system and cytotoxicity from 

TPO NP would potentially hinder the extensive use of them which point the application toward 

specific circumstance. Optimization of photoinitiators with polymer backbones toward macromer 

solutions exhibiting biocompatibility, water-solubility, and visible light absorptivity is of great 

interest for 3D printing of hydrogels. Further investigations into synthesis of novel 

photoinitiators, modification of photoinitiators in different form more suitable for 3D printing, 

and/or the use of quantum photoinitiators to fulfill the unmet requirement could further advance 

the field of bioprinting. The synthesis of novel photoinitiators with visible light absorptivity may 

leverage the π-conjugated electrons while modification of photoinitiators with cytocompatible 
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surfactant could potentially widen the concentration range of usage. In addition, the use of 

quantum photoinitiators for the polymerization is of great interest in recent years which 

demonstrated to have extended tunability, low migration and efficient radical generation which 

hold great potential as photoinitiator of next generation. Except for the photoinitiators, the 

advance in the materials used as polymer backbone with composite material, stimuli-sensitive 

polymer and heterogeneous aiming to recapitulate the complex structure in native tissues 

promote the realization of bioprinting for regenerative medical treatment. The heterogeneous 

structure could provide pathways for diffusion of nutrient and metabolite exchange by the 

incorporation of building and eroding materials while stimuli-sensitive hydrogel (4D printing) 

could add additional spatiotemporal control. The dynamic cellular and signaling events could be 

probed by the use of hydrogels with binding site of cell-secreted factors to understand the cell–

extracellular matrix feedback. Plus, the influence on the phenotype of the cells encapsulated in 

the hydrogel would need to be investigated. Combining the knowledges of biology, 

transplantation science, biomaterials, molecular chemistry and biomedical engineering, it is 

possible to replace the current implanted device with engineered tissue scaffold for regeneration 

of the failed tissue with reduced immune responses and chance of rejection in patients in 

foreseeable future. 

 

The recent development of neural interfaces with carbon-based materials can provide promising 

results to restore the function of neurons and further improve quality of life for individuals 

suffering from many types of health conditions by providing stimulation and recording 

functionalities. With the development of MEA, the performance of the electrodes could be 

further improved. Although the use of N-UNCD or UG as electrodes seems promising, 
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improvement in CSC and facile way to fabricate microelectrodes would be of interest which can 

be manipulated through new electrode designs, changes in morphology, surface termination, 

patterns, and the use of composite materials. To prevent or minimize the degradation in injection 

capacity with long term implantation, interactions of implants with biological environment 

should be investigated with in vivo testing in the future while the influence of the waveform of 

current injection and the leakage of current on the threshold for stimulation should be monitored 

as well. To combine with the hydrogel scaffold, it is possible to study the feedback of the 

encapsulated neural cells from electrical stimulation by using hydrogel model before 

implantation. The developmental potential of neural cells, affected area from electrical current 

and the nutrient supply/consumption could be crucial and worthy investigating. The addition of 

conductive materials in the hydrogel, such as graphene, may further enhance the stimulation or 

control the target area of interest.  Cytocompatibility based on this 3D model could be more 

relevant and indicative to the in vivo situation and cardiac stimulation could also be studied with 

this model as to evaluate the performance of the pacemaker. Antifungal behavior would be one 

key point to be considered to prevent infection. Again, the multidisciplinary approach would be 

required, as major challenge, to fulfill the ultimate goal of restoration of function and should be 

accomplished through collaboration between the researchers in these fields.  

 


