ABSTRACT
Kai-Hung Yang. Biomaterials fokpplication asBio-interface. (Under the direction of
Dr. Roger Narayan.)
Biomaterial can be defined as any substance that has been engineered to interact with
biological systento probe or restore the function of our bottyrecent year, effortsave
been made to develop biomaterials for implants, wound dressienerativenedical
treatment and electrodéying to improve the life for living creaturg&his spasa wide
range of materialfromvery hard materials, such earbonrbased materiaJgo extremely
soft materiakuch asydrogelThe di fference in youngbés modul
magnitude Several unmet needs have been reported toward regeneration of the function.
Therefore, hefirst goal of this work was tmvestigate theise ofgelatin methacryloyl
(GelMA) andallylatedgelatin (GelAGE as a 3D scaffold for cellular growth aiming for
recapitulaing the structurefunction relationships similar to native tissuewardthe
fabrication of replacements for the organ/tisMthough gelatinbased hydrogel has
been extensively studied in the past few years, a more efficient photoinitiator is still in
demandIn this work, rovel photoinitiators with visiblight absorptivity and water
solubility were evaluated for efficient ptocrosslinking which circumvent the UV
induced genotoxicityvhile widening the window of exposure conditiGtutheniunm/
sodium persulfate (Ru/SP8xhibited strong absorption in visiblight rangewhile the
concurrent redox crossliimkg enable the tailoring of viscosity and more depth of.cure
The watersolublediphenyl(2,4,6trimethylbenzoyl) phosphine oxide (TP@anoparticle
could be used without the introduce of lithium. However, the use of surfattanld be

optimized toward substantial biocompatibility.



As reurological disorder or damageuld result in a permanent loss of function, the
restoration of function with the use lmbcompatible and robustectrodes foneural
stimulation and therapy was of great interésus, he second goal of this work was to
evaluate the feasibility of applyimgtrogerincorporaed ultrananocrystalline diamond
(N-UNCD) as bigeinterfaceandthe use of this carbelmased coatings fareural
stimulation.Thegeometry of the coatingncluding solid surfacgenaneporous membrane
and graphene induced microelectrqdesre evaluated with cellular adhesigihe
surfacecomposition, bonding character, wettability, charge and roughness veduated
and correlated with electrochemical properties as well as biological respbesesults
demonstrated the capability of applyingl ANCD and hybrid (NUNCD + graphene)
coatings as material for neural stimulation is comparable with commonly wedats.
No inhibitive effect on cell viability, mitochondrial function and neural outgrowth was
evidentsuggestig the potential of using these coatings as electrodes for neural
stimulation with tunable surface propertiéslditionally, the use oinother category of
carbonbased materiajiamondlike 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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Figure 4. XPS spectra of (a)-BLC, (b) O-Si-DLC and (c) FSi-DLC coatings and
deconvolution of (d) SDLC, (e)O-Si-DLC and (f) FSi-DLC coatings in the

rrrrrrrrrrrrrrrrrrrrrrrr 7

Clsregiop e é ¢ ééeececececéééeeeceeeeéée . é229

XX



Figure 5.

Figure 6.

Water contact angle for (a)[3iC, (b) O-Si-DLC, (c) FSi-DLC coatings and

(d) zeta potential of SDLC, O-Si-DLC and FSi-DLC coatings versus

(a) Images of-Si-DLC, FSi-DLC, SiDLC, and polystyrene (PS) with fungal
pathogerCandida albicansfter crystal violet staining. (b) Crystal violet
guantification ofCandida albican®n O-Si-DLC, FSi-DLC, SiDLC, 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
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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 aaéxist 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 actitithsssuch, bimaterials

usually worked with one of the capabilities, such as restore function with infglantsind

healing with dressings, regenerative medical treatment with hydrogel scaffidsd

electrodes and coatings for probing and sefdsthhis covers a broad range of materials from

very hard materials, such as diambhid, to extremely soft material like hydrod®et®. The

di fference i n youngo s of magditude.unghisstady, hdidecarkmry er 7 o
based material and soft hydrogel scaffold will be introduced amtadface with one of the

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

implants, the key characteristiof biomaterial is biocompatibility. As defined by Kohane and
Langer, the biocompatibility is fAan expressio
and its bi ol ol Therefdre, except assessingiberperformance of functionalities,

the biomaterials with biological eletion 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 simildiviog tissues with complex architectures

and also the incorporation lifing cells and bioactivenolecules to better create a three



dimensional (3D) model for in vitro studies and for the future use as biomedical ithpl4et
bio-fabrication involve the use of knowledge in diverse fields including cell biology, molecular
chemistry and material scierié&°to turn this muitcomponent system into functional tissue
constructs as demonstrated in Figue Ih recent decades, several staft¢he-art bio

fabrication approachdsve been demonstrated to generate a 3D environment to study-the cell
material interactions such as migrolding?® 22, inkjet printing®2°, laserassisted printing-?’,
lithography-based printingf 3* and extrusiorbased printingf' 3. Micro-molding or casting is a
relatively simple and reproducible approach towards fabrication of constructs with high
throughput reptiation. 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 predesigned master structdtemetaf! or fiberg® 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
corstructs for applications in tissue engineering. Plus, tunable wettability can be modified to
facilitate detachment of different molded material. This mmaading approach provides a
straightforward strategy for fabrication of celhcapsulated 3D structuwith no misalignment

as additive manufacturing. In contrast with mionolding 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 environmeior 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 fGfcE.
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Figure 1 Four core elements csidering the biefabrication of functional tissue constructs.

Reprint with permission from réf. Copyright 2020 American Chemical Society.

Bio-printing

In addition to micremolding for biofabrication, other types of approaches, usually known as
bioprinting®®, involves the usef 3D printing technique and cddiden bioinks to accomplish the
fabrication of more complex architecture as shown in Figtfe3® printingwas first introduced
in 1986 with the stereolithographic printirfgllowed by extrusion printing in 1988 Till ten
years later, in 199& 3D printed scaffold made of poly(lactidegigcolide) (PLGA) was first

used for cell seeding and culturing which opened the platform of automated manufacturing as



biocompatible scaffold for tissue engineeffidn 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 fdesign and fabrication @bmplex architecturand appeared as a
promising strategy to generate numerous constructs with the feature size from centimeters to
micrometers whiclecapitulate the structuréunction relationships similar to nativissues’.

Inkjet printing operates via ejection dfoplets, typically 10150 pL of material from the nozzle

with pressure generated by thermal, piezteile or electromagnetic stimuffsBioinks 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 stresgreifising
viscosity might limit the viability of cells in the bioiftk Laserassisted 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 doddered ribbons employed with

one side loaded with bioink and the other side with an eravggrbing material. Once laser

pulse is imposed the on ribbon, a laser induced phase changeamsdhieing layer cause the
ejection of bioink onto the substrate. Laassisted printing generally yields higher cell viability
since the nozzle induced shear stress is removed from this mechanism. However, for both of the
methods, secondagrosslinkingof the bioink after deposition should be incorporated to achieve

building construct in zlirection.

In contrast to the abovementioned methods, lithogrdgalsed printing and extrusidrased
printing are intrinsically applied for building construct Halizection. These two types of
bioprinting leverages the spatiotemporal control of additive manufacturirdegigned by

computer aidedesign (CAD) software which involves writing or layey-layer fabrication of



constructs andnables the guided growth odlis**. As the CAD file is first generated, then the
CAD file is converted into STL file which then the pesigned structure is then composed of
triangulated facets. Followed by conversion, the file is subsequently sliced into layers of material

with thicknesgangingfrom251 00 e m and ready %®or subsequent

In extrusion printing, a material filameistextruded through a nozzle and deposited onto a

printing surface with subsequent light exposure for crosslinking. The dispensing mechanism can
be pneumatic, pistedriven, or screwdriven'’. 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 sizmcamently increase the
resolution but reduce the cell viability by increased shear $tressl t 6 s i deatlt to pri
viscous bioink with minimized shear stress; however, this amaldbromise the resolution.

Thus, materials with she#iinning propertie®, depending on the polymer chain lerfgtnd

physical crosslinkintf, are preferential to reduce the shearsstimposed on the cells at nozzle
while maintain enough viscosity to achieve better resolution. The strategy to use a codtéd plate
to increase the resolution is commonly applied but the cooling effect might be diminished with
building taller structure. Other strategies such estincrossliking or the use of supporting

bat?%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 Figuré’3Recently, extrusion with another strategy, printing with a

core/shell cartilagé®* was demonstrated to be a way to printing complex structure while

supporting the resolution by varying the component in core and shell cartilage.



Lithographybased pririhg, including stereolithography (SL&)*® digital light processing
(DLP)?*>"%8and twephoto polymerization (2PP}5! has been extensively investigated for
bioprinting. SLA utilizes laser as light saerto trigger photgolymerization by pointo 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 anccrosslinking a 3D construct in a layley-layer fashion as demonstrated in Figure

4% Once the layer isrosslinked, the moterzontrolled 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 constructdinertion. However, the selution of

the structure is determined by the attenuation of the light in the prepolyheeaddition of
photoabsorbe? might be applied to limit the penetration depth and reach a better feature size.
Based on the applied irradiation, the crosslinking processecaiglgered by UV, visible or
nearinfrared light with singlgphoton polymerization or twphoton 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 te#®®. However, the exposure time of laser with strong

intensity should be controlled teduce the phottoxicity.

Unlike singlephoton polymerization, 2PP exploited the absorption of two photons
simultaneously to trigger polymerization which the probability of-photon absorption (TPA)

was proportional to the square of photon flux. Despite the use of near infrared4B8R)TIPA
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 reacheld. Another feature of 2PP was the printing process was accomplished by series of



unsupported floating voxel inside the bulk material which enable the printing of intricate features

within a preexisting device and printing without damaging the outer surtdoe/ever, the

major drawbacks lay in the limited material matching the selection rutkifdrorder nonlinear

optical proces®-®8 toxicity of feedstock and prolonged printing duratffil Additionally,

limited working range in between burning point and lassvey 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.

Extrusion Printing

Advantages

e Rapid print speed

e Easily adapted for most hydrogel
materials

e Can use high cell densities (108-10°
cells/mL)™®

Disadvantages

* High shear forces lead to low cell
viability (75%-90%)%02*

e Low resolution (20-200 pm)?223

Ink Material Requirements

e High viscosity (10-10° Paxs)?42¢ to
retain shape once extruded or
support materials to maintain
structure until ink is stabilized

e Shear-thinning properties to reduce
shear stresses

Thermal or+—
piezoelectric
actuator .

Inkjet Printing

Advantages

e High resolution (10-50 pm)?”
o High cell viability (>90%)282°
e Inexpensive hardware

Disadvantages

e Slow print speeds

e Limited cell densities (108-107
cells/mL)2822

Ink Material Requirements

e Low viscosity to allow for jettability
(<10 mPaxs)?7:30

e Secondary crosslinking or
stabilization to ensure structure
stability in Z-dimension

|55 Gua]
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1900999 I
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Stereolithography

Advantages
e Rapid print speed3!
e Can form complex architectures3!

Disadvantages
e Limited multimaterial functionality
e Cumulative UV exposure

Ink Material Requirements

e A shear-thinning material whose
balance of gel-like and solution-like
properties limit cell-sedimentation
but allow for flow upon removal of
the polymerized layer

o Overall material opacity when paired

with photoabsorbers plays a role in
Z-dimension resolution

Laser-pulse
Energy-absorbing
layer
Bioink
layer
e e

Laser-Assisted Bioprinting

Advantages

e High resolution (10-100 pm)3233

e High cell viability (>90%)3234

e Can use high cell densities (>108
cells/mL)32

Disadvantages
e Expensive hardware
e Limited multimaterial functionality

Ink Material Requirements

e Low viscosity to allow for jettability
(50-150 mPax*s)3?

e Secondary crosslinking or
stabilization to ensure structure
stability in Z-dimension

Figure 2 Four different types of biprinting. Reprint with permission from rét Copyright

2020 American Chemical Society.
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Figure 3 Strategies for improving performance of extrusionimting. (a) shear thinning, (b)
rapid solgel transition o(c) printed into a bath that supports their structure. Reprint with

permission from ret’. Copyright 2020 American Chemical Society.
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Figure 4 schematic diagram of SLA and DLP. Reprint with permission frorffref

Hydrogel
Since the introductioof crosslinked poly (zhydroxyethyl methacrylate) hydrogels as by

Wichterle and Lim in 1960, the application of hydrogel has gained much more attefdiche



use as bianterface with minimum foreign body response which has been used in cont&tt lens
cell encapsulatidi and tissue engineerifity’®. The highly hydratedature, which can absorb

water over many times of their dry weight, and resemblance of physiochemical properties with
natural extracellular matrix (ECM), as demonstrated in FigikgBovided a thredimensional

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

transport of nutrients and provide the physical cues for cell gfdwth

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, dApri mar yndmlaawn d owantde rwiataenrd . A swhcen a
water, the water molecules enter the matrix and then hydrate the most polar and hydrophilic
groups in the polymer chain, resulting in fApr
Further, as the netwloswells, the hydrophobic groups would be exposed and interact with water

mol ecul es, resulting in Asecondary bound wate
to the osmotic driving force of the network, as opposed by the covalent or physssdings,

leads to an equilibrium swelling with elastic network.
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Natural and synthetic materials

As in the literatures, there are variousadterials 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 biocompatibtnthetic hydrogels, such

as poly(ethylea glycol) (PEGY¥, poly(vinyl alcohol) (PVAJ3 and poly(ethylene oxide) (PE®G)
offered high batclto-batch uniformity which was more controllable and reproducible in
structures, gelation kinetics, degradatrates, 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 attachmerit’® On the cotrary, natural materials have gained interest, from a
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bi omaterial 6s perspective, because of the
Decellularized ECM, collageri®, gelatirf®, chitosaf’, alginate&!, hyaluronic aciéf and

fibroin® 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, RG3%%, matrix metalloproteinase (MM#)sensitive degradation sites,
and is cost effdve. 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 stru€tftanvhile 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 expited the issue of antigenicity and immunogenf€itin contrast,
gelatin,a denatured form of collagen by irreversible hydrolysis as shown in Figlish6wed

no antigenicity® 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 fromre@opyright

2020 American Chemical Society.

Chemical modification of gelatin

As aforementioned, gelatin is a material with great potential for the fabrication of hydrogels.
However, pure gelatinéxi bi ts a | ow gel ation temperature w
as such, it cannot be used for cell. culture a
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 (GelMAJ* ® or modified with allyl glycidyl ether (AGE) to make allylated gelatin

(GelAGE)®%4%as demonstrated in Figuré®7
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GelMA was first introduced by Van den Bulckad coworkers in 2060 Since this report,

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

bioactivity and the applications of this material in different fields, especially in tissue
engineering and regenerative medical treatment toward the restoratienraf tissu®,
vascularizatiof?, cardiad¢®, cartilagé®, boné, skin'“® musclé®, livert®®, andkidney*. This
materialhas been applied and synthesized extensively in the literatugeneral, the synthesis

of GelMA is carried out by direct reaction of gelatin with MA in phosphate buffer saline (PBS,
pH=75)at5@& C, r esul t i n g metmacryioy Rincionbgrdupsron thegyeladirf
backbone by reaction with reactive amine and hydroxyl gf84H8 The substitution is then

stopped by diluting the reaction mixture with PBS or water and dialyzed against deionized water
through a sempermeable membrane for/days to remove unreacted MA, byproducts and-low
molecularweight 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), hene 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 high&®DoM

Recently, anothestrategy of chemical modified on gelatin has been reported which introduced a
thiol-ene crosslinkable hydrodé#l, GelAGE, withless susceptibility to

oxygen inhibitiod'* and more homogeneous netwdfk*2 For synthesis of GelAGE, the gelatin

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

e €949 NaOH is used to adjust pH value and to initiate fragmentation and modification with

higher pH corresponds to strondgexgmentation and lower molecular weight. To stop the

13



reaction, aqueous HCIl is added to the solution to adjust the pH to 7.4 and then dialyzed with
semipermeable membraragainsideionizedwater, followed by lyophilization and isolatation

the GelAGE maamer for future use.

MO - o o 1
A2 Lt s bAd)
HOOC OH s

7 1h, pH7S5, 7T NH; 1-24h,pH8-13
HoOC }l*& Jis 50°C HOOC L ¢

GelMA Gelatin GelAGE °
/

C —— Gelatin reference

pMA reference
—— GelMA reference
—-= hydrolyzed GelMA gel
—— GelAGE )\ reference

—-— hydrolyzed GelAGE )y gel

JY' I hv_

GelMA

hv R
Photoinitiator,!

\
DTT
GelAGE

50

1'3 1'4 1‘5
Retention Volume [mL]

Figure 7 A) Chemical modification of gelatin into GelMA and GelAGE. B) Scheme of the
network structure of GeIMA and GelAGE. C) Analysis of the residual polymer fraction. Reprint

with permission from reft®.

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 netwarlo&aling 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 Figufé*8Physical crosslinking of hydrogel is accomplished
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through physical entanglemerftglymer chains by either ionic interactfdr electrostatic
interactiort'®, hydrogen bonding’, crystallization'8, metal coordinatiott® or thermallyinduced
hydrophobic interactidd®. The predominant advantage of this kind of crosslinking strategy is
the biocompatibility in the absenceafemical 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 clustestthe 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
conditiong?L, The commonly used strategies to promote chdmgeation between the polymer
chain were by leveraging enzymatic crosslinkfgclick chemisry'?® or phote

polymerizatiod?’. Among these methods, the crosslinking via pfabmistry 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 satnof light source which is beneficial for
fabrication of 3D construct®. Thus, photecrosslinking has been extensively studied in the
literatures with significant efforts and breakthroughs in designing and synthesis of photo
crosslinkable polymers for 3D printing with biocpatibility which can support the proliferation

of the cells seeded on the 3D printed constffiot the cells encapsulated inside the hydrggel
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Figure 8 Crosslinking strategies for hydrogel: ionic crosslink, thermally induced hydrogel
formation, crystallizatio induced hydrogel formation and chemical crosslinking, such as UV

induced crosslink and enzyme catalyzed crosslink. Reprint with permission fréth ref

Mechanism of photacrosslinking
In general, phot@rosslinking can be classified into three categories, including (ajddeeal
chain polymerization, (b) thietnecrosslinking and (c) photmediated redox crosslinking

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

In freeradical chain polymerization, there are three stages included during thesprbces
crosslinking: initiation, propagation and termination as shown in FigdreFr initiation,

which trigger the start of polymerization, radical species must be introduced into the reaction by
photocleavage of photiitiators. The rate of generation of radical speciesfumetion of (a)

incident light intensity, (b) photmitiator concentration, (c) molar extinction coefficient of
photainitiator, (d) quantum yield or number of phetleavage event per photo absorbed, and (v)
the number of radicals generated per pradtavage eveit® 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 cate then be approximated as a seeontter

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 toombination of two chains to form one continuous chain, termination of two
chain with one saturated terminal group and onesadurated terminal group and transfer of
radicals away from propagating polymer chain, respectitelith all the three steps

combined, the rate of panerization (R)*?° could be expressed as:

i of .
Rp= k(T) U

by assuming pseuesteady state of total radical species concentration, which the rate of
initiation is equéto the rate of termination, and generation of two radical species upon photo
cleavage wherepks the propagation rate constantis the quantum yield, is the molar

extinction coefficient of the photmitiator, | is the intensity of incident lightC] is the

17



concentration of photmitiator, k 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 degradablenaterials take longer. Although the fresdical chain polymerization enables a

rapid crosslinking, a few drawbacks still present while exploiting this crosslinking mechanism
oxygen inhibitio*® and inhomogeneous netwdtk The quenching of radicals with the

presence odmbient oxygen could be a critical issue for bioprinting which hinder the completion
of crosslinking of precursor materials and jeopardize theestfidglity of the 3D printed

construct. One way to overcome this issue is to increase the intensity of light or concentration of
photainitiators; however, it could introduce higher cytotoxicity while printing with-tzadien
hydrogel. Secondly, the formah of inhomogeneous network might be attributed taaiped

pile up of concentration gradients and limited diffusion of radicals which result in auto
acceleration of propagation in local &®4>3 Thus, intramolecular chain transfer events, such

as branching or cyclization of polymer backbones, may hajeehichance to occur.
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Figure 9 Overview of freeradical chain polymerization. (A) Schematic of initiation,
propagation, and termination. (B) Network of polymer chain crosslinked throughafieal
chain polymerization. (C) Common functional groupgpéyed in freeradical chain
polymerization in bioprinting. (D and E) Change in storage and loss moduli during the free
radical chain polymerization. Reprint with permission from'fefCopyright 2020 American

Chemical Society

Thiol-ene crosslinking

As compared witliree-radical chain polymerization, thi@ne crosslinking has gained attention
as an alternative way for polymerizing hydrogel scaffolds which confer the hydrogel with
homogeneous netwotk less shrinkage, less accumulated stféswmore flexibility in tuning
properties by crosslink&® and insensitivity to oxygen inhibitidft. The less susceptibility of
oxygen inhibition circumvents the removal of oxygen by using nitrogen purging which not only

reduce the @amplexity during crosslinking but also provide a friendly environment for cellular
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growth while printing with celaden hydrogef$®. Additionally, the introduce of thiel

containing crodimker may also serve as signaling ligand for redox in biological systéti%

The same as fregadical chain polymerization, the mechanism of tieioé crosslinking involves
initiation, propagation and termination as shown in Figuté®>1Bowever, the difference is that

the reaction requires the aid of crosslinker to complete the step growth. Once the ini@hisad
generated by photimitiator, the thiolcontaining molecules, crosslinkers, are converted into thiyl
radicals. These thiyl radicals then can further react with molecules contanegwith

formation of thioetherbond®. Al t hough it &s pos sonoffreeradical have
chain polymerization, for example between acrylates or methacrylates on the polymer backbone,
step growth mechanism is still predomindhtThesequential conjugation of thiol witlene

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. Wever, 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 reactivityesfe group in thieene crosstiking is
determined by the electron density and location of¢he group®®. The-ene group with larger
electron density is generally more reactive whike internalenegroup exhibit diminished

reactivity compared with terminagéne group due to radical mediated isomerization. In general,

the rate of thiokne crosslinking can be modulated by the similar manner asafilesal chain
polymerization. The variation in conatgation 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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degreeofcras| i nking since itds dominated by the

concentration of reactive groupegie).
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Figure 10 Overview of thiol ene photecrosslinking. (A) Schematic of initiation, propagation,
and termination. (B) Network of polymehain crosslinkethrough radicaimediated thidlene
reactions. (C) Commonene groups employed in radigakdiated thidlene reactiongD and

E) Change in storage and loss moduli measured via oscillatory shear rheology during the
thioli ene photecrosslinking. Reprint with permission from réf°. 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 Figur&LThe photesensitizer is eloyed in this

reaction which generate radicals through electron transfer or hydrogen abstraction as compared
with the photecleavage of photmitiators used in previous two mechanidpmotesensitizer
shouldenable an efficient absorption of light andatgze the phot@xidationand subsequent

coupling of reactive group¥. Unlike freeradical chain polymerization which could be inhibited
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by the presence of oxygen, it was reported thatppreciable crosslinking occurred in the
absence of oxygen. While oxygen is incorporated in the reaction, the exciteesphsitizer
itself or intermediate radicals could trigger the of production of reactive oxygen species®R0OS)
which could be harmful for the cells incorporatedha hydrogel and should be taken into

consideration as well as the concentration of pisettsitizer.

A
Photooxidation and Crosslinking
I "—5 I* (Photosensitization)
I*+ R-OH = |~+ R-O* + H*
R-O¢ + R,-0¢ - R,-0-R, (Crosslinking)
Oxygen-Mediated Reactions Reactive polymers Networks after
I"+30, > 1+10, before crosslinking crosslinking
1430, > 1+ 0,
2le 4 2H* > 1+ 1-H, — gzz:zler backbone
b, +30; > 1+ H,0, === Formed Crosslink
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o & 1000 l “mmmmmxxmx S 1000 \eanssansssstas
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Figure 11 Overview of photemediated redox crodaking. (A) General mechanism for pheto
mediated redox reactions. (B) Network of polymer chainsatoimig reactive groups cross
linking through photemediated redox reactions. (C) Common functional groups employed in
photomediated redox reactions in bioprinting. (D and E) Change in storage and loss moduli
measured during the photomediated redox eliokéng. Reprint with permission from réf°.

Copyright 2020 American Chemical Society

Type | photo-initiators
To trigger the crosslinking or polymerization of the hydrogel with eitherrfidizal chain

polymerization or thieknecrosslinking, a photanitiator 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
photainitiators commonly used can be classified into two types: type | and typgk. | phote
initiator requires only single component to trigger the initiation. After the absorption of light, the
photainitiator then is promoted texcited singlet or triplet state followed by homolytic

cleavag&*? which generates free radical responsible for the start of paatien. This phote
cleavage usually occurs at thigosition of carbonyl groups as knownlasleavageTo date,

various type | photanitiators have been investigated in the literatures includinggiZp2thoxy

2- phenylacetophenone (Irgacure 651)ytroxycyclohexyl phenyl ketone (Irgacure 184)2-
hydroxy-I-[4-(hydroxyethoxy)phenyip-methykL -propanone (Irgacure 295, lithium phenyd
2,4,6trimethylbenzoylphsephinate (LAPY®, 2,4,6-trimethylbenzoydiphenylphosphine oxide
(TPOY 8 and 2, Njazobis[2methykn-(2-hydroxyethyl) propionamide] (VA86)4". The most
important factors of photmitiator considering the application in 3D printing with deltlen

hydrogel are biocompatibility, water solubility and wavelength of absorption. The
biocampatibility is the universal criteria for any materials to be employed in tissue engineering.
A photainitiator with high water solubility could circumvent the use of toxic organic solvent to
reach the desired concentration of phiitiator and degree afrosslinking?®. A subsantial

absorption in visibldight range could prevent the UV induced phtigicity and genotoxicity.

Irgacure 2959 and LAP are the most commonly used type | jphitidors in photecrosslinking
because of the decent water solubility and good viglidit cells when used in low
concentration. The chemical structure of both is shown in Figdfé Thce absorbs light,
Irgacure 2959 experiences an excitation to higher sisgét and converts to a triplet state

through intersystem crossil{§ and then the molecule dissociates into benzoyl and ketyl
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radicals. Among the two, benzoyl radical plays the major role in ptrogslinking since the

ketyl radical can react with water rapidly and hence wittsh lifetimée#414¢ However,

Irgacure 2959 absorbs light majorly in UV range rather than viidghé Shifting the

wavelength of the incident light to shallow UV range (@8O rm) results in low efficiency of
crosslinking which may require the use of higher phoittator 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 295@an greatly limit the penetration depth since UV light is with
higher energy and the chromophore of Irgacure 2959 remains even after absorptiof’dflfight

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

use of Irgacure 2959 could be a good candidate

As an alternative to Irgacure 2959, L&#°is another commonly employed and commercially
available type | photinitiator which exhibits a much higher molar extinction coefficient in
shallow UV range (35@00 nm) which couldesult in higher polymerization rate and trails off
into narrow visiblelight range (40420 nm). Once absorbs light, LAP dissociates into one
carboncentered radical and one phosphentered radical. Although both of the radicals can be
responsible fomitiating crosslinking, the reaction rate constant of phospbkatered radical

was shown to be 2 orders of magnitude higher than the cadmtared radical in crosslinking
acrylaté*®. Since the water solubility and LAP can be regarded as \dsijiiephotcinitiator,

LAP has been extensively employed after it wast Bynthesizeld®. Additionally, the advantage
of using LAP as photnitiator is the higher depth of cure since theomophor&?is lost after
photocleavage which enable the crosslinking of larger construct with fewer 3D printing steps.

Til now, both Irgacure 2959 and LAP have been widelyliad to trigger either freeadical

24



chain polymerization or thiokne crosslinking with extrusigmased printing or lithography
based printing. Recent development has focused on the synthesis of novéhipilatdos with
higher water solubility and mait extinction coefficiertt” 1> and also the use of nanoparticfe
160 3s photeinitiator which leverage plasmonic, panchromatic, or upconveptiogerties of

nanoparticles.
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Figure 12 (a) Photecleavage of commonly used type | phatdiator: Irgacure 2959 and LAP,
(b) molar extinction coefficient of the Irgacu2859 (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 réf®,

Type Il photo-initiators
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As compared with type | photaitiator, type Il photeinitiator requires the use of gnitiator,

hence a tweomponent system, to initiate the polymerization which usually involve a more
complex mechanisno date, cople of type Il photeanitiators have been investigated such as
2,3-bornanedione (camphorquinotf) eosinY 4, riboflavin (RF$%152and tris(2,2bipyridyl)
dichlororuthenium(ll) hexahydrate (Ff. After exposure to light source, the excited type I
photainitiator react with cenitiator to generate radicals via proton or electron transfer for
triggering the initiation proce$$. 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 eosilf absorbs visibldight with a hgh molar extinction coefficient, the
reaction rate of cinitiator such as triethanolamine (TEBA}*2with the reactive group is usually
slow. In such circumstance, accelerants, for examplanMpyrrolidone (NVP) or N
vinylcaprolactam (NVCLY, might be necessary to induce an efficient crosslinking which
substantially increase the comxitg of the system and possible cytotoxicity from all the
component combined. RF, as a natural phioittator, has also been extensively used in photo
crosslinking. However, the efficiency of crosslinking is not predominant and RF is very
susceptible toxygen inhibition which can react with oxygen with multiple pathways to form
byproduct®2 Recently, the use of Ru with-@aitiator, sodium persulfate (SPS), has been
reported to provide attractive features in visilidgat induced crosslinkingRu possesses a high
molar extinction coefficient of 14600 '™Mcm' * at 450nm®4which is compared with other
photoinitiators in Figure1¥°. After photeexcited, SPS then accepteatron 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 demonstratedfigure 14. This Ru/SPS systemias 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 crosgiimg with dual mechanism with higher depth of éare
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o 8
E
E OH E
=] bt o
=]
E 1 g | b
= €365nm = 4 M cmr W w80
Wavelength {nm)
~
Q
=
o 1
2
= =1 =1 L 4
2 €365nm = 218 M1 cn: 300 400 500 600
ﬁ €405nm = 25 M-cm- Wavelength ()
- Ru(bpy);?*

L)
]

F
s
o
Absorbance

. o 30 400 500 600
€450nm = 14600 M-cm™! Wavatength franj

600nm
Eosin-Y
£
]
i
ol
- Appn-] 300 400 500 600
u Emnm = 60803 M-lem Wavelength (nm)

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

initiators for lightbased bioprinting. Reprint with permission from ¥&f Copyright 2020

American Chemical Society
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Abstract

Diamond hadeen studieds an interface between medical devices and the libechuse ats
wide potential window, chemical inertness, mechanical hardness, capability for surface
modification, tunable electrical conductivity, and biocompatibility. Diamond coatingstiesre
consideredor use in a variety of medical device apptions, including in protective coatings,
bio-interfacesandbiosensors. For example, diamond hasn investigatefbr use in neural
stimulationsince it exhibitsot only stabilitybut also avide potential window. This manuscript
reviews the development of neural interfabasedn diamond coatings, which can provide an

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

Background

Diamond hadeen studiedsan interface between medical devices and the human body for
several decades becausét®fvidepotential windod,2], chemical inertneg8,4], mechanical
hardnes$i 7], capability for surface modificati¢8i 10], tunable electrical conducttyi[11],

and biocompatibilityf12i 14]. Based on grain size, diamond coatingslmaglassifiednto
microcrystallinediamond (MD), nanocrystalline diamond (NCD), anttananocrystalline
diamond (UNCD) as shown in the Fig. 1(a) [7]. NCD and UNCD, which exhibit small grain
sizes and low roughness values, may be useddroelectromechanicalystems (MEMS) and

other tribological application®,15].

Raman spectroscopy is commonly ugadexamining the bonding of carbon atoms in diamond

[16,17] The Ramameakat 1140 cit is sometimes noted in diamond coatings with small grain
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size (< 0.1 '¥pehkhadEdnassatidtesith namaarystalline diamond coatings

or sp-bonded carbon atoms in nanocrystalline diamond coafiingspeak at 1332 crhhas

been associatesiith sp-bonded carbon atoms aisdattributecto the zone center optical phonon
mode,which exhibits kg symmetry. This peak has a narrodr-width at half maximum value

(2 cm 1) anda highempeak intensity in highly tetrahedral materials such as natural diamond.
Broadening of this peak observed imliamond coatings with large amounfsamorphous

carbon and small grain sizes. The broad hump at 158bismalledthe graphite (G) band; it is

the optically allowed & zone center mode that is associated with crystalline graphite. The small
shoul der at 1350 c¢ mifhraphie;gtis lmownds the disbrderedd(D)g mo d e
band. These two featurase found irsp’-bondedamorphous carboiThe peak at 1470 crhis

also associated wittimorphous carbon. An example of raman spectrum on diamond and other
carbon features is illustraten 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 thé/sp’ ratio in diamond cdings[19].

Diamond carbe synthesizedsing chemical vapor deposition (CVD) methods, including hot
filament CVD and microwave plasma CVD (MPC\B)which provides a cosifficient
process of manufacturif@pi 22].MPCVD is widely utilizedin laboratory and industry
settings.MPCVD can providehagh densityplasma and high concentration of active species,
enabling deposition at low temperature and low pressure. Additionally, MPCVeshajh
quality NCD or UNCD coating®e grownin the absence of contamination from the filament

materialg23]. A schematic diagram of CVD method is shown in Fig. 1(b).
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Electrical stimulation and biocompatibility

NCD and UNCDhasbeen considerefbr use in a variety of medical device applications,
including in protective coatings, bioterfacesandbiosensor$24i 28]. The mechanical strength
and wear resistance of diamond coatings make them a proper candigi@tecs/ecoating for

heart valve and joint prostheses. Anchoring of proteins, cells, or DNA on the safrthaeond
coatings may facilitate uses of these materials agmtaofaces and biosensors. Intrinsic diamond
is a semiconductor material with a widandgap. The conductivity of diamond dangreatly
increasedvith boron (ptype) or nitrogen (flype) doping11]; doping can increase conductivity

t o ar o ulend[5R Bdld emission by hydrogeierminatecdiamond with negative

electron affinity (NEA) has also been derstrated29,30] Under electrical stimulatiorgharge

was delivered in the leading phase to depolarize the membranes of excitable cells by either the
capacitive injection mechanism or the Faradaic injection mechd8i§mrhe most commonly

used conventional materials are titanium nifi3@e33], platinunj34i 36] and iridium oxid¢37i

39] with capacitive injection, pseudocapacitive injection and Faradaic injection approaches,
respectively. Among thenfaradaicinjectionis not favoredince it may change local
environmensuch as water electrolysis, change in pH value, protein reduction, or oxidation;
these processes may be detrimental to cells. Dissolution of the electrode, delana@ndtion,
breakdown of the passivation film may alsgaur function. Poly(3,4
ethylenedioxythiophen€PEDOT), an electrically conductive polymer, has also been studied as

electrode materig#0i 42]; however, the longerm stabilityof this material is uncertain.

Diamond is a promising material for neuséimulationthat exhibitsnot only stabilitybut also a

wide potential window to avoid the electrolysis of water. In the previous studies, diamond has
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been demonstrated to havpaentialwindow of around 3.2 V, which is higher than all of the
materials mentioned above. The mechanical integrity and chemical inertness provided by

diamondmake it an appropriate material for leteym use.

One of the concerns for application o€ or UNCD as diointerfacefor neural stimulation or
recording is biocompatibility. Since NCD is doped with boron to give tunable electrical
conductivity, it might demonstrate cytotoxicity with higher doping concentratioft ¢h@® or

higher). Surfaceetrmination and hydrophilicity were algoportantfor determining cellular
attachment, differentiation, and proliferation. In 2004, Specht et al. demonstrated ordered growth
of neurons omliamondsingle crysta[12]. In recent years, Taylor et al. showed that human

neural stem cells (hNSCaje able tattach and proliferate on NCD and bowwoped NCD

surfaces that exhibit high levels of boron doping ¢ &é7°)[13]. Forlong termstability and
compatibility, Nistor et al. examined differentiation and function of neurons; they demonstrated
that borordoped diamond (BDD3ansupport pluripotent stercell-derived human neurons after

long-term culturg14].

Neural stimulation and braimachine interfacesan notonly 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 snsalifacearea[31]. These devicesanbe usedor
selected stimulation of tissues with good spatial resolution. Electrodes with high relative surface
areas may have enhanced attachment of nazelts; rough surfaces have been shown to provide
better cell attachment than flat surfaces (Fig43). Too high or too low of roughness might

haveadverseeffect As shown in Fig. 4, asnopaous membranes have also been demonstrated to

51



provide cellular anchorinf#4]. This study indcates that many types oficoscaleand nanoscale

structures may have appropriate functionality to sen@aasterfaces

Surface functionalization

Following the demonstration @bchlearimplants for hearing log¢5,46]and deep brain
stimulation (DBS) devices for Parkinson's dis¢48& 8], visual prosthesgk 49 51] arebeing
investigatedor providing bind 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 prosthesd®2]. From an engineering side of view, a ground grid configuration is
recommended to give better electrode resolution compared to distant dvinatak, [53] and
hexapolar return electrode configurati¢#8]. Additionally, 3D nanostructured electrodes can
provide higher resolution compared to their planar counterfidiisTo create effective neural
prosthesesstudies on the behavior of both retinal neurons and glialarelleecessarsince
adhesion of glial cell and gliosis can affect the interaction between the electratie aetls and
long-term efficacy. Surface terminationimportantfactor for controlling the attachment of cells
to the diamond surface since neural cedied tohavestrongerattachment ténydrophilic

surfaces. Surface treatmemtsre usually achievettirough plasm#8,9,54 57] or photochemical
reactiond10,58,59] Four common surface termination approaches thatlbeem denonstrated
include hydrogestermination, oxygettermination, fluorineerminationandaminatermination.
These four terminations gave distinct surface hydrophilamigwater contact angle {F
terminationH-termination>NH-termination>Gterminatior) attributes. Although\NHo-
terminationwas relatively unstable when stored in air compare to the otlidestermination

can be retained to a great extent for up to three months if properly jaoket].Most asgrown
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diamond surfaces are-tdrminated because the film growtivolves theCHz* radical[7];

however, nitrogetfincorporated UNCD is not intrinsically-kerminated. The growth of nitrogen
incorporated UNCD filmwvas showrio bebased on gradicalsoadditional hydrogen plasma
treatment is required to imparttdrmination to the surface. In recent ye&andaliet al.

showed that both retinal bipolar neurons and retinal ganglion cell (RGC) neurons grew on
unmodified GterminatedNCD while glial cells demonstrated low survival witht€mination

[62]. The results suggested that&@mination carbe appliedbn the tip ofpenetratingelectrode

to facilitateneuronelectrode interaction while preventing glial cell growthte@minationis
preferredat the base of thelectrodeto facilitate rapid sealop This further underlined the
importance opatterningthe surface with different types of terminati@3]. An in vivo

experiment demonstrated thbility of implanted diamond electrodes ®weeks in a rodent
model[51]. In another study, biocompatibility of diamond MEAs in rat contes observed

after implantation for six months; magnetic resonance imaging (MRI) showed no alteration of
brain tissud64]. In addition lessartifacts were observed because of the low magnetic
susceptibility of carbarthis resultsuggests thatiamond 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 thrigsfur stimulation byformationof 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 signauality andrequirementor increased charge injection may casatety

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

demonstrated a thinner encapsulation layer for BDD electrodes compared with Tiboelect
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after implantation for two and four we¢g5]. Lower levels of inflammatory reactiomere also
observedn the BDD electrodes. The BDD electrodes demonstrated better biofouling resistance
than the TiN electrodd66]. A stable electrochemical respongas demortsatedover 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: NUNCD<BDD<PCDc< silicone<stannous octg@7]. However, it shoulde

notedthat the geometry of the implant may be different from that oélibetrodes .

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;eleggproaches serve as

predictors for successful neural stimulation whemparingwith the threshold charge density
required for use in a neural prosthd8it]. CIC is definedas the amount of charge delivered per
unit area. There are a few mechanismdeidvedit from the literature. One approaalas based

on the slope of voltage excursion in Y&0] or the scan rate of CR2] to obtain the capacitance

of the electrode. Injection capaciias obtainedy multiplying capacitance witbcanrange of

voltage. The other way was through direct measurement of injected currenCi€¢e0d]. The
numbers obtained with each method cagiée different. The CSQvas definedas the amount

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

a stimulation pulsg8]. As such, ClQata cannobe replacedhy CSC data. CSC damusually

obtainedby performing a CV scan under a slow scan rate, which is not similar netinal
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stimulation pulse; thaeuralstimulation pulse is typically is performed at a higteand with a

high current density.

Before use irelectrochemicahpplications, an activation pretreatment is usually carried out to
enhance charge injection by eledinemical or plasma treatmdf8,70] Cleaningof surface
contaminants and roughening the surface provided sites foraiggiton transfer and additional
higher injection capacity. In addition tachangan morphology, surface termination can also

play an important role. Electrochemical pretreatment with a CV scan was demonstrated to induce
changes in thdistribution of finctional groups on the surface. After activation, CIC values

ranging from 256 0 0 &' {J30jowere reportedvith capacitive injectionHydrogenplasma

was usedor activation, which rendered the surfacedtiminated and increased the surface
conductivity. Recently, Tong et al. demonstrated tixggen plasma increases oxygen coverage
which in turn increase the hydrophilicity and double layer capacitance propeétfieshis

caused a dramati c i n ¢%ofehaas growofifm taCllII€mG-ambafter 2 0 & CL
180 minutereatment (Fig. 5)2]. Cell density, neurites per neuron, and neurite length values

were high, indicating that thexygenplasmatreatmentanbe optimized to facilitate neuron

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

to ahighervalue.

Recording electrode
Hebert et al. showed that CSC of diamond MEA was carriediout \a 4 3 '3 in sh@sphaten
buffered saline (PBS), which was comparable with CSC of Pt electrodes. This CBE€ can

further improvedy applying carbon nanotubes (CNTs) axaffoldfor BDD growth. By using
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this 3D nanostructure, Piret et al. demonstrat&5C of 6.8 mC-chiin PBS. However, the

nickel used in CNT fabrication is carcinogenic. Metal impurities in diamond nanoparticles were
reported to be cytotoXi¢2]. In addition, the releas# reactive oxygen species (ROS) from

CNTs has been reported to cause cell dg&h Complete encapsulation 6NTs by diamond is

necessary to avoid this adverse effect.

The ability to use NCD or UNCD as a recording electnods assessday electrochemical
impedance spectroscopy (EIS); in this approach, a high electrode impedance corresponds to a
low signatto-noise ratid64,66,74] The impedance was usually measured undi@gaencyof

1 kHz since that value is the fundamental frequency of a neuronal action p¢#&itiklwas
expectedhat the primary component of the electrode impedamgnterfere with the
recordingsignal at a frequency of 1 kHz. Piret et al. recently demoestiai impedance value

of around 103 kq for BDD electrode; a 3D n
around 50 kqgq; this value is comparabl74. t o
The mediamoise level of the 3D nanostructured BDD Mivas 3.1 uV, which was lower than

the value for Pt microelectrodes (6.9 uV). However,ithgedancef the conventional BDD
microelectrodes was slightly higher (10.7 pV). The low noise level of the 3D nanostructured
BDD MEA enabled a detection limit of 220 pV for the local field potential. Despite this,
sometimes it may fail to measure the action potentiaburons Cai et al. demonstrated the
absence of the differentiation marker for

could indicate irmature growth of neurons or exposure to stj43k
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Future perspectives and challenges

The recent development of neural interfaloeasedon 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 diseasdparalysis by providing stimuti@n and

recording functionalitiesAdditional research effortare necessary to understand the in vivo
performance of these materials. Improving the l@rgn stability of these materials based on

new electrode designs, changes in morphology, changedgate termination, changes in
patternsandcomposite materials may be worthy of further consideration. Nanostructured
features and chemistry can dramatically affect charge injection. Patterning, doping, and surface
treatmentgprovidea mechanism to creatonductive and insulating regions on a single structure.
Composite materials or hybrid structures may give improvements to electrochemical properties
and biocompatibilityln addition thewaveformof current injection and leakage of current with

increagd contact area may affect the threshold for stimulation.
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( b ) Microwave plasma CVD
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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 dragfanicrowave

CVD.
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Fig. 3. The growth of human neurons followed the NCD pillars. (a, b) SEM pictures showing the
growth of theregemmr at i ng human Scarpads ganglion neuri i
the spacing was @m. (c, d) When the spacingas increasetb 9 [Jm, the axons still followed
thestructuresput anchored on both the NCD pillar tops and silicon pillar bodiesiiRegifrom

[39] with permission from the publisher.
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@ (b)

(e) (f)

Fig. 4. SEM images of SiI-SH cell attached taa(b poly-lysine-coated glassg] solid portion
of the NUNCD membrane with 400 nm pored,)(400 nm nanoporous regiom) éolid portion
of the NUNCD membrane with 100 nm poreg) fianoporous region of the-SINCD

membrane with 100 nm pordgeprinted from [40] with permission from the publisher.
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and the previously reported capacitance of electrochemical activat®dND [35] (purple
dashed line). Error bars are the standard deviation calculated from &teaseasurements

each from two sample electrodegdinted from [2] with permission from the publisher.
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Abstract: Recentadvances highlight the potential of photopolymerizable allylated gelatin
(GelAGE)as a versatile hydrogel with highly tailorable properties. It is, however, unknown how
differentphotoinitiatingsystem affects the stability, gelation kinetics and curing depth of
GelAGE. In thisstudy, sol fraction, mass swelling ratio, mechanical properties, rheological
properties, and curindepth were evaluated as a function of time with three pindttating

systems: Irgacure 2988)2959; 320500 nm), lithium phenyR,4,6

trimethylbenzoylphosphinate (LAP; 32800 nm), anduthenium/sodium persulfate (Ru/SPS;

4001 500 nm). Results demonstrated that GelAGE precursory

solutions mixed with either 192959 or LAP ramed stable over time while the Ru/SPS system
enabled the onset of controllable redox polymerization without irradiation durifigquigation.
Photepolymerization using the Ru/SPS system was significantly faster (<5 s) compared to both
1g2959 (70 s) andAP (50 s). Plus, The Ru/SPS system was capable of polymerizing a thick
construct(8.88+ 0.94 mm), while 192959 (1.62 0.49 mm) initiated hydrogels displayed poor
penetratiordepth with LAP (7.3& 2.13 mm) in between. These results thus support thefuse

the visible lightbased Ru/SPS phetoitiator for constructs requiring rapid gelation and a good
curing depth while

Ig2959 or LAP can be applied for phepolymerization of GelAGE materials requiring leng

termincubation prior to application if UV isot a concern.

Keywords: photoinitiator; hydrogel; polymerization; visible light; gelatin; thele click

chemistry
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1. Introduction

Hydrogels are ideal materials for use as tissue engineering scaffolds as they are composed
hydrophilic polymer netwdss that hold a significant amount of wat&f §]. Thehighly hydrated
nature and physicochemical properties of hydrogels resemble the exdtizeellular matrix
(ECM), making these materials a promising choice for biomedmalicationsgspecially with
the growing interest in 3D cefleeded structures over recent

decades. Applications for hydrogels include-seéded scaffolds and 3D modelsgtrdying
cellular behavior (e.g., models for cell growth in cancérd]. Gelatin is one oftte most studied
biomaterials as it is well characterized, biodegradaivld,watersoluble [LO]. 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-ghaivth

polymerization 11,12]. Our recent report highlights that a therie crosslinkale

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 [L3], and withstand erosion by the external eowiment. It has been suggestedt
thiol-ene based stegrowth polymerization systems, in general, are less susceptimggen
inhibition compared to more commonly applied vinyl chgiowth systemsl[4]. This parameter
may pose a major advantage whiecoimes to fabricating hydrogel scaffoltisit can act as a
structural 3D support for cells, be fashioned into clinically reledanéensions for personalized
medicine applications, and be easily handled in a cliseting. In addition to choosing an

appropriate crosslinking strategy, the employmeritgift to trigger photocrosslinking has been
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widely exploited, which permits spatiotempocahtrol over material reaction and rapid
fabrication [L5]. It has further been observed thia selection of photinitiator platforms plays
a crucial role in limiting oxygen inhibitionnder ambient atmosphere. Detailed optimization of
each biomaterial system is necesgargbtain appropriate structural stability for gelatased
materials 16]. To date, a numbef photoinitiators absorbing photons from the UV region to the
visible light region have been investigated for polymerization of getetsed biomaterials.
Lithium phenyit2,4,6trimethylbenzoylphosphinate (LAP) anehgdroxy-1-[4-
(hydroxyethoxyjphenyl}2-methyl1-propanone (Ig2959) are commonly applied type |
photoinitiators, which undergo photocleavage to create free radidalsd. These
photoinitiatorsabsorb light in the UVA range (32800 nm); LAP also exhibits absorptiona
narrowvisible light range (400420 nm). However, a drawback to polymerizimigh UV light is
the possibility of genotoxicity0,21] and weakening of cell membraimegrity associated with
exposure to reactive oxygen species (RQ$). [Additionally, UV light may be attenuated by
tissue P3]; this issue may limit the use of UV polymerization

of hydrogels for tissue engineering applications as it may not be possible to fatinieadly
relevant sized samples in vivo due to limited penetration dégilz§]. Still, LAP is commonly
used in both the UVAI[8] and visible light rangel|/] to maximizeabsorption and crosslinking
efficiency due to its low absorptivity in the visible light ranljerecent years, our team has
conducted studies of another visible lighitoinitiatorsystem consisting of tAkipyridyl
ruthenium (1) hexahydrate (Ru) and sodium persulf@®S), which is capable of initiating
polymerization of gelatibased hydrogels, with higthape fidelity, cell viability, and cell
metabolic activity this system demonstrated a lowerel of oxygen inhibition than

conventional type | photoinitiatord 3,16,17,27]. Due toreduced oxygen inhibition when
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applying the recyclable Ru/SPS system, it has specifibaliy revealed that Ru/SPS can be
used tdfabricate vinyl functionalized gelatin (GelMAgaffolds with significantly greater light
penetration depth as compared to the-iditatedlg2959 photeinitiator system. The choice of
photainitiator platform is evidently necessaxybe optimised in ordeo control the fabrication
window and thus clinical applicability @ny photepolymerisable material platforriVhile
promising results have been seen with cligowth mechanismlf,17], it hasnot yet been
studied how specific photimitiator systems maaffect the lightcuring depthof thiol-ene
clickable hydrogels to fabricate large scale constructs. Likewise, considering

prolonged surgical procedures, the stability of both end point property and gelation kihetics
GelAGE precursory solution has rmen reported, although it can largely affectrtability

of resultant constructs and overall fabrication time. Hence, the aim of thisvetisdyp
systematically explore the stability of the precursory solution, gelation kineticepuand depth
of GelAGE incubated with three distinct, commonly applied photoinitiaRugSPS, LAP, and
1g2959. The replenishment of photoinitiators was further investigetedstrategy to modulate
physicochemical properties and gelation kinetics folhgionger periods of prencubation. In
this approach, we harness the power of diffepiiotcinitiator 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 literaitilelp brief, gelatin (porcinskin, type
A) was first dissolved in milQ water to 10 wt% concentration and then reaati¢idl 12 mmol

of allyl glycidyl ether (AGE) and 2 mmol &DH per gram of gelatin at 65 for 1 h to initiate
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fragmentation and modification. The resulting solution was adjusted %4tking aqueous
HCI, dialyzed with a cellulose membrane (MWCO 1 KRzectra/Por®7 Dialysis Tubing,
Repligen, Rancho Dominguez, CA, USA) against r@lilwater, theryophilized to isolate the
GelAGE macromer. NMR spectra were collected on a Varian UN®VA 500 MHz
spectrometer (Agilent Technologies, Santa Clara, CA, }J8#® degreef modification (DoM)
verified to be 0.79 mmol allyl/gram gelatin, indicating successfathesis of this materialhe
macromer solution for crosslinking was composed oiv®® lyophilized GelAGEn PBS and
60 mM dithiothreitol (DTT) for dinal 1:0.75 AGE:SH molar ratio as well ase of the
following three photoinitiators: (1) 1 mM Ru combined with 5, 10, or 20 sollium persulfate
(SPS), (2) 0.05 wt% LAP, or (3) 0.05 wt% 1g2959. All the photoinitiateeee first dissolved in
DI water andadded to the macromer solution with a specificratio to achieve the final

concentration. The photoinitiator formulation and concentratoadisted in Tablé.

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

Hydrogel GelAGE

Photoinitiator Ru/SPS LAP 1g2959
Concentration 1 mM/5 mM 1 mM/10 mM1 mM/20 mMO0.05 wt% 0.05 wt%
Irradiation 3 min, 30 mW/cr

Wavelength 400/ 500 nm 3201500 nm

To study mass loss, mass swelling ratio, compressive modulus, depite ohncturing
volume, cylindrical hydrogel discs were cast by transferring macromer soluttorslicone
molds (5.5 mm diameter, 2 mm depth),-preubating for either O or up ®0 min, then
crosslinking with 3 min exposure at 30 mW/cm2 light intensity (OmniGL&00, 320500 nm
light guide, Excelitas Technologies, Waltham, MA, USA); ai4BD nmRosco IR/UV filter

equipped to OmniCure® was used with samples containing RuéS#@able visible light
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crosslinking. Details on the light intensity measurements céoupel as Supplementary
Information. The light filter was removed while crosslinkimigh samples containing LAP and
1g2959. All of the experiments were performed uraldgbient conditions without nitrogen
purging. The initial mass was obtained immediatdtgr photopolymerization (minitial); the
mass after 24 h incubation in PBS (mswelling) ais® noted. The mass after lyophilization of
swollen discs (mdry, swelling) ambn-swollendiscs (mdry, nonswelling) was noted; the

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

Actual macromer fraction = &, nonsweliing Minitial (1)
Minitial, dry = Minitial X actual macromer fraction 2
sol fraction = (Mitial, dry-Mdry, swelling/Minitial, dry (3)
g = MewellingfMdry, swelling 4)

Compression testing of swollen hydrogel discs (24 h incubation at 37 _C in PBfgnaamed
on an MTS Criterion® Series 40 Model 42 instrunn@ TS, Murfreesboro, TNJSA) with
uniaxial single compression at a speed of 0.01 mm/s and a preload val02N.
Compressive modulus data was obtained by fitting the sétesis curve at 40i 15% strain
range; stresstrain curves for all of theamples were linear within this rangéwe macromer
solution exposed to 3 min of 30 mW/cm2 light within a silicone mattl a deep cylindrical
channel (5.5 mm diameter, h = 10 mm) was used to study theafeqptte by measuring the

resultant heighand diameter of the hydrogel with respect todbapth of the mold.

Rheology measurement was performed with a gt (steel and glass) geomedty20 C, 0.2
mm gap, and 489.9 mm2 contact area (Physica MCR 301 rheometer,PaatigrGraz, Austria)

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

as determined by amplitude sweep were performedsttnage and loss molilwith respect to

time were monitored. All of the experiments wpegformed under a ligkgrotective hood to
remove any interference from ambient lighttmacromer solution (150 _L) was transferred to

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

with the same intensity as thast gel. The time to gelation was the indicator of gelation kinetics
which was defineds the time required from initiation of irradiation to the time point of storage
modulusandloss modulus cross over. For instant crosslinking, macromer solutions were added
onto the glass plate and subjected to oscillation for 1 min to reach -stedelyprior tan situ
measurements of crosslinking. Crosslinking withripibation was conductewdth the mixed
macromer solution incubating in a microtube, which was coveredaithinum foil to protect

from light; the data was compared with fineubation undeshearing for 1800 s. Comparisons
were made to polymers with and without replenishneéphotoinitiators (SPS for the Ru/SPS
formulation, LAP for the LAP formulation, and2959 for the 1g2959 formulation) after 30 min
pre-incubation by adding the same amoasitin the precursory solution. For convenience, curves

with only storage modulus weshown for facile identification.

Statistical analysis of replicates conducted using GraphPad Prism 8.4.1 (Gr8pffiRRade, San
Diego, CA, USA). The comparison of sol fraction, swelling ratio, and comprassidalus
between time points gfre-incubation (same group) was condudieeugh onevay ANOVA
with the Tukey poshoc test; the comparison between sampédere and after replenishment
(different group) was conducted through the t test. It shoeildoted that the number of

replicateds N = 9 except the data points of Amreasurabland negel formation. Depth of cure
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with different photeinitiators was also comparesing oneway ANOVA with the Tukey post

hoc test with N = 6. The results were deersiadistically significant for p €.05.

3. Results

3.1. Sol Fraction and Swelling Rafl@ evaluate the differences in network composition as well
as the stability of crosslinkings a function of time, the physicochemical properties and
mechanical strength of thg/drogel constructs wesmalyzed. The sol fraction was defined as
the percentage ahacromers not crosslinked within the polymer network and was used as a
measure toeflect the crosslinking efficiency. Similarly, the swelling ratio represents the amount
of water taken up by thieydrogel, 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 cortbiset;
physical cues that are known to affect the development of seeded cells. Presnltgamys with
commonly used photmitiator formulations (Ru/SPS, 192959 and LAMgre prepared.

As demonstrated in Figutiei c, the sol fraction of casted gels witmM Ru with5 mM SPS,

LAP and 1g2959 were 16982.4, 16.9+ 3.7 and 32.% 5.3%, respectivelyfpllowing instant
irradiation (t = 0). The corresponding mass swelling ratio (q values 12.5+ 1.5, 11.4+ 0.4

and 13+ 0.8 as seen in Figu&ai c. For thes three formulationgasted gel with 1g2959
exhibited the highest sol fraction and swelling ratioufderstand the stability of these
photoinitiator formulations, the sol fraction and g vahith different preincubation time was
recorded. For theseréke conditions, statisticahalysis showed significant difference between
instant crosslinking and after 30 min incubationl mM/5 mM Ru/SPS and g for LAP. In

general, casted gels crosslinked VRIWSPS demonstrated a noteworthy change in sol fraction
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and swelling ratio while valudser LAP and 1g2959 crosslinked gel remained more stable and
stayed in a similar randellowing preincubation. It was furthermore noted that after 30 min of
pre-incubation,macromer solutions photocrosslinked with 1 mM/MBIRU/SPS were unable to
crosslink.This inability to form a gel is labeled as 100% sol fraction in Figuared a pound
sign(#) representing rgel formation in Figure. It is believed that SPS was depleted in the
macromer solution via redox crosslinkifits], which resulted in insufficient crosslinkirgter
when irradiation was applied. Increasing the initial concentration of SPS to 1é@nch0 mM
was able to enhance the stability; the changes in sol fraction and swellingetateen instant
crosslinkng and crosslinking after 30 min pirecubation were decreaselthough the pre
incubation time associated with a compromise in the ability to gethweasame for gels
containing 10 mM and 5 mM SPS, the sol fraction and swellingwagie much lower fogels
containing 10 mM SPS after 30 min pneubation. By furthemcreasing the SPS concentration
to 20 mM, it took macromers around 70 min to becamapable ophotocrosslinking, which
was approximately double the time as compaoddwer SPSoncentrations. This result
indicated that the phenomenon appeared totleeadependent process and driving force for
depletion was insufficient for consumitigs high concentration of SPS in 30 min. However, this
high concentration of initial SP@ademacromers undergo partial gelation without irradiation.
Again, this result may battributed to redoxrosslinking by SPS and DTT before the

introduction of irradiation anBu radicals 28§].

In addition to increasing the initial SB8ncentration, replenishment of SPS afterincubation
was found to enable phetwosslinking following prolonged incubatigimes. A flow chart of

pre-incubation and time for replenishment is shown in Figdir@his replenishment of SPS
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resulted in a écrease of both sol fraction and q value; an incrigalseth values was noted with
further incubation. A statistical comparison between bedarkafter replenishment is indicated
by the capped line. Since using 20 mM SPS canstble GelAGE redox crdssking in the
absence of light, mixing additional SPS feplenishment was not a viable strategy when using
this formulation. On the other harttie replenishment of LAP or 192959 resulted in an overall
decrease in the sol fraction agdalue. Since therosslinking efficiency and interchain spacing
were closely correlatedith mechanical strength, the results were compared with the

compressive modulus valuebtained by uniaxial single compression.

3.2. Mechanical Testing

For GelAGEcrosslinked with 1 mM/5 mM Ru/SPS, a reduction in compresamgulus was
observed as a function of pirecubation time, dropping from 22478.4 kPafor instant
crosslinking tombasuwmgallalsed ov<c2ask Papandthea er 30
absence of gel formation after 40 min (as shown in FigaygCompared with gels crosslinked

with LAP or 1g2959, the resultant compress moduwiaisies were 21.4 5.6 kPa and 1% 3.4

kPa, respectively, with no observationiméapability of crosslinkingfter preincubation.
Interestingly, the compressive modubfsGelAGE crosslinked with LAP was observed to

instead increased with precubationreaching 41.2 3.8 kPa after 30 min pfi@cubation,

which may indicate ongoing dagolymerization in thisgeriment as stray light may initiate the
crosslinking duringore-incubation P9]. Unlike the other crosslinked gels, GelAGE crosslinked
with 1g2959exhibited stable mechanical strength spanning across the full 30 mircpbation

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

with preincubation time has not beeneviously reported in the literature. It is speculated
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this phenomenon results from the depletion of SPS in the macromer solution aidteadthe
depletion of Ru since Ru is known to be recyclable in the typeihitiator system L7].
Furthermore, the compressive modulus after replenishment returned to @0%ast the value
associated with instant crosslinking. This result rulgsioe depletion othe DTT crosslinker in
the macromer solution. Similar to sol fraction results, an inciedséial SPS concentration
was able to prolong the stability of macromer solution, whitébled crosslinking; the gels
exhibited compressive mdulus values of 84.5 14.3 kPawith 10 mM SPS and 113518.5 kPa
with 20 mM SPS. In the case of 20 mM SPS, it té0knin to observe nemeasurable gels with
partial gelation. Again, by replenishing SBffer preincubation and regaining crosslinking
capability, subsequent photocrosslinknegulted in cast gels with compressive modulus values
of 27.2+ 12.4 kPa and 59 22.6 kP&30 min preincubation + SPS) for 5 mM and 10 mM SPS,
respectively; these sealts stand irstrong contrast to the naneasurable gels (30 min pre
incubation) that were obtained withaeplenishment. Then macromer solution gradually loses
the capability crosslinkingvith further preincubation again; hence, lower mechanical stifeng
values were noted. leontrast, the replenishment of LAP resulted in a further increase in
compressive modulus 73.4+ 3.3 kPa. The compressive modulus reached 85.8 kPa after
another 30 mimpre-incubation. Replenishment of 1g2959 increased tmpressive modulus
value sincehe concentration of photoinitiator was doubled; this phenomenon has been

previouslyobserved 29,30].
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3.3. Rheological Testing

Although mechanical, sol fraction, and q measurements provided the inforrmatibe
effectiveness and outcome of crosslinking, these measurements serve as endgmirements

of the polymerization process. Thusterest was focused on obtainicmntinuous and in situ
measurements. Rheological testing is furthermore importadofenstream applications such as
extrusionbased printing as well as lithographgisedorinting since the rheologicaloperties of

the material determine the elastic and visdmefsavior of the material and handleability in
constructs with clinically relevant size. Te®rage modulus and loss modulus represent the
elastic and viscous components of thaterial. These pameters were tracked in real time via
photorheological measurements. Figure4a, the transition in storage modulus was compared
among the five testingonditions with no préncubation. All of the Ru/SPS formulations
crosslinked immediatelypon lightexposure; the LAP and Irgacure 2959 formulations exhibited
a delay betweelight exposure and a marked increase in storage modulus. For GelAGE
crosslinked witlRu/SPS, a lower initial SPS concentration resulted in a lower storage modulus
value. All ofthe Ru/SPS formulations exhibited an immediate response to irradiation, showing a
timeto 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 crossliitked

LAP and 1g2959 demonstrated a slower gelation kinetics, with 1g2959 requirifantiest time.
GelAGE crosslinked with LAP and 192959 took approximately 50 s and@@esch the cross
over point, respectively, as shown in Tabldt was observethat afterthe gel point was

reached, the storage modulus continued to increase gradually witeXmggure and ultimately
stop after the irradiation switched off (3 min after the onsekpbsure), which showed no dark

polymerization P9].
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Preincubatbn resulted in a lower storage modulus for the GelAGE crosslinkedRuitBPS,

while replenishment of SPS increased the storage modulus to the same levelae tiad

without preincubation (Figurelb). The gelation kinetics was not affected by preiatioin since

Ru, which interacts with the photons, was not depletedinétbationunder shearing was also
investigated to evaluate the end point storage modmldsgure4c, an increase of modulus

before irradiation was observed after #900 sshearing for GelAGE crosslinked with 1 mM/10
mM and 1 mM/20 mM Ru/SPS yieldiregstorage modulus around 100 times the value of loss
modulus before irradiatiomnterestingly, an increase in modulus was not observed for GelAGE
crosslinked withk mM/5 mM RuSPS. It was further noted that both approaches fer pre
incubation, placemerh microtube or under shearing in the rheometer, exhibited similar storage

moduli after irradiation.

Data from GelAGEcrosslinked with LAP and 1g2959 are shown in Figure 4d,e, respectively.
The results indicate no distinct change in storage modulus durinigqoigation. The time to
gelation was not affected by pirecubation. However, after adding 0.8 photoinitiat®

again, the time to gelation was shortened from 50 s to 25 s for LAPcand 0 s to 40 s for
Ig2959, indicating that the polymerization rate was concentrdgpendentvhich was similar

to concentratiosdependent polymerization mechanism obsefeedhain growth systems [30].
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Table 2.Time to gelation(s).

Photointiator Ru/SPS LAP 1g2959

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

Instant 3 3.5 3 50 70
Shearing

2 4 4 47 52.5
(600 s)
Shearing

3 4.5 5 42.5 51
(1800 s)

Pre-incubation
35 3 - 41 515
(1800 s)

Pre-incubation
3 2 - 25 40
+ Pl

3.4. Depth of Cure
In addition to physicochemical properties and rheological behavior, the depth of another
parameter that affects the downstream applicability, including the utilifyréparing with

clinically relevant size or applicability in injectable hydroggstems. of cure was investigated
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via the height of cast gel with respéetthe mold. Our results showed that macromers with 1
mM/20 mM Ru/SPS resulted 8139+ 0.73 mm with almost full hght and the highest curing
volume of 177.8& 22.6 mm3when applying a 10 mm deep mold, as shown in Figare
GelAGE crosslinked with 1 mM/ 10mMRuU/SPS and LAP results in gels with meuight,
6.82+ 0.41 mm and 6.22 1.56 mm, respectively; no significedifference betweethese
measurements was noted. However, the esestional area of the GelAGE cylindaosslinked
with LAP became lower from the exposed surface to the bottom of thedjehting less
effective crosslinking at positions further ayfrom the light source arshowing half the curing
volume compared with 1 mM/10 mM Ru/SPS. For gels withM/5 mM Ru/SPS, the depth of
cure and curing volume exhibited no significdifference with gels with LAP but showed
significant difference with InM/10mMRu/SP&rossklinked gels. In contrast to the
aforementioned formulations, GelAGE crosslinketh 192959 showed the lowest depth of cure

and curing volume of 1.880.34 mm an®2.7+ 9.13 mnj.
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Figure 5. (a) Image of GelAGEcast in 10 mm mold with different photoinitiators showing

distinct heights and volumedy)(schematic figure showing the direction of light and designed

shape of gel,d) depth of cure, andlf curing volumeValues in the figures represent means and

standard deviation of N = 6 replicates. ns represents values statisticaligndicant.

4. Discussion

GelAGE is a promising biomaterial due to its resistance to oxygen inhibition, fornohon

homogeneous network by thiehe crosslinking, flexibity for adjusting materigbroperties, and
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compatibility with photocrosslinking by photoinitiators that absorbdsVisible light. The
stability and timedependent physicochemical properties of GelAfaEed on different
photoinitiators observed in thisusty have not been reported in previstisdies. On the
exposure to UV light, GelAGE crosslinked with 1g2959 created strucwitegelatively low
strength. The limitations associated with 1g2959 include low veatieibility and, more
importantly, cytotoxtity which has previously been reported to resudin upper limit to the
1g2959 concentrationlp]. Furthermore, there are concerns relatethe 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 reportexhibited low
molar absorptivity in a narrow visible light rangl¢ & "3cén' 41405 nm, 0.05 cit

absorptivity with 0.05 wt%)18]. This was not enough to form gelsingthe GelAGE system

with visible light initiation. The alternative absorption pdakLAP occurs at 375 nif) 280
M'cm'l, 0.36 crmt! absorptivity with 0.05 wt%)Thus, a light source with wavelength spanning
from UVA to the visible light range wasxploited instead in this study to carry out successful
gelation. GelAGE crosslinked witbAP exhibited moderate mechanical strength; no depletion of
photoinitiator in precursorgolution was observed during gireeubation. Instead, an increase in
mechanical strengtivas observed during piecubation and could result from dark
polymerization with strajight in this experiment while sol fraction stayed at a similar range.
Since the degree afodification was not measured in this study, the soti)aenay not directly
reflecttheme c hani c al strengt h. |l tés possible to hav

outwhile having more crosslinking site and results in higher mechanical strength.
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The cainitiator system with Ru and SPS was reportebaee an extended absorptioto the
visible light rangewith high molar absorptivity0) 18,600 M*cm'! at 450 nm14.6 cm?®
absorptivity with 1 mM) B1]. The tailorability of compressive modulus wi*S concentration
and preincubation provides aersatile strategy to achieve a ramgenechanical properties.
Although an increase in SPS concentration could extenstdbdity of the precursory solution
from 30 min up to 70 min, concomitantly the redw&sslinking becomes strong enough to form
agel without the exposure of light. Fthvis partial gelation, it was hypothesized that thiyl
radicals were generated via a redeaction between DTT and SPS, driving the reaction towards
polymerization even withoutradiation when higher initial leveld 8PS were present.

However, the lower SPS concentratiamgestigated in this study {20 mM) did not lead to
partial gelation of the GelAGRrecursory solution. As thiyl radicals are known to also form
disulfide bonds32], it is speculated that not akdoxgenerated thiyl radicals contribute to
crosslinking GelAGEand a higher amount of SPS is thus required to yield gelation of the
samples without anlght exposure. Subsequently, when Ru participated in the reaction via light
exposuremitigation of dsulfide bond formation occurred, thiyl radicals were regenerated, and
polymerization overwhelmed as a consequence of additionaleh@trosslinking49]. This
phenomena may be useful to e.g., increase printaliiliy Thus, replenishmemtf SPS prowvies

a strategy to modulate the properties for applications that requir@édoingls of incubation

while maintaining a liquid precursory solution. These two metkcodshined create a pathway
for GelAGE as a promising candidate for the formatiooasfstru¢s with mechanical gradients,
which can serve as physical cues to facilitate guptetiferation, adhesion, migration, and

differentiation of cells 19,33 36]. Also, control ovethe degree of crosslinking and interchain
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spacing as shown in Figurgsnd?2 offer anopportunity for optimization of cell proliferation

within the hydrogel.

Rheological testing demonstrated rapid gelation kinetics for Ru/SPS formulakiimh, was
independent of SPS concentration. This result indicatedefaneratiorf the Ru radical17],

as proposed by Lim et al., was rapid enough to react withMtR& concentration at least

twenty times higher. This rapid reaction can allowdtierall process to be shortened with only a
few seconds of irradiatiorof each stegHdowever, a change in modulus during shearing was
observed and seemed to depen@&Bt$ concentration. One hypothesis is that this result is
attributed to physical crosslinkiriy shearing with the aid of redox crosslinking via spontaneous
reacions between DTT an8PS. For 1/10 mM and 1/20 mM Ru/SPS, this mild redox
crosslinking could enable tlseibsequent physical crosslinking, thus require a prolonged time,
and trigger the transitioof macromer solution from liquid to getate during sheary. The
oscillation duringneasurement could possibly accelerate the redox reaction and thus, while
incubating inmicrotube, a low level of storage modulus for 10 m M SPS samples was observed
beforeirradiation. In GelAGE with 1 mM/5 mM Ru/SPS, redox climgsng is thought to be
relatively minor due to lower SPS concentration; thus, no increase in modulus is olrsewed
result. Taken together with the physicochemical results, it clearly demonshatedtering the

SPS concentration can be utilizeslaastrategy to alter the viscosity atetjree of redox
crosslinking, which opened the operational window for printability ofrthaserial. Although a
slower gelation kinetics and lag tim&/] was observed for GelAG&rosslinked by LAP and
1g2959 due taadical scavengindLp] by the presence of oxygesince these photoinitiators are

not as recyclable as compared to Ru, a higher concentadtpiotoinitiator was capable of
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modulating the gelation kinetics. Recently, Holmes adeionstrated a thi@ne photeclick
hydrogel based on thidlunctionalized typd collagenwith UV light (365 nm) and LAP or
Ig2959 as photoinitiato3[]. A variation in the time t@omplete gelation with respect to the
concentration of photoinitiator was demonstratedhéuld, however, be noted that a higher
concentration of 0110.5% (w/v) of LAP or 1g295%vas used and a lower light intensity of 4.45
mW/cm2 was applied as compared with suurdy. Compared to the Ru/SPS platform, the
properties of GelAGE crosslinked with LAR 1g2959 were further demonstrated to be stable
over time. However, the required timertach gelation may constrain the use of the materials
and be incompatible withuilding clinically relevant constructs. Fairbanks et al. demonstrated a
higher molar absorptivitgnd polymerization rate for LAP than for 1g2959 with the diacrylated
poly(ethylene glycolfPEGDA) hydrogel 18]. Our results were in accordance with theréitare

and furthethighlighted the superior polymerization rate that Ru/SPS can provide.

Although thiolene crosslinking is thought to provide a rapid reaction and Ru regenerates
through a threstep cycle 17], a higher depth of cure was observed onlyGelAGE
crosslinked with 20 mM SPS. This result suggested that thegtepeycle 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 routestihknog by redox
reaction, with no depth limitation, could be necessary to crosslink GelAGE with full hieight;
consequence, a lower depth of cure was observed for GelAGE crosslinked with 40dhaM
mM SPS. When comparing LAP and 1g2959, Fairbanks e¢jgorted that as LARas phote
cleaved into radicals, the chromophores no longer existed, and light propagagedeeply into

the cast gel. Materials crosslinked with 192959 have not been reporadibit such bleaching
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characteristicsl[g], resuling in extinction of chromophore aftabsorbing photons. Our results
for LAP and 192959 were in accordance with these literature results as, for example, a low depth
of cure for 1g2959 has previously been descrilbmvever, the low molar absorptivity insible
light range for LAP resulted in poor shagantrol, hindering the use of this material for
fabricating bulky structures. The Ru/Spi&tform, showing timalependent viscosity and
mechanical properties dependent on $B&entration, may be a bettdmoice to polymerize
GelAGE when a higher depth of cutaed more rapid gelation is required. On the other hand,
LAP may be a better choice wharstable precursory solution is required and more
straightforward due to the absenceeadox crosslinking. Hoewver, UV light may still
compromise the viability and generagtene toxicity. A recent report has shown that SPS
mediated redox could be exploitedctantrollably increase viscous properties in the absence of
light while retaining the ability téully photopolymerize remaining crosslinkable groupd] [ It

is important to note that theynthesis route for GelAGE macromers is slightly different in our
previous study, leading lower molecular weight GelAGE macromers heréi#.[Macromer
chain lemgth couldpotentially influence the gelation kinetics and ability of redukated thiyl
radicals toachieve crosslinking rather than disulfide bond formation, which could result in

differentdegrees of viscosity and mechanical strength.

5. Conclusions

In summary, we demonstrated successful polymerization of GelAGE with a ravigéblaf light
and UV light photoinitiators and observed distinct material propertiespaé@ncubation with
different photoinitiator formulations based on the ti@nk clikablereaction. For the visible

light based Ru/SPS system, a wide range of material propartksling physicochemical
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properties, rheological properties, and depth of cure, cabtiaéed by controlling the SPS
concentration or the piieacubation time Although theability to crosslink is reduced following
long-term preincubation, maintaining or recoveoy the physiochemical properties was
achieved by replenishment of SPS. This stratdigyvs the mitigation of any timdependent
variation and provids a viable option fapplications that require long periods of incubation
prior to crosslinking. It subsequentijfers a strategy to prepare GelAGE constructs with
uniform material properties. Comparedthe widely adopted LAP and 1g2959 photoinitiator
Ru/SPS offered a facile approdoi obtaining materials with tailorable physiochemical
properties, rapid gelation kinetia@nd tunable depth of cure using visible light. The required
time to gelation may limit thase of LAP and 192959 falinically relevant constructs.

Especially, the low depth of cufer Ig2959 may preclude the use of this material for fabricating
bulky structures. If a morgtable precursory solution without redox crosslinking is required,
LAP can be consideretlowever the UV light may generate gene toxicity and compromise the

viability for cells.
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Abstract

Gelatin methacryloyl (GelMA), a gelativased biomaterial, has been widely investigated as
aresin for bioprinting of 3D tissue engineering scaffolds using various photoinitiators. However,
there is a need for biocompatible photoinitiators with intense absorption in the-ligdibleange
for bioprinting GelMA medical products.iphenyl(2,4,6trimethylbenzoyl) phosphine oxide
(TPO) has strongbsorption in the visiblight rangebut low water solubility, which inhibits its
utility as a photoinitiator for bioprinting hydrogels in aqueous solutions. Recently, TPO
fabricated into nanoparticle formith increased watedispersability hasenabled broader
applications for bioprinting of hydrogel scaffolds. . Nevertheless, the crosslinking efficacy,
rheological behavior, and biocompatibility of GelMA crosslinked wiéimoparticles containing
TPO (TPO NPhas not been investigated. In this study, the use of TPO NP as a photoinitiator for
bioprinting GelMA was compared with commonly usikilim phenyi2,4,6
trimethylbenzoylphosphinat& AP) photoinitiator by assessing the physawemical properties,
mechaical strength, gelation kinetics, resistance to flow, absorptivity in different solvents, and
biological responses. The results demonstrated that the pitysatuical and mechanical
properties of the GelMA were similar by using LAP and TPO NP for crésstinThe
rheological experiments demonstrated thatrin 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. Meanwhitger 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 taxncan 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, GalMA,
gelatin derivative containing methacrylamide groups and methacrylate grougs been widely
investigated in the past dec&lleBecause of the inhereatginineglycine-aspartic acidRGD)
peptidé® in the gelatin backbone, this derivative of natural polymer has shown to support cell
binding and subsequent fiferation”l. In this regard, the formation of hydrogel scaffolds by
employing GelMA resemblinthe characteristics of natiextracellular matrix (ECMY is of
great interst in regenerative medicitig tissue engineerifjand evaluation of cefinatrix
interaction€l. The fabrication of GelMA hydrogel scaffolds has been achieveldrbg
dimensional (3D) printing with either sterebligraphybased printing or extrusielmased
printing®. 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 stereolithograpHyased printing or pogirinting treatment as in extrusirased printing.
For this purpose, photoinitiators with absorption in UV/visible light r&hgee usually applied
for photocrosslinking to create scaffolds with desired 3D structure, physicochemical properties,
and biocompatibility; however, the use of UV liglinebined with UVphotoinitiator, such as
Irgacure 2959, may impact cellular responses, such as cytotoxicity and genotoxicity from UV
exposuré®. Thus, the development and application of visitgat photoinitiators with a high
molar extnction coefficient for 3D printing of scaffolds for medical applications have been

explored by researchers.
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To date, a number of visibleght photoinitiating systems have been investigated, including
Rose Beng&t, eosinY[*? and riboflavift®l. The disadvantages of using these photoinitiating
systems include the need for use ofrtiator**, accelerantd, oxygen inhibitiof® and
cytotoxicitylél, EosinY is a type Il photoinitiator whichequires the use of daitiator 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 delopment of a novel visibigght photoinitiator, tris(2,2oipyridyl)
dichlororuthenium(ll) hexahydrate (Rtf), has deranstrated promising results; however, the
induced redox reaction made this system more complicated since a redox crosslinking could
occur without light exposufél. Diphenyl(2,4,6étrimethylbenzoyl) phosphine oxide (TPO), a
type | photoinitiabr, absorbs light from 420 nm wavelength to UV range with peak absorption
around 360 to 380 nm and has been studied in the litét&ttHehowever, the water solubility
of traditionalTPO photoinitiator is around 0.0003 wt% which limits the use of this material for
bioprinting application&2. An organic solventmight be introduced to dissolve TPO prior to the
use in photecrosslinking?®; however, the use of organic solventmay negatively impact the
biocompatibility of the printed scaffold. Although lithium pher2y#l,6
trimethylbenzoylphosphinate (LAP), a lithium salt of TPO, was discovered to have water
solubility up to 8.5 wt%], the introduction of lithium ions might cause adverse effects on the
tissues when implanted by increasing the local concentration of liffiuRecently, TPO in the
form of nanoparticles (TPO NP) was developed with increased-distersability®? which
enabled the use of this material for 3D printing with aewighge of materials with varying
physicachemical properties; however, the efficiency of phatosslinking 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 photbator for 3D printing of GelMA scaffolds was compared
with commonly used LAP photoinitiator by assessing the physieonical properties,

mechanical strength, rheological behavior, absorptivity in different solvents, and cytotoxicity.

2. Results
2.1. SolFraction, Swelling Ratio, and Mechanical Strength

To evaluate the performance of the TPO NP as photoinitiator, 0.5 wt% nanopatrticle 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 t@ompare with widely used 0.05 wt% (1.7 mM) LAP with 1, 3, 5 and 7 min
irradiation under 30 mW/cfrintensity. The exposure time and intensity were adopted according
to our previous study/l. In order to investigate the crosslinking efficiency, interchain spacing of
polymers and mechanical strength, sol fraction, swelling ratio and compressive modulus were
measured and calctéal 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 netwodxémining 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 maaf 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 sidioantly 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 %, correspondingto 1, 3,5
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arnd 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 differerweese 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 (~8.8) with no significant dferences 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 7.0.1 for casted gels using 0.1 wt% TPO NP and 8.7 + 0.2,
8.4+0.2,8.4+0.2and 8.3 = 0.3 for casted gels using 0.05 wt% LAP, correspondingto 1, 3,5
and 7 min irradiation, respectively.

The mechanical strength of the casted gels obtained by usingalic@mpression 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 conaation, gels crosslinked with 0.1 wt% TPO NP
resulted in higher compressive modiiti®! of 44.9 + 3.446.6 + 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 differensdetween 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 concetration resulted in higher mechanical strength, lower sol fraction, and lower

swelling ratio.
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2.2. Photorheology

Photorheological testing is of interest for GelMA crosslinked with different photoinitiator
formulations since it provides information about viscoelastic behavior datiogekinetics with
an insitu measurement which is in contrast with-@odht data such as sol fraction, swelling

ratio and mechanical testihg. In this study, loss modulus, storage modulus, loss factor and time
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to gelation for photarosslinking of GeIMA macromer solution (GelMA mixed with
photoinitiator) were tracked in real time. Prior to initiation of irradiationgno@er solutions
were subjected to oscillation for 1 min to reach stestd{e followed by 1, 3, 5 or 7 min
irradiation for photecrosslinking and an additional 3 min for studying the dark
polymerizatioff* after the LED was turned off.

The result of the photorheology experiments is demonstrated in Figare2to
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 GelMAlliations, indicating the
physical gelation was not significant. When irradiation was introduced, the GelMA macromer
solutions experienced a rapid transition from a liglikd state to a solilike state with dramatic
increase in storage modulus (Figura-@ and decrease in loss modulus. The ratio of loss
modulus to storage modulus (loss factor, Figuref was used to identify the time to gelation.
The time to relation results are summarized in Figure 3Wih 0.5, 104+ 1.5and7.3+1s
correponding to GelMA crosslinked with 0.05 wt% LAP, 0.05 wt% TPO NP, and 0.1 wt% TPO
NP, respectivelyNo significant difference was observed in time to gelation bet@etA
crosslinked with 0.05 wt% LAP and 0.1 wt% TPO NP, while GelMA crosslinked withvt%b
TPO NP was significantly slower.

In additional to photarosslinking during irradiation, dark polymerization after irradiation
was observed for all the three photoinitiator formulations with 1 min irradiation in which the
storage modulus increased dyer 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 10> m P arAnge; however, the complex viscosity is much lower for Getivieromer
solution mixed with LAP before phottrosslinking as compared with the use of TPO NP. The

results of complex viscosity are summarized in Table 1.
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Figure 2. Photorheological testing of GelM#acromer solution with three photoinitiator
formulations and different exposure times:cj storage modulus and-f) loss factorFor all
measurements, macromer solutions were subjected to oscillation for 1 min to reaciststeady
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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Table 1.Complex viscosity of GelMA macromer solutions before and after irradiation.

Complex Viscosity (mPaA

Before Irradiation After Irradiation
0.05 wt% LAP 5@ 5 2-5 x5 10
0.05wt% TPONP 1 5900 1.-2.2 x 10
0.1wt% TPONP 2 0950 1.4 x 10

2.3. Molar Extinction Coefficient

As shown in the abovementioned results, the performance of-prasslinking 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 differexicl05 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-cmtin DI water and 91.94 Mcmt in 10wt% GelMA, while the molar extinction coefficient
of TPO NP was 150.37 %m™ in DI water and 223.17 Ncmt 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; howevewhen 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) LR 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 crosslinkedhngt 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 contrét day 1, L929 cells seeded onto GelMA crosslinked with
LAP demonstrated a significantly higher viability of-80% as compared with GelMA
crosslinked with TPO NP which was in the range 6#Bo viability. The DNA content was
approximately 80% and 1 % tife 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 smgficant 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 dereased 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).
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3. Discussion

Polymerization of GelMA via radical chain growth has been conducted with various
photoinitiators in the literatufd:2%2"} however, the ater 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 solventimiting the use of this material for bioprinting of medical products
and/or 3D cell culture model!; however, the development of TPO NP with increased water
dispersability has enhanced the potential for use in ptrosslinking of 3D hydrogel
scaffold®?. In this study, TPO NP wdsst 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 nanopatrticle can greatly enhance the water solubility which
enablesnore efficient photecrosslinking with visible light. In the study of physichemical
properties and mechanical strength by gel casting, the capability of radical chain growth initiated
by LAP or TPO NP was fairly similar considering the differencesatamconcentration and
exposure time (¥ 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 photorheologiiesting, 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 phob@ological testing suggested that approximately
2 min irradiaton was required to complete the crosslinking. Thus, no significant difference was
noticed between the ermbint observations of physiathemical properties and mechanical

response since photoinitiators were fully consumed after 2 min irradiation whilenthre
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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 tolibeeamentioned 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
physicachemical and mechanical propegi When using UV light for photerosslinking, a
high dosage is not preferred due to potential adverse impact on cells caused by the
irradiatior?®2°, Additionally, when designing the macromer solutions for 3D printing, one
should consider the complex viscoSity The macromer solutions mixedth TPO NP
exhibited a higher resistance to flow which could possibly attribute to the physical crosslinking
or chargecharge interactions between the ligands on the nanoparticles with the polymer chain.
This phenomenon was more pronounced with the highreeentration of TPO NP which can
influence the downstreaapplications 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 matarotion
coefficient was observed. The more conjugated
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 MAich could be attributed to the
solvent effect. For example, the reduced polarity of solvent could enhance the absorption of
nY " * transitior3?lin UV/vis spectrum which reduces the difference between molar extinction
coefficients of the two photoinitiators at 405 nm wavetbAgcording 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 interactionsf 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 betweeredenerat
radicals and polymer chains. Colley et al. studied the reaction rate constant eflphotmed
radicals generated from TPO and demonstrated that the phasptiered radical reacted in two
orders of magnitude faster with acrylate as compared witloo@entered radicEf!. The
carboncentered radical is the sams generated from LAP; however, the phosjkeotered
radical is different in molecular structure. From the results in our study, it is hypothesized that
the difference in the phosphoentered 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 poducts 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 wasisantly less
cytotoxic. The use of TPO NP in crosslinking GelMA resulted in significant cytotoxicity, even
after postprocessing that included rinsing and incubation in ethanol and PBS. The use of ionic
surfactant, sodium-tlodecanol sulfate (SDS), féabricating TPO NP was of major concern and
was suggested to played the major role in this result. A different way of fabricatingsottigle
TPO NP might be considered to alleviate the issue of toxicants. Although the use of TPO NP
instead of LAP coul@liminate the introduction of lithium ions while resulting in similar

physiochemical and mechanical properties, increased complex viscosity and cytotoxicity were

123



observed with TPO NP crosslinking of GelMA. Further investigations are needed to determine
the cause of the cytotoxicity observed as well as the potential feppmstssing methods to
improve cellular compatibility with TPO NP crosslinked GelMa scaffolds; however, # post
processing is required to enhance biocompatibility;@®lbedded biopriirig may not be

feasible with TPO NP crosslinked GelMA using the current strategies.

4. Conclusion

GelMA, a gelatinbased biomaterial, was polymerized with LAP and watduble TPO NP
as photoinitiators with rapid crosslinking. The increased wattrility of TPO in the form of
nanoparticles enabled the visibight crosslinking without introducing lithium ions. Although
higher molar extinction coefficients were measured both in DI water and GelMA compared with
LAP, the physicechemical and mechanicpioperties of the crosslinked gel were similar,
potentially due to solvent effect and ligaratiical interactions. The photorheology studies
demonstrated 2 min irradiation was shown to be sufficient for complete crosslinking; however, 1
min irradiationwith 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 productsntinease in
complex viscosity would affect the printing conditions which could require the use of higher
pressure for dispense the filament in extrudiased pringing and increase the shear stress
imposed on encapsulated cells. Furthermore, the cytatpwicihe 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 thisaterial 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 ptmisslinking was

composed of 10 wt% lyophilized GelMA iphosphatéuffered 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(3) 0.05 wt% LAP

(MilliporeSigma, Burlington, MA). The photoinitiatorphotoimiators were first dissolved in

deionized (DI) water at 3T 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 andhptorheology measurements are listed in Table 2.

Table 2.Formulation of photoinitiatorphotoinitiators and irradiation conditions to crosslink

GelMA.
Hydrogel GelMA
Photoinitiator  TPO NP LAP
Photoinitiator
0.05 wt% 0.1 wt% 0.05 wt%

Concentration

Irradiation

1, 3, 5, or 7 min at30 mwW/cm

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 m\W/ight intensity by using a Thorlabs
DC2200 LED driver light emitting diodes (LED) with M405LP1 LED light smu(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 tagomass of the casted
gel at the following time points were neemed: (a) the mass immediately after pharmsslinking
(minitia), (D) the mass after 24 hr incubation in PBSwdihg), (C) the mass aftdyophilization of
swollen gel fdry, sweling @and (d) norswollen gel(Mdry, nonsweling. The actual macromer fraction
was calculated instead of using the theoretical 10% dir@dtnsol fraction and swelling ratio(q)

were calculated as follows:

Actual macromer fraction = &, nonswelling Minitial (1)
Minitial, dry = Minitial X @ctual macromer fraction (2)
Sol fraction = (Mitial, dry-Mdry, swelling/ Minitial, dry (3)
Swelling ratio (g) = MwelingMdry, sweling (4)

Compression testing was performed on the swollen hydrogel discs (after 24 h incubation at
37 °Cin PBS) to remove the contribution of uncrosslinked polymers by egroForce 3100
mechanical testing instrument (TA Instruments, New Cabit® with uniaial compression at a
speed of 0.01 mm/s and a preload value of 0.0TBhW.compressive modulus of each casted gel
was acquired by fitting the linear region of the st&sain curve at 1idl5% strain range with the

area of casted gels analyzed by Imagfvare.
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Photorheology measurements were performed with a-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 rhe¢Aratar 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 souns@s 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 timmto 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 egoaled 1.
all measurements, macromer solutions were subjected to oscillation fotd ne@ich steadgtate

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 wiler or in GelMA
(200 pL) with a concentration of 0.2 wt% were transferred into-a@lbplate(Corning, NY)and
the absorbance was read from 300 to 450 nm using a Syérglybrid Plate Read€BioTek,
Winooski, VT). The absorbance measurements of g water and GelMA solution were set as
background and subtracted from the readings of photoinitatataining solution, respectively.

The cytotoxicity of the GelMA scaffold was assessed by seed@®9 mouse fibroblasts
(ATCC NCTC clone929, Manassas, VAonto the casted gel. For uniform seeding, the GelMa
with photoinitiator solutions were directly crosslinked in thew@8l plates to ensure the full
coverage of the well by GelMA. The casted gels were incuba@tf@tin PBS for 24 h and time

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 overnight3at°C prior to L929seeding.

The L929 cells were cultured in T75 cell culture flasks (Corning, Nith) RPMI-1640 cell
culture medium (ATCC, Manassas, VA) containing 10% v/v fetal bovine serum (FBS, ATCC,
Manassas, VA) and 1 % v/v penicillstireptomycin (ATCC, ManassasAY. The cells were
incubated at in a 37, 5% CO2, and 80% humidity. For passaging, the cells were rinsed with PBS,
exposed to TrypLEThermo FisherWaltham, MA) for 3 min to detach the cells, centrifuged in
medium at 200 x g for 5 min, and the cell peteesuspended in fresh culture medium. The cells
in suspension were counted using a hemacytomBten L929 cells were seeded onto GelMA
and tissue culture polystyrene (TCP) with a density of 6400 cefls/cm

The biological evaluation including assessmeinteall viability (metabolism), proliferation
(DNA content), and membrane damage (LDH) afte
Cel | Viability Assay (ThermoFisher Scientific
Assay (ThermoFisher Scientificand CytoTox 96® No#Radioactive Cytotoxicity Assay
(Promega, Madi son, wil ) respectivel vy, foll owi
Each assay was conducted with 3 replicate experiments with 3 samples per conditionin each
replicate experiment. Atesults 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 lmgical responses between each condition was conducted using a

oneway ANOVA with Tukey poshoc test and a significance levét 0.05.
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Abstract:

Ultrananocrystalline diamond (UNCD) has been demonstrated to have attractive features for
biomedical applications armhnbe combinedvith naneporousmembranes for applications in
drug delivery systems, biosensimgmunoisolationand single molecule analysis. In this study,
free-standing nangorous UNCD membranes with pore sizes of 100 nm or 400 nm were
fabricated bydirectly depositingultrathin UNCD films on naneporous 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
spectrosopy, X-ray photoelectron spectroscopy (XPS), cresstion 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 SKN-SH cells onto UNCD membranes on both porous regionsalidisurfaces
was shown, indicatingotentialuse of UNCD membranes in biomedical applimasi such as

biosensors and tissue engineering scaffolds.

Keywords:ultrananocrystallingiamond ,naneporousmembrane, reactive ion etching,

biocompatibility
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Introduction:

The application of novel materials to specific biomedical applicatioafenassociated
with a tradeoff between functionality and biocompatibil@®pnsidering neural stimulation as an
example applicatianmplant materials must not significantly affect the viability of the cells near
the implant and must exhibit appropriate elieelrproperties for transmitting electrical signals.
Diamond holds many attractive properties, including chemical stability, high hardness, and
excellenttribo-mechanicaproperties$ that are of particular interest in themedicalfield.
Diamond films are traditionally synthesized using plagmhanced chemical vapor deposition
(CVD) (e.g., microwavé®, electron cyclotron resonane®C glow dischardge’) or hot
filamentassisted chemical vapor deposition metfd¥st is possible to modulate surface
morphology, grain size, and defect structure using these methods. CVD diamdred can
classifiedas microcrystallineiamond MCD), nanocrystalline diamond (NCD) or
ultrananocrystallineliamond (UNCD) depending on the grain sizeéf the three, UNCD, is of
particular interest due to the small 2 to 5 nm grain size, legr@sn roughness {3 nm) and
high amount of spbonding (9598%). Thesmallpercentage of mixed $pnd sp carbon phase
that mostly resides at the grain boundary may facilitate cell atedtuhe to delocalized
electronst? The biocompatibility®, absnece ofytotoxicity'#, anti-biofouling propertie®, and
easy surface modification properti&€ 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. Diamondoeas studieth various apfications,

including as a passivation lay&relectrochemical electrotfe?*?®, wearresistant coatiri§ *
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micro-electromechanical system (MEMS) material, and natectromechanical system
(NEMS) material" 3% 32 Diamond coatings on temporomandibular joint prostiiésesl heart
valves® have been demonstrated to extend implant lifetime. Bergeraiohave shown that
NCD microelectrode arrays (MEAS) were appropriate for use in retinal implants; no major
reactive gliosisvas associatedith this type of implant’. By including nitrogen in the reacting
gases during film deposition, a tunable electrical conductivity as high as'asa'can be
achieved®. Garettet al.found that nitrogen doped UNCD {NMINCD) exhibits charge injection
capacity values as high as 163 cn 2 which was suitable for use in neural stimulatfon
Ganesaret al.have proposed a scalable strategy for fabngaan altdiamond array that was
composed of conducting-NNCD channels within insulating polycrystalline diamond (PCD)
substrate¥. A wide electrochemical window(.6 to 1.3 V) for NUNCD enables a large
potential range for operation and prevents-rerersible reactions such as hydrolysis, protein
reduction, or oxidatioH. Hydrogerterminated UNCD haleen studieds asubstratdor
biomedicalMEMS; UNCD showed a low work for attachment when compared to a silicon
surfacé® 1’ NCD with functionalized surfaces has been shown to exhibit lowspenific DNA
attachmeni, which can enhance sensitivifiamondbased biosensors have been created by
binding antibodie¥, enzyme® and/orfluorescent indicatof$to the film surface. Surface
properties such as roughness can affect the attachment, proliferation, and differentiation of cells
14,2636, 4245 Neuralattachment may occur withinspecificrange of roughness values and may
favor a structured surface rather than a flat sutfdBeFor example, Rezet al.examined the
effect of protein absorption and cell growth on the solugjated fieldeffect transistor (FET)

based on hydrogeterminated NC.
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Micro/naneporous membranes haleen considereidr use in many medical devices. Von
Recum and Park reported improved migration of epidermal cells for better sealing around
percutaneous implants usingrécro-porous®® membrane. In recent yearneporous
membranes haveeen utilizedmplantable drug delivery systefis’>, biosensingf *’,
immunoisolatior® *°and single molecule analy&§?. Oroszet al have shown that
antiangiogenic and antioxidant drugs can diffuse asraseporousmembrane for medical
treatment*. Singhet al.developed a cholesterol biosensor based on immobilization of
cholesterol oxidase on a zinc oxide (ZnO) naooous membraié Flammeet al. explored the
immunoisolatiorof glucose from immunoglobulin G (IgG) withreneporousmembrane (pore
size as small as 7 nm), which is sufficiently permesbtgucose but exclude larger proteihs
Kaganowiczet al showed that a lipid bilayer membrane was capable of dimgteolecule
analysis for DNA and RNA. Molecules traversing the membrane blocked the pores and resulted
in decreased ionic currents that reflected the concentration, size, andatl@operties of the
analyté?,

Micro-porousUNCD membranes fabricated from commercially available silicon nitride
substrates withrarious pore sizes was previously reported to be cytocompatible with human
epidermal keratinocytes to gauge applicability for percutaneous impfahtsvever, nane
porous membrane of ultrananocrystalline diamond was ndestad a bienterface yet.
Therefore, the goals of the present study were to 1) depakiplid UNCD by a novel process
usingnaneporoussilicon nitride membrane as a scaffold for producing-ft@ading nano
porous NUNCD membrane in bottorap approacltas opposed to complicated microfabrication
steps using togown process, and 2) evaluate the attachment and morphologyN{SK

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 afra %00
500mm silicon nitride membrane amslsupportedy a circular gicon frame for handling. The
middle of each membrane contained a 70 um x 80 um pore arrag wetfulaihexagonal
arrangementN-UNCD coatings were deposited on the porous silicon nitride substrates by using
915 MHz Lambda Technologies microwave plasthamical vapor deposition (MPCVD). The
silicon nitride membranes were seeded by continuous dipping in nanodiamond solution rather
than ultrasonication due to the fragility of the ngommous membranes. Membranes were dipped
into a 20% diamond seed solutionmethanol for 2 minutes and then dried by gentle dry
nitrogen flow in a chemical hoo@rior todeposition, the chamber was pumped down to a base
pressure of 5 x 10Torr. The deposition was carried out at 850 °C and involved reactions
between methanargon and nitrogen gases in the chambers(BGldccm Ar: 160sccm No: 40
sccm) with apressuref 56.25 Torr. The forward microwave power was 280@nd the
absorbed power was 2145 W. The resulting deposition rate was around 6 to 7.5 nm/min.
Reactive bn Etching and crossection Electron Microscopy Imaging using Focused lon Beam:
After deposition of NUNCD, the membranes were etched using a Plasmalab reactive ion etching
(RIE) system (Oxford Instruments plc, Abingdon, UK). The silicon nitride memlwase
removedfrom the silicon support by etching with fluoroform (C#iplasma for 4 min from the
back side of the chip. Oxygen plasma was applied for 1 netcteaway diamond occluding the
pores. After etching, the structusmas imageavith anFEI Nova 600 Nanolab duddeam

focused iorbeam/scanninglectron microscope (FHBEM) system(FEI, Hillsboro, OR); both
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plane and crossection viewsvere imagedFor crosssection imaging, gallium ion milling was
performed on a porous area to confirm thespnce of open pores. Imaging usiniE®L

2000FX scanning transmission electron microscope (STWd)also performedhe chemical
phase (bonding configurationj the membranesas examinetty usingRenishawinVia Raman
microscope (Renishaw, GloucestereshUK) with a HeNe laser (633 nm wavelength). Surface
chemical composition was measuredIBECS FlexMo&K-ray photoelectron spectroscopy

( XPS) with Mg KU hemispheticalianalgzer PHAIEIS150, takeoff angle at
normal to surface, »>Ray incidence angle of ~30° from surfaceray source to analyzer angle of
~60° and base pressure infonbarrange

SK-N-SH Cell Culture:

SK-N-SH neuroblastoma endothelial cells (ATCC, Manassas, VA) were cultured at passage 2
or 3 using RPMI medifl1835055, ThermoFisher, Waltham, MA) fortified with 10% v/v FBS
(10437028, ThermoFisher, Waltham, MA) in an incubator at 37°C, 90% relative humidity, and
5% CQ. Cells nearing 80% confluence were rinsed two times with PBS, exposed to trypsin
(T3924, Signa 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 1.20xXb@lls/mL.

UNCD membranewere sterilizedy exposingooth sides to germicidal UV light for 30 min
per side in a cell culture hood. Membramese then placethto 24-well plates for cell
attachment studies. Glass bottom (35mm diam.) dishes (RBEI3L, MatTek, Ashland, MA)
containing polyD-lysine-coated # glass coverslipwere usedas the control surfaces. S¥-SH

cellswere seededt a density of 3.0xT@ells/cn?, which corresponds to 0.5 mL in each well of
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a 24well 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 we 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
hexamethidisilazane (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 uM 4damidino2-phenylindole (DAPI, 62248,

ThermoFisher, Waltham, MA) arfive 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 solutiowas prepareth PBS containing 1% v/v FBSlembranes 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 contabbingy
FBS, exposed to 0.1% v/v Tritort 200 (Sigma Aldrich, St. Louis, MO) in PBS for 10 minutes,
and stained for 30 minutes in the dye solutiditer the dye solution was aspiratednlL PBS
was added to the glass bottom dishes and the control celswmediately 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 excitationvelangthsThe DAPI emission signalas
integratecbver420-478nmand the Alexdluor 488 Phalloidin emission signahs integrated
over510-530 nm.

Conductivity measurement:

Resistivity and conductivity was obtained by applying Lucas Lab Pro4pfmiat probe.
Since the fragility of the nanoporous membrane preclude the use gfdmimprobe directly on
the membrane, conductivity ofNINCD was obtained by measuring the resistivity e/ NCD

on Si wafer substrate under the same coating condition.

Results and Discussion:

Freestanding NUNCD nanaeporousmembranes were successfully synthesized using
MPCVD and reactive ion etching. The conductivity 6fNICD ranged from 176 to 208/*cm?
in this study. The microwave energy promoted higher deposdies versus radio frequency
energy under high vacuum conditions. FGBUNCD film synthesis, preleposition treatment and
seeding play important roles in determining grain structure and morphology. The conventional
seeding process usually involves (a) nagtbal polishing with micrometesized 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 progettiés In this study, the
fragility of the naneporousmembrane made it impossible to sustain sonication; therefore, a
dipping methodvas utilized SEM images of the salting membranes verified that tl@kernate
seeding procedure results in smooth, uniform UNCD membranes as shown in Fig. 1 and Fig. 2. It
was observethat membranes with 100 nm powesre closedy the lateral growth of NUNCD,;

therefore RIE was applied tetchsilicon 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 diamdgrarticles were observed surrounding the pore periphery as
shown in Fig. 1(c); these features may result from uetidring of diamond with oxygen

plasma. TEM images of the 100 manaporousmembranes showed open pores, which are
indicative of fewer diamond particles thadre segregated 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 lithogtaShyCommercially
available silicon nitridemaneporousmembranes manufactured using these established
techniquesvere purchasefbr this stug. Silicon nitride is an appropriate substrate material for
UNCD growth since the thermal expansion coefficient values for sifidade and diamondre
similar, which facilitates lower residual stress and better film attachment-FSEMind TEM
images bBow that the UNCD membranes exhibit a patterned porous structure (Fig. 1 and Fig. 2).
The film thickness for both membranes was 150 nm. The porosi6&and the pitch is ~750
nm for 400 nm pore membranes and ~200 nm for 200 nm pore membranes. Asip\tlin
FIB crosssection images, the pores are cylindrical and retain a clearsgoisn through the
entire film thickness.

For both the 100 and 400 nm ngmarous membranes, the Raman spectra exhibited typical
Raman signature of WNCD exhibiting (3 broad hump at 1332 chmwhich was attributed to
the diamonekzone centér! ®%and (b) a G band centered around 1575 anising from stretch
vibrations of spbonded carbdh®”. Results from XPS demonstrated surface composition of
94.8% C, 4.4% O and &% 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 #ributed to C=0 and © bond respectively.

SK-N-SH neuroblastoma endothelial cells were cultured on UNCD membranes and
contrasted with polD-lysine-coated glass as a control surface. Cell morphology was assessed
using confocal microscopy and SEM as shaowFig. 4 and Fig. 5, respectively. In the 100 nm
pore membrane, attachment of cell aggregates spanning the porowasuamonstratesh
both the surfaces of tlelid and porous regionkor the 400 nm pore membrane, no aggregates
spanning both theoid and porous regionsere found thus, separate images of cells attached to
either the solid surface or porous regwere obtained

Cell attachment on substrates is a crucial step and can be manipulated to regulate cell
growth, proliferation,and differentiation. In the literature, topograffh§? ¢ ¢ surface enerdy,
plasma treatmettt 26 3¢ 43 surface termination with functional grodp$®andelectroniccharge
were shown tanfluencecell attachment. Parikét al. have investigated the influence of different
surface morphologies, ih@ing smooth surfaces, islands, connedcséahds,and pits on the
attachment of SKN-SH neuroblastoma endothelial cells based orassémbly of gadolinium
doped ceria on yttrigtabilized zirconia substrates (GDC/Y$Z)ncreased attachment on pits
and connected islands were observediaditated thahigher feature area wasmajor
determining factor. It was worth noticirilgat porous arrays with highly ordered symmetry
resulted in decreased cell attachment, especially on hexagonal placement, based on the
interaction betweehuman mesenchymal stem cells (MSCs) polgmethylmethacrylate
(PMMA)®,

UNCD isconsidered to ba goodsubstrate marial 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 particalaegativecharge applied to the UNCD
surface (e.g., gggen termination) can attract positively charged ions, which promote binding of
the extracellular matrix (ECM) to the substrate matéridhe 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 byeElaenwhich involves an
integrinmediated attachment process of neural stem cells (NSC) on the UNCT Tihe.
absorption of fibronectin on UNCD surface and further activation of integximacellular
signalingregulated kinase (Erk) signaling lead to enhanced differentiation and growth. It has
alsobeen reportethat a spacing of 140 nm was saiint for focal contact and of 440 nm was
required forlbs-mediated fibroblast spreadiffgOur results showed that S¥-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 SKN-SH cell attachment to UNCD membrane indicadtespotentialise
of UNCD asa neuralinterface 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 silicbased technologies such as complementarglmet
oxide semiconductor processes. For example, Stelzle et al. fabricatedetirsalimplant
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 apairtas titanium nitride electrode
patterned on the surfaéeHowever, the silicon dioxide passivation layer was found to degrade
in vivoover a period of month¥.lt may be possible to fabricate a similar device which s&po
only UNCD to the tissues; nesonductive UNCD could be used as a passivation layer while

conductive Ndoped UNCD coulde usedas an electrode material. Although the proliferation
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and level of metabolic activity were important indicators for cell sarmtywere absent in this
report, the feasibility of UNCD membrane as ainiterface was shown. More detailed cell
studies should be performed andsitu SEM may be able to provide detailed information about

how the interaction happen at the interfaceclwhwould be our future prospect.

Conclusions:

Freestanding nangorous NUNCD was successfully deposited maneporoussilicon
nitride membranes and exhibited typical MICD characteristics after the etching step:I1$K
SH neuroblastoma endothelial caddhibited similar morphology on thee-™INCD smooth
surface, the NUNCD nanoeporousregion, and on the pollysine glass control. Since no
deleterious effect on cell attachmevds observedhe NUNCD coating may be an attractive
material for fabrication famplanted MEMS devices. The high surface area presentadriy
porousregionsis enhancethy the 25 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 UN€Bated membranes with human
epidermal keratinocytes, suggesting potential use in percutaneous irfip&intdarly, the
finding of cytocompatibility of UNCD with SKN-SH cels warrants further investigation into
theuseof 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 dioxi@ passivation laye¥ Successful attachment of cells to th&JNCD 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 narporous NUNCD membrane: (a) SEM Fiplane view, (b) SEM FIB

crosssection view, (¢) TEM image, and (d) Raman spectrum
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Figure 2. 100 nm nanporous NUNCD membrane: (a) FHplane view (b) FIBcrosssection

view (c) TEM image (d) and Raman spectrum.
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(a) (b) (c)

Figure 4. Representative confocal microscope images a8kl cells attached to (a) pely
lysine coated glass (b) 400 nm ngyarous NUNCD membrane (c) 100 nm naporous N

UNCD membrane.
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@ (b)

(e) (f)

Figure 5.SEM images of SKN-SH cell attached to (a,lpply-lysine coated glass (c) solid
portion of the NUNCD membrane with 400 nm pores (d) 400 mamaporousregion (e) solid
portion of the NUNCD membrane with 100 nm poré¥ naneporousregion of the NUNCD

membrane with 100 nm pores.
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Abstract

Thesurface chemistry of nitrogen incorporated ultrananocrystalline diamotNEGD) films

was altered by plasma treatment utilizing oxygen and fluorine plasma chemistries; the modified
N-UNCD surfaces were characterized using contact angle and zeta potestsalrements to

give a more complete understanding of the interactions between the solid surface and the
agueous solution. The bonding character, surface composition, and morphology i N@N

films before and after surface treatment were also monitmied Xray 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 angtiamond, surface termination

1. Introduction
The hydrophilicity/hydrophobicity of a diamond surface could affect cellular adhesion, cellular
proliferation, and the structure of the electric double lay&ata 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 chargegdatitibnal insight regarding
the surface acidity or basigitThe goal of this study is to investigate the zeta potential, contact
angle, bonding character, surface composition, and morphologyasfdd~terminated nitrogen

incorporated UNCD coatings.

2. Material and methods
Nitrogen incorporated UNCD (WNCD) codings 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 me#ime, argon, and nitrogen gases {CHsccm, Ar: 160 sccm,N40

sccm) at a chamber pressure of 56 Torr and a microwave power of 2300 Watts. The resulting
coating was composed of’sgarbon with grain sizes of 5 to 10 nm andsarbon at grain

boundaries as previously descrifdlasma treatment was performed using a reactive ion etcher
(RIE, Oxford Plasmalab 80 Plus) to render oxygerténinated) or fluorine (ferminated)

surfa@ termination.The parameters for oxygen plasma treatment were as follows: 50 sgcm O
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 sccrg, @ldFking pessure 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 weranalyzed 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 prdsspracross

the sample cell. The sample surfaces were probed with either aqueous 1 mM KCI solution, 0.05

M KOH solution to raise the pH, or 0.05 M HCI to decrease the pH to 3.

The zeta potentiat is determined by the Helmhol&moluchowski equation:

KO- ©

-
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whereAQs the differential streaming curred®) is the differential pressure dropjs the
solution viscosity; is the solution relative permittivity, is the vacuum permittivity is the

length of the streaming channel, ands the crossection of the streaming chaniél.

Raman spectroscopy measurements (Horiba Jobin Yvon LabRAM HR Evolution confocal
micro-spectrometer) were performed utilizing laser excitation at a waveleh§88 nm.

Surface roughness was determined using atomic force microscopy (AFM3BDHBR

instrument); studies were tapping mode at a resonant frequency of 300 kHz under ambient
conditions. Xray photoelectron spectroscopy (XPS, SPECS FlexMod XPS) e@atacellected

using Mg KU excitation (1254 eV) with a hemis

calibration was established by referencing to adventitious carbon.

3. Results and discussion
XPS results from unmodified-NNCD (Figure 1) showed 2.76 atomierpentage (at%) oxygen,
which could be attributed to adsorption of oxygen from the ater®inated NUNCD 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-¢x show contact angle measurements of 87.2 for unmodified

N-UNCD, 27.8+2.3° for G&erminated NUNCD, and 100.4+1.2° for-Eerminated NUNCD.
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Oxygen plasma treatment rendered the surface hydrophilic while fluorine plasma treatment
rendered the surface more hydrophobic; these results aretenhsigh the literaturé®

Since plasma treatment may affect the surface condu¢ttigaming current measurements

were adopted, which is more appropriate than the streaming potential method for conductive
surfaces:* However, streaming current measurements are dependent on the sample surface area,
and hene surface roughness is an important factor to consider. Herein, the uséNEDN with

low surface roughness could alleviate the concern. A chart showing zeta potential versus pH
value was shown in Figure 2 (d). At pH 10té@minated NUNCD exhibited lesgsegative zeta
potential (61.6 mV) than unmodified NUNCD (-71.0 mV) while Fterminated exhibited most
negative value-08.4 mV). On the other end, the zeta potential of unmodifi&éNCTD turned

positive (0.3 mV) while bothferminated 4.2 mV) and Gterminated {21.3 mV) NUNCD

were still negative at pH 3. The negative zeta potentials indicated that electron transfer occurred
from aqueous solution to-NNCD or ionization of oxygeitontaining groups on the surface.
Although IEP was not reached fort@minated and Ferminated NUNCD at pH 3, the trend of

the curve suggested that the IEP in the sequence of unmodiiedniRated, and @erminated

with unmodified NUNCD the highest.

As demonstrated in Figure 3-¢ the Raman spectra of AHUNCD samples exhibited major D
and G bands centered at 1350 tand 1580 ciit, respectively, which represent a breathing
mode ofAiqg Symmetry and isplane bonestretching motion of pairs of § atoms withExg
symmetry? The ratio of intensity @/lc) ranged from 1.35 to 1.37. A minor peak was observed at
1144 cm?, associated with trafsolyacetylene at grain boundarieEhe diamond Ty peak at

1332 cm! was not observed due to the low scattering esession of spbonding under visible
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laser excitation compared to’dpnding, which resulted in screening of the diamongp&ak by
D band'® The results were consistent with our previous studies-biNED films.*! 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 ofg¢blkd-liquid interface, surface roughness is
considered to play a role in soliduid interactions, which can affect the water contact angle and
subsequent surface charggunterion interactions. Representative AFM images are shown in
Figure 3 (df); root-meansquare (RMS) values of the surface roughness based on 10 um x 10
pm scans were 3.94 nm for unmodified MCD, 6.22 nm for @erminated NUNCD, and 5.55

nm for Fterminated NUNCD. This minor change in roughness was attributed to plasma
induced etchig 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 rangas observed for @rmination and Fermination
compared with unmodified WNCD,; this result could be due to the higher electron affinity of

the two modified surfaces and deprotonation of carboxyl and hydroxyl gtbHipsvever, the

zeta potential of @erminated NUNCD plateaued and became less negative than the unmodified
N-UNCD at around pH 8;ferminated NUNCD still exhibited the most negative zeta potential.
When investigating the zeta potential of chemically modifiedd@nsity polyethylene, Temeh

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 agqueous solution, which was prefereotwehter or cation (e.g.,

hydronium) adsorptidi. Kudin and Car investigated the mechanism of preferential hydroxide
adsorption onto hydrophobic surfaces with molecular dynamics simufdtidhese results were
consistent with our observations of zetagmbial at different pH values (Figure 3), in which the
relative zeta potential ordering at high pH values indicates thatr@inated NUNCD was the

most hydrophilic surface andtErminated UNCD was the most hydrophobic surface. Noted that
XPS was not akelto reflect this phenomenon of preferential adsorption because it was measured

under vacuum but not with aqueous solution.

4. Conclusions
The surface morphologies of theUNCD coatings with various surface chemistries were
similar before and after plasma@atment. @ermination rendered the surface hydrophilic and
more negatively charged due to an increase in oxggataining groups but shifted the zeta
potential to less negative values at high pH; it was less sensitive to changes {tephingtion
rerdered the surface more hydrophobic; it shifted zeta potential to more negative values because
of preferred hydroxide adsorption as opposed to unmodifiedNED, and experienced a more

significant change of zeta potential across the pH range.
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Figure 1. XPS of (a) unmodified, (b}®@rminated and (c)-EerminatedN-UNCD surface.
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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 attractiteepifoper
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 s@mmductive. e combination of these features
enabled the use of-NNCD 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 @itdiamond microelectrodes was not demonstrated. In

this study, the NJNCD was compared with a hybridINCD + graphene (UG) coating which

was fabricated by using 3 steps seeding process. The successful deposition was confirmed with
scanning electron mioscopy (SEM). The plasma treatment was applied to change the surface
termination, bonding and wettability. Bulk bonding character d&sp sp carbon was

characterized by Ramen spectroscopy while surface roughness was probed by atomic force
microscopy (AFM). Surface composition and bonding were characterizay photoelectron
spectroscopy (XPS) and compared with water contact abgtdic vdtammetry 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 celey&vdemonstrated. 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 asittierface to react with cell in vitro or with human
body for several decades. Becaatthemechanical properti§l], electrochemical windoj&],
chemical inertne$3], tunability of surfacl] and biocompatibilitjs] as well as the electrical
conductivityf6]. Based on @ain size of the diamond coating, it can be categorized into
microcrystalline diamond (MD), nanocrystalline diamond (NCD), and ultrananocrystalline
diamond (UNCDJ7], [8]. Among them, UNCD was of great interest because of it exhibited
small gran sizes and low roughness values with further enhanced the tribological pr¢@erties
which may be additional benefit as coatings on the biomedical device for implaidtion
Recently, the application of sermbnductive NUNCD as electrode material for neural
stimulation attracted much attention because of wide electrochemical winqmeijtiee

injection mechanism of electrons and comparable charge storage capacitil (TS other
commonly studied electrode materials such as titannium nitride, platinum, iridium oxide and
poly(ethylenedioxythiophene) (PEDOT)itanium nitride and platinum are chemically stable
with capacitive or pseudapacitive injection mechani$t?]. However, diamond electrode was
shown to exhibitvider electrochemical winddd3]. Iridium ejected the elémns through
faradaic mechanism which exploiting the redox reaction on the surface and can result in
irreversible damage to the electrode and tigd4¢sPEDOT is a conductive polymer with high
injection capacitjl5]. However, the injection mechanism is also faradaic and the stability of the

polymers in physiolog& condition would be of concern. AlthoughWNCD holds a few
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promising features and surface terminations has been demonstrated to tailor the electrochemical
properties by plasma treatmf@] or electrochemical activatigh/]i [19], the improvement of

the CSC or injection capacity is still in demand to ensure the funationg-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 laserf2jjlling

lithography20] or multi-steps depositida1].

In recent years, induced pluripotent stem cell (iR8€&)ved neurons were extsively studied

such as in functional screening assays for neurite formpa#pnrauprotein secretior23] and
sensitivity to the potent neurotoX#4]. The behavior resembled the mature neurons and the
availability with large quantities enabled the use of iPSCinasitro models for toxicity
screeninfl5] and electropysiological studj26]. Additionally, human iPS&lerived cells enabled
diseaseand genotypepecific studies with cells established from different individ@als [28].

Thus, in this study, iPS@erived DopaNeuron wapplied for studying the interactiaf neurons

on NUNCD and a hybrid NJNCD + 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. Biocorhjh&fiassessments such as cell viability,
mitochondrional integrity and membrane damage would be evalulsliéoichondrional integrity

is a functional indicator of neurons since mitochondrial function is critical in neurons to establish
membrane excitabil/, regulate the neurotransmission and plasfi2zéjwhile 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 oheurite is commonly investigated to evaluate the development or degeneration of
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neuronsin vitro which involves the interplay of both extracellular and intracellular sig3ls

[31].

Experimental procedure

Sample preparation

In this study, nitrogen incorporated UNCD -(0INCD) and hybrid NUNCD+graphene (UG)

hybrid coatings were deposited on diced silicon wafers (1 cm x 1 cm) using 915 MHz microwave
plasma chemical vapor deposition (MPCVD, Lambdahfetogies, Raleigh, NC) with different
seeding prdreatment32]. For NUNCD coatings, the did 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 sded with 20% nanodiamond as aforementioned and then solution
suspended 10 mg/L graphene in etha@laphene Supermarket Inc., Ronkonkoma,) \Was
applied on the surface of the nanodiamtmedted silicon wafer. At the last step of seeding, the
samples wear 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 1@orr prior to deposition. The deposition ofWNCD was carried ouat
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: (€stcm, Ar: 160 sccm,N40 sccm) as

previously described to enable the growth e/ NCD.

Surface termination
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After the deposition process, the samples were treatedwftird Plasmalab 80 Plusactive ion

etcher (RIEOxford Instruments Plasma Technologygland to enable the adjustment of surface

with different terminations tailoring the surface conductive properties and hydrophilicity. The RIE
treatment with a gaow of 50 sccm @, working pressure of 35 mTorr and power of 100 W were
applied for anchoringxygencontaining species whila gas flow of 25 sccm Ar and 25 sccm
CHRs, working pressure of 35 mTorr and power of 50 W were applied for anchituorgne-
containing species on the surfate minimize the damage and change in morphology by RIE, the
treatmat duration was optimized to 20 s and 30 s respectively for oxygen plasma treatment and

fluorine plasma treatment.

Material characterization

A NanoLab duabeam focused ion beam (FIB)/scanning electron microscopy (SEM) system
(FEI, Hillsboro, OR) was uskto take the images of both plan and cresstion 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 eseston view. To investigate the

morphology with or without plasma treatment, surface roughness was proved usiFgpMEiEe
atomic force microscopy (AFMDxford Instruments Plasma Technologyngland with tapping

mode at resonant frequency of 300 kHz and ambient conditions. The resilNhgnages and
rootmeansquare (RMS) values of the surface roughness based on 10 um x 10 um scans were
obtained. To have an insight of bonding character and sp hybridization of the entire coating, a
Horiba Jobin Yvon LaliRAM HR Evolution confocal Raman sptroscopy (Horiba, Japan) was
employed to characterize the coating by using a-sbéite visibleight laser (633 nm) with a

laser spot size of approximately 2 um in diameter. The surface composition was characterized by
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using a SPECS FlexMod-ky phot@lectron spectroscopy (XPS, SPECS GmbH, Gernany)
confirm the anchoring of functional groupsi t h Mg kU excitation (1254
hemispherical analyzer (SPECS GmbH, Germany), takeoff angle at normal to surfage, X
incidence angle of 30° anttray source to analyzer angle of 6Base pressure in the vacuum
chamber was in 1 mbar range. Compositional analysis of the spectrum and deconvolution
were conducted with CasaXPS (Casa Software Ltd, UK) with Voigt function
(Gaussian/Lorentzian) aimé shape for fitting. The energy spectrum was calibrated by
referencing to adventitious carbon. Origin 2021 (OriginLab, Northampton, MA) was used for
graphic generatio.he wettability was characterized by using DataPhy@ic£200 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 alifoising 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,
WarminsterPA). All electrochemical experiments were carriedwith phosphatéuffered

saline (PBSThermoFisher,Waltham, MA) as electrolyte at room temperature without nitrogen
purging to mimic physiological condition. For signal reading, a tieteetrodes coijuration

was adopted with Ag/AgCI electrod@amry Instruments, Warminster, PAg reference

electrode and graphite r¢@amry Instruments, Warminster, PAg counter electrode. The
samples mounted with a metal wire served as working electrode withpiver(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 votagnge from1.5 V to 1.5 V vs Ag/AgCl. The

results were analyzed by using Gamry Echem Anélyatry Instruments, Warminster, RA)

The charge stor3jgas ca&ﬂa{edt@i“ﬁéy“—ﬁ_é,mheéqp"mdjsthe

integrate are in CV curve, A is the surface area ands the scan rate.

Biological evaluation

The biological evaluation of the-NNCD and (NUNCD + graphene) coatings were assessed by
seeding induced pluripotent stem (iPS) -cldtived humammidbrain floorplate dopaminergic
neurons iCell DopaNeurons) with iCell neural medium (FijiFilm Cellular Dynamigkdison,

WI). For this purpose, the samples and glass (Ted Pella, Inc, Redding, CA) control were first
sterilized by 70% ethanol for 10 mima rinsed with PBS for 3 times. Then samples and glass
control were treated with 0.01% pelyornithine (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 (Millip oreSigma, Burlington, MAsolution was added and incubate®at’C for 1 hour.
Followed by the treatment, the samples and glass control were then transferradelbfdtes

for cell seeding with the wells ptesated with 1% Pluronic-E27 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 dropwise addiion to ensure maximum viability. The cell suspension
was then centrifuged at 400g for 5 min anduspended 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

10° cells/an? on samples and control group. After 4 days incubation, viability, mitochondrial
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integrity and membrane damage were analyzeditsyi ng Cy QUANTE Cel | Pr ol
(Thermo Fisher, Waltham, MA), CalciumAM (Thermo Fisher, Waltham, MA), MitoTracker
(MilliporeSigma, Burlington, MA) and CytoTox 96® Ndradioactive Cytotoxicity Assay
(Promega, Madison, WI) respectively, following recommended protocols by the manufacturer.
The fluorescent signals were measured with plate reader (Tecan Infinite M1000 rISmdize

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 werel ¢alture
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 atytiosine hydroxylase (MilliporeSiga, Burlington, MA) as
neuronspecific primary antibody and Hoechst (AAT Bioquest, Sunnyvale, CA) in blocking buffer

of 0.2% Triton %100 (MilliporeSigma, Burlington, MA) and 2%étal bovine serurFBS, ATCC,
Manassas, VAin PBS overnight. Followed by 8img with wash buffer of 2% FBS in PBS,
AlexaFluor 488 conjugated donkey antbuse IgG ThermoFisher,Waltham, MA was used as
secondary antibody with 1 h incubation under room temperature. The branching points, total length
and average length of the mié@ 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 Fluor488 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 averagetaéength between

each condition was conducted througteway ANOVA with Tukey posthoc test and a

significance leveU= 0.05.

Results and discussion

Deposition of NUNCD coatings was carried out with no hydrogen gases which the growth
mechanism was suggested by the exothermic reactionsddn@r insertion into €4 bonds and
formation of single bonds between adjacentlitherg33]. With a different seeding pre

treatment and incorporation of gragte flasks, a hybrid UG coating was fabricated under the
same deposition conditions astNNCD. The application of nanodiamond seeds before and after
the dispense of graphene enable the growthrOINCD around graphene which also anchor the
flasks in the lading position as demonstrated in Figure 1(a). Seeding only before the dispense of
graphene with subsequent CVD deposition resulted in ptu®ND coating which was

suspected due to the destruction or relocation of graphene flasks during the plasmiamnleposit
Seeding only after the dispense of graphene with subsequent CVD deposition resulted in poor
connection between-NNNCD and graphene flasks. The use of 3 steps seeding and this sandwich
structure enabled the further fabrication ofcafbon multielectsde configuration in one step as
shown in Figure 1(b, c) which the graphene flasks were covered with growilngD 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), grapheeflask was surrounded byBINCD to provide a good

connection while the rest of the area were similar to téNTD 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, theamples 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 wettabili84] and surfacettargg35] by tuning the surface bondingdn
compositio36], [37]. For biomedical applications, especially as electréoleseuron

stimulation, the variation of wettability corresponded to different extend of cellular
attachmeriB8], [39] and hence the effective electrical stimulation. The surface charge can
enhance or weaken the capability of injection of ele¢@n[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 thedtieiction 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, surfse roughness, surface composition and water contact angle to compare the
intrinsic properties of NJNCD and UG coatings as well as the validation of the change surface
termination. The identification of bonding character and surface roughness of UG sw@éating
Raman spectra and AFM measurement are shown in Figure 2. As compared with our previous
study with NUNCD[35], the Raman spectrum of UG is composed of two bands with one G peak
centered at about 1590 ¢rand D peak centered at approximately 135¢H&@], [43] which is

similar to the Raman spectrum of BNCD except the G peak is centered around 158bfom
N-UNCD. The G peak originates from theptane vibrational mode of $pybridized carbon

with Exg symmetry which corresponded to the Brillouin zone center phononsthvlifgesence
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of D peak demonstrates the beathing efrAodd44], [45] which corresponded to the-point
phonons. These two modes directly reflect the presenceé cdigon since the 3parbonis less
sensitive in visibldight Raman which results in the screening of diamogng&ak by D

peal13]. Besides, a minor peak observed at 1144 corresponds to trafsolyacetylene at

grain boundaridd6]. The shift of G peak to higher wave number for UG coatings as compared
with N-UNCD could indicate the formatiosf small sp clusters on the surface or the presence of
more olefinic spbonds since the olefinic $pond is shorter than aromatic bond which exhibit a
higher vibrational frequency. The variation of intensity ratio of the two pes#s)(from 1.35

1.37in N-UNCD to 1.461.5 in UG coatings indicated the increase éfsgpratiof47]i [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(@) which was also demomated in NUNCD. The surface roughness, shown
in Figure 2(df), was also similar with roaetneansquare (RMS) values of 38.88 nm, 21.755 nm
and 29.215 nm corresponded to UGU®B and FUG, respectively. The increased roughness of
UG coatings as compared wiN-UNCD was attributed to the presence of graphene flasks which

was taller than the thickness of thedUWCD coating.

Except for the investigation of bonding character of the bulk material, the surface composition
andthe grafting of functionajiroupson the surface of the coatings before and after the plasma
treatment was examined by using XH8e surface composition of the coatings is demonstrated
in Figure 3 with the atomic percentage summarized in Table I. The application of plasma
treatmeis substantially changed the coverage of carbon atoms from 88.7 % and 92.3-% for N

UNCD and UG to around 83.5 % forlONCD and QUG while exhibited 61 % carbon for F
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UNCD and FUG. 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 thiadpahdracter on the
surface and respective contribution, the C 1s region in XPS spectrum was deconvoluted into
peaks withGaussian/Lorentzian product line shapédentify the specific bonding as
demonstrated in Figure 4 with the percentage of contabwiimmarized in Table Il. Peaks
centered around 284.3 eV, 285.1 eV, 286.8 eV and 287.3 eV, correspondifigs® §pO and

C=0 bonding, respectively, were identified on untreated coatings and oxygen plasma treated
coatings while four additional peaksntered around 286.5eV, 288.8 eV, 290.5 eV and 292.8 eV
contributed to the long tail on the higher energy side corresponde@€k GF, GF2 and GF3
bonding, respectively. The surface composition and contribution of each peak on UG coatings
resembled th observed results onINCD coatings which was in contrast with results from
Raman spectroscopy since the graphene flasks were covered-WNICR and only

photoelectron from the very surface can contribute to the signal. Both plasma treatments were
shownto reduce the coverage of carbon atoms on the surface by introducing functional groups
containing oxygen or fluorine. However, only’ s|arbon decreased with the introduce of plasma
treatment while spcarbon increased in percentage of contribution t&Ctie peak. Preferential
etching of spcarbon by plasma oxidation has been reported in the literatures due to lower
activation energy of oxidation as compared with oxidizintgcspbori50]. It was believed that

the sp cartons at the grain boundaries which exposed to the plasma would be removed more

rapidly. However, the Sgcarbons subjected to plasma treatment could experience bond
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breaking, anchoring of functional groups and formation ébspding by the introduce of

defects. Thus, apparent increase in the sp2 carbon and C=0 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 cealtdlygr
influence the double layer capacitajidd and cellular adhesi¢d4]. Images of water contact
angle measurements are demonstrated in Figure 5. The water contact angiGDNG-
UNCD and FUNCD 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 91, and 95.4 + 0.4° correspond to UGG and FUG,
respectively.

The results were obtained by averaging N=5 replicate measureineggseral, the NJNCD

and UG coatings exhibited similar hydrophobicity amgigen plasma treatment rendered the
surfacemore hydrophilic by the introduction of polar bond®b2] while fluorine plasma
treatment rendered the surface more hydropfe®jc[54] than the other two conditions via the
introduction of less densely packed fluorocarbon as proposed in the literature usirsgi@to

molecular simulatiofb5].

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,
CSCwerecalduat ed to be 42 92for N6lNED, &WNCD 2w FUNGI, A ¢ m
respectively whil e?werddbtained ora)G,adGand¥F8d OCAc m
respectively. Although CSC is not identical to the charge injection capacity (CIC) since not all

the chargestored can be ejected, CSC can still be viewed as an indicator of the capability of
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charge ejection. As compared witAUNCD, the increased CSC in UG coating might be result
from the increased surface area by the incorporation of graphene flasks. Obagyea p

treatmenitL6] or anodic electrochemical treatmfr#f] was shown to increase the double layer
capacitanc®6] 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
surfac¢s7], [58], thefluorine-terminated surface exhibited a decrease in CSC. It was
hypothesized that the increased hydrophobicity of fluetenminated 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 trgg@jfemile a more steemcrease in

cathodic current (left hand side) was observed which indicated the enhanced reduction of water.
As compared with other diamotihsed electrodgd, [13], [16], [60], the CSC observed in our
study, rangi ng f?riocompard@le withthe valGes reoed in the literatures
and is sufficient for stimulatioof various neurofi$2]. Al t hough a hidgh CSC o
was reported for microelectredrray based on bor@oped diamond (BDD) deposited on

carbon nanotube (CN[BP1], 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 platifa®h the CSC reported in our study could be double the
CSC of 3%0ep®dhcend for platinum electrodes. Alt
for TIN[61] was reported, the actual current density generated from-thR@GD and UG

coatings, hence the capability to trigger the neural stimulation, could be higher than observed in
this study. Since the electrical conductivity cANNCD originated from the grain

boundarief62], the actual current density should be averdgethe 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 comparisoniwitivo 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 coatingaces on the attachment and growth of the
neurons. Theell 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 ove85 % 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

neurors and no severe membrane damage. Although a higher feature area was shown to enhance
the cellular attachment of neuroblastoma cells on gadolidioped cerig3], no significant

difference in cell viability was observed compayiNNUNCD and UG coatings.

From a norphysical 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 tneaitt 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 coered 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 disineen the

neurons and electrodes with more effective stimulation. Especially, the fibrous encagé4ipation
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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 lifertie 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 nee®3 to 124 % of glass control while statistically

significant difference between the coatings and control is shown wdfielat the

biocompatibility results as aforemention&ginal cord injurief65] and central nerve system
(CNS) di seases s ucaR],Mzeeimers dideas@bsandsibokf23thave e a s e
been implicated to modulate neurite outgrowilso, the growth of neurites via cytoskeletal
reorganization can be stimulated or inhibited by neurotoxic cherf863lsanostructure or

surface ternmationg16] 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 comparlilyGD and UG, andurface
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 elegitgtimulation has been reported in the
literature$67], [68], anin situmeasurement 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 high#sgiratio of UG coating. Plasma treatment were
performed subsequently resulting in the different surface composition, bondingstialilty

with minor variation in surface roughness. Oxygen plasma introducedtbeat@ning groups

on the surface with increased wettability and CSC while fluorine plasma introduced the F
containing groups on the surface with decreased wettabilitC&@@ CSCanging from 335 to

761 O’vAsmohtained 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 varioemsral stimulationBiological 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 bepexienced 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 matt&k@D or UG coatings with or
without plasmdreatment 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 whicht $eggiedity

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 sspreany 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 Heakihd Human Services.
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Graphene

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-ofNCD.
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Figure 2. Raman spectra and FM images of (a, d) UG, (b,-&)3and (c, f) FUG coatings.
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Figure 3. XPS spectra of (a) \WUNCD, (b) GUNCD, (c) FUNCD, (d) UG, (e) QUG and (f) F

UG coatings.
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Figure 4. Deconvolution of C 1s peak region of (&)UNNCD, (b) OUNCD, (c) FUNCD, (d)

UG, (e) OUG and (f) FUG coatings.
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Table | Atomic percentage of NUNCD, O-N-UNCD, FN-UNCD, UG, CGUG and FUG

Sample C O

N-UNCD 88.7 11.3

O-UNCD 83.6 16.4

F-UNCD 60.8 5.1

UG 92.3 7.7

O-UG 83.4 16.6

F-UG 61 5.4

Table 1l Percentage of bonding contribution in C 1s.

Sample sp2 sp3 C-O C=0 C-CF C-F2 C-F3
N-UNCD 6.7 85.2 1.7 0.5 -
O-UNCD 20.9 66.4 6.8 5.9 -
F-UNCD 27.1 41.3 2.9 6.0 10.8
UG 4.9 87.2 7.9 - -
O-UG 20.9 64.2 5.4 9.5 -
F-UG 254 43.5 3.6 6.9 8.8
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Figure 5. Water contact angle of (a)-NNCD, (b) GUNCD, (c) FUNCD, (d) UG, (e) QUG

and (f) FUG coatings.

Figure 6. Cyclic voltammetryof (a) NUNCD, (b) GUNCD, (c) FUNCD, (d) UG, (e) QUG

and (f) FUG coatings.
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