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METHOD OF PREPARATION OF SILICON CARBIDE COMPOSITION
AND USE THEREOF

REFERENCE TO GOVERNMENT RIGHTS
janol) This fvention was made with govemnment support ander NST0T488 awarded
by National hnstitites of Health, FAUSS0-18-1-0503 awarded by United States Adr Force,
NOOGI4I612958 and NOOGI41613530 awarded by Uniied Siates Navy Office of Naval
Research, WOTINF-18-1-0042 awarded by the United States Army Resgarch Office. The

government has certain rights in the invention.

FIELD
{0002 A composttion and method of preparation is disclosed. The composition can

be advantageousty used for stimuiated modualation of biological cells and tissues, and

production of hydrogen peroxishe.

BACKGROUND
{0003 Development and ntegration of noxt-gencration semicondacting materials
continues 1o revolutionize fickds of sensing, catalysis, and medicine. OF particalar intorest is
the divect syithesis of semicondacting materials embedded in isulating polymenic substrates,
However, the current ant is limited to a Himited subset of materials and methods, precluding
widespread apphication,
{0004 Ay attractive tavget is the development of novel materials for biological
sensing and modudation. In the past, silicon semiconduectors have been widely utilized to dug
end. However, silicon suffers from severe drawbacks including degradation ender
physidogical conditions, high cost, complex fabrication methods, and Hmited chemical and
physical properties. Additionally, in contrast to senconductor-based information processing
systenss, materials and devices used for bioelectronies or bromaterials priovitize operational
flexsbility over structural precision.
{6605] Hence, there is g demand in biownterface research to produce inexpensive and
user-defined materials and devices wiile taking advantage of advanced methods, such as
Laser ablation and 3D printing, in order to provide improved materials for bislogical sensing

and modulation.
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SUMMARY
{0006 Rapid, direct synthesis techniques such as laser ablation have the promise (o
aceess metastable connpositions and phases that are difficelt to manufactee with

D

Kad

conventional synthesis techniques. Additionally, the emerging fields of laser-assisted
printing may be adapted to laser ablation, allowing oreation of arbivary patterns and networks
that allow simeltancous svithesis and design. Laser-assisted processes have been used for
material svnthesis due to their case in fabrication, low cost, and their unique capacity 1o
generate metastable phase. However, there are hnvted design prineiples available for this
method to create functional materials for applications such ag bivlogical sensing or
modulation. To address this limitation, a material svstem was developed that allonvs for the
electrical, photoclectrochemical and photothenmal modulation of mudtiscale biological
camponents.

{1807} Of particular interest are methods 1o produce conivolied patterns of sibicon
carbide (510}, Silicon carbide has been s material of sigaificant importance i the
semiconductor industry for decades, but ifs utihity i biological modulation from an optical
and clectronic perspective s much less exphwed.  Attractively, silicon carbide possesses
excellent stability under physiological conditions.  Farther, silicon carbide &5 kinown to form
several hundred polytypes, though hexagonal §H and 4H are the most widely-grown and
frequently used in electromics. However, the cubie 3C polytype (3C-SiC) s an ativactive
target due to its high mobility, thernal conductivity, and sadration drift veloeity, However,

3C-81C cannot be grown by conventional methods n {arge quantities, o with a high level of

quality.
{8068 In the present disclosure, two- and three~-dimensional laser printing of 3C-85iC

gsing polydinethylsiloxane as 8 precursor is demonstrated. The laser-assisted process
enables incorporation of nitrogen as a dopant, makmy the electrode capable of exbibiting
pseudocapacitive charging. A deal modification strategy 1s further presented for turing
material properties. This strategy involves use of additives in the inttial raw material, or post-
syithetic sarface fimetonalization o obtain differont ety of aptoclectronic propertics with
which o provide stimuht to cellular tissue,

{8009] In ong aspect, the disclosure provides for a method comprising: providing a
pohvdimethyisitoxane (PDMS) sebstrate, and iradiating at feast a portion of the subsirate
with g laser under conditions sufficient to produce silicon carbide comprising 3C silicon

carbide.
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{0a10] In another aspeet, the disclosure provides a method comprising a MoS:-
modified PDOMS substrate, and iradiating at least a portion of the MoSy-modified PRMS
substrate with a laser wnder conditions switable to produce sitivon carbide s mixed-phase
siticon carbide comprising 3C-SiC and 15K silicon carbide (15R-510), coltectively M-SiC,
{801 1] in certain embodiments as otherwise described herein, the PDMS menthrane
further comprises a gold membrane,

{0012] in certain embodiments, the disclosure also provides for a dovice comprising
the silicon carbide produced as otherwise deseribed hevedn.

{0813 in certain embodiments, the disclosure alse provides for amethod of
muodulating mescle contraction, conymising: contacting the device as othernwise descrtbed
herein with a musele cell; and stimulating the muscle cell with the device.

jonid] fn certain embodinents as othorwise deseribed herein, the stimulation can be
cleetrical pulses or hght pulses.

{13 in cortan cmbodiments, the disclosure also wrovides for a mothod of
modulating newral activity, comprising contacting a plurality of newronal cells with the
siticon carbide produced as otherwise deseribed herein to form a nctwork having nodes,

wherein the nodes comprise nevronal soma; and optically stimalating a node.

{fo16] In certain cmbodiments, the disclosure also provides for a newal network
comprising: cultored yeuronal cells sepded with erystals of the silicon carbide produced as

otherwise described beretn, wherein the neuronal cells form entangled janctions with the
crystals to foror a neural network having nodes, wherein the nodes comprise neuronal soma,
{8617] In cortain embodiments, the disclosure also provides for g method for
gererating bvdrogen peroxide, comprising: contacting the silicon carbide produced ag
otherwise deseribed herein with water; and stimsdating the silicon carbide under suitable
conditions o as o gawerate hydrogen peroxide.

{8018] These as well as other aspects, advantages, and alternatives will become
apparent to those of ordinary skill in the art by reading the following detaled deseription with
reference where appropriate to the accompanyving demwings. Fuether, i should be paderstood
that the deseniption provided i this suromary section and clsewhere in this document is
intended to Hustrate the clmmed subject matter by way of example and not by way of

limitation.

w2
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BRIEF DESCRIPTION OF THE DRAWINGS
{0619} FHG. 1 iHlustrates o reprosentative synthesis protocol and various apphications
according o example embodiments, In detatl, a schematic iHustration shows the emergance
of the nudn~functionality i a bio-interface from an underlying modification in syathetic
methodology. A straghtforeard synthesis by laser ablation gives mitrogen doped 3C-SiC
which can exhibis pacudocapacitive coupling for wired clectrical stimudation of sheletal
muscles. However, as a free~standing species 3C-5iC electrode can parform
photoclectrochemical production of hydrogen peroxide for modulation of smooth muscle
cells. Additton of a swrface cogting of MnQ: bv electroless deposition enhances the
photoelectrochemical reaction causing the production of hydrogen peroxide to shift to a lethal
dosage useful as an anti-bacterial. In contrast, use of a starting material additive like MoS:
tunes the orystal structure and doping thereby generating a photothermal property vseful for
spatio-temporal neural notwork modalation. This demonsivates how an additive can tase
crysial structure and doping vorsus the surface functionalization controlling the
electrochemisiry. Thus, by using a starting matersal additive and swrface functionabization as
basic tuning gears, the utility of s laser synthetic methodology 18 expanded to obtain
madified materials with enique propertios to suat the stimulation requirements of specific

birfogical systems and pathways.

{H20] FIG, 2 {a)-{c) are schemsatic ilustrations of the discloswre according to
example embodiments. In {8), CO: laser writing a pattern on a PDMS substrate wherein the
pattern can be on the surface {i) or be a trench (1) or a cut through keading to formation of
bwo distinct pleces. Architectures (8- () arise as a function of the laser power and wiiting
speed and alf of these have a graphite layer beneath the SiC fayer by nature of this ablation
process. In ¢hy, laser writien electrodes ave flexible electrodes which can integrate with a
hwart to stimulate them with electrical inapudses leading to s pacing. In (), laser writien
circaits can alse interface with interconnected ocllular ensembles which comdd be

photociectrochemically modulated by siticon carbide.

{0821} Fie. 3 ({2} show structural characterizationy of 3C-5i1C acconding to
exampie embodiments, wherein faser printed silicon carbide has a graphue faver formed
beneath 1t due to a temperatare gradient existing froms the ablation poit. In (), HAADF-
STEM image reveals a porous graphitic surface mitegrated with SiC. Higher magnification
images reveal graphitic favered structure i regions as marked in blue and green. In (b}, a

4
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nicrotomed section of 3C-510 with s diffracton pattern (o) taken on itindexing [(H 1} zone.
In {d}, a HAADF-STEM mmage reveals cubie SIC lattice. In (e, X-ray diffraction reveals &
3C polvtype of Silicon carbide with stacking faudts and graphite layer beneath. In (1), an atom
probe reconstroction of a 3C-51C sample reveals nitrogen doping. In {g), 8 mass spectrum
from atom probe tomography indicates nitrogen present in sificon carbide fattice and us

honding with carbon and siticon atoms.

{86224 FHG. 4 (a)-{g) illustrate clectron diffraction and STEM data revealing the
composition of samples according to example embodiments. The crvstal structure of the SiC
were analvzed using microtomed sections of erystals and by performing electron diffraction
and STEM on the samples. For the divect synthesis where 3C-510 was purely formed, is
verified by performing electron diffraction on a section {a) to obtain a pattern (b} and STEM
latiice image (o} which indexes to the 119 zone. Sundlar analyvsis on M-SIC rovealed
privaarity 3C phase, however, the existence of 15R as a separate secondary phase was
observed sislary 1 an analysis from {d) to () reveading a [-2-23] zone with twinning
{Selected twin planes marked by red arrows m d). Atom probe tomography reconsiruction (g)
of 3C-51C and M-SiC (Red- 51, Blue~C, Green- Nj were performed to discover the presence
of mitrogen doping. The dopant nitrogen was profiled along the z divection of atom probe
needies for aither speetes rovealing 8 10-fold incrcase in doping along with a decreasimg
gradation in M-SiC, This decreasing gradation overlaps with the temperatare gradient created
by the ablation laser and grades away from the laser ablation spot into the PDMS bulk {Scale

bars: a~100 nm, o1 mm, d~ 530 om, £ Tam, g-20 ).

{8023] FIG. 5 (a)-(g) illustrate 3 laser printing technique acosrding to example
embodiments. In {a), laser printing resolution is determined by 31 confocal laser microscopy
as a funchion of aser power and scan speed- represented as contowr plot. In (b), laser printing
depth is determined by 3D confocal laser microscopy as a function of laser power and scan
speed- represented as contour plot. In (), a representative painting is vectonzed and printed
on PDMS. In(d), Raman mapping of aitrogen dofect heminescencs an a printed patiem
reveals silicon carbide. Panel () displays nitrogen defoct luminescence Raman speetram of
3C-SC. Panel (1) displavs vaultilaver vector design for three- dimensions! printing.  Pancl
{¢) displavs the laver by laver printing method which may be used to obtain a stable three-

dimensional integrated stroctore.
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{0624] FIG. 6 (a)-{h) illustrate an electrode design and cortaiy clectronic propertics
according o example embodiments. (a) displays a schematic illustration of the electrode
prepared for characterization of its electrochennical properties, Schematic ustration of SiC-
graphite interfaces where S1€ crystals have ribbon like graphite energing from them on a
uanoscale as observed from STEM imaging (d), and their capability in exhibiting
pscudocapacitance. The wility of 3G-5i10 as a pscudocapacitively coupled biointerface is
demonstrated by the cyelic voltanymograms (b, ¢). A comparison of cyclic voltammograms
with undoped 3C-8iC and standard glassy carbon suggest that the faradaic component giving
rise to pseudo capacitance arises purely from nitrogen doping mnd m S1C. Fuathermore,
electrochemical impredance studies suggest that the doped structure {e, ) enables a very low
resistane of charge transfor at the clectrode-clectrolvte interface. Such a small resistance
enables a very low resistance of charge transfer enables pseudocapacitive coupling of
clectrodes with the electrolyvie. Further the capability of such printed pseudocapacitive
cleetrodes in diveet wived stimulation s fHustrated by passing a stimulation carrent pulse to

elicit in~phase action potentials in rat skeletal muscle {g, b},

{0025] FIG. 7 (ap-(1) depicts the cardiac pacing experiment according to example
embodiments. Panel (a) is a schematie depiction of surface interfacing and side interfacing
cizetrodes which could be printed by varying the powor and sean spoed. Higher powsars ata
constant scan or lower scan speeds at higher power enable side electrodes against surface
clectrodes. Panel (b) is a schematie ithustration showing porous graphife structure undertyving
SHC, serving as a contact for electrical interfacing. The porous stractore of the graphite tayer
is reatized from the STEM imaging. Panel (o) displays photographs iltustrating sidewall and
surface printed glectrodes printed on POMS for interfacing with isolated heart for cardiac
pacing experiment. Panel {d) displavs photographs iHlustrating a side-wall and surfuce
gicotrode fexibly interfacing with an isolated beart in a Langondorft set-up. Cardiac pacing
of an isolated heart with an clectrical stimudus supphed through two silicon carbide electrodes
{Each of side and surface prited clectrode at o frequency of (e} Y Hz and {1} 4 Hz. Both
electrical stimulations are successful with in-phase electrocardiography (ECGY signals and

ventricalar contraction measured as left ventricular pressore (LVP)L

jan26] FI1G. 8 {a)-(g) roveal the photoelectrochemical effect of the 3C-51C according
to example embodiments. Panel () displays the n- doping n 30- SiC and sebsequent band-
bending suggests the possibility of pure oxidation reactions because of photostimudation.

6
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Panel € shows the results of photocwrent measurements on 30-S10 fora Hibms pulse
revealing a photoanodic oxidation reaction. Panpel (¢} shows the results of fluorescence
kinctos measerements done on 3C-51C and 30C-S1C-MunO: which confirm the water oxidation
to hydrogen peroxide and show the relative concentration of hvdrogen peroxide produced by
oxidation of waier per em” of the material irradiated with light. Panet {d) is a schematic
Hlustration of the conseguence of exogenous hydrogen peroxide on smooth muscle cells.
Exogenous peroxides cause increased activation of IP3R causing release of caloium from
internal stores like ER/SR and uptake of exogenous caloium. The difference in calcium
stgnalibg on a cellolar level, beomuse of peroxide release on a sheet of cells depond onthe
stirmulation timing with respeet o @ contraction cyele confirms the role of peroxide and IPIR
activation i tdividusl cells {&). The cnsemble measurements were carried out on a sheet of
smooth muscles cells (), The difforential calohom (AF/F} signals observed before and afler
stimulation veveals wn overall increase in eddoium levels (Represented as heat miaps) slong
with an increased synchronization i contraction of a sheet of smooth muscles. Paned {g)
displays a device level implomentation of the same {g) and a point stnndation on the devies
cals a caleiunt wave propagating (Represented as heat maps) from the stimulation poat

{23 {Scale bars: g~ 100 wm, b~ 100 um, 1 - 100 pm).

{0027 F1G. 9 (a)-(p) lustrate a noural network experiment, and the spatiotemiporal
control thereof according to example embodiments. For example, the photothermal
capabiity of a mixed phase and excessively doped M-5:iC is observed through single channel
recordings {a) for a stimulation pulse of 10 ms and vartous powers of a 332 mn stimulation
laser. The advantage of such a photothermal measurement over photoelectrochomical (b) s
that electrochemically generated species can eventually diffise avross and stmulate other
neyrons 1y a network resulting i poor spatial tomporal control whereas thermal gradients
decay really fast. Interfaces formed by ap arttficiad cultured dorsal root ganghal network was
explored using SEM imaging and false coloring. A typical neuwronal netwark {¢) has neurons
{hlue) interhinked by axons and dendeites (vellow) with fow ghal cells {greenm). M-S1C
particles interspersed with the growth medunm have been obsorved to be entangled with
axons {(d) and dendrites () as observed in SEM imaging. Calciwm imaging was performed on
& comrventional neuronal netwark () with 2 single node stinwmdation {3.3 mW, T ms) to see
how localized synchromization swrounding the stimulated node rises (g} with respeet to

unstimudated case. Such spatially controlied mereases in local syncleonization rosults wm an

=3
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increase in the mean synchronization of the entive nowsal network from 0.197 10 0338, This
ilustrates the capability of M-8iC to form interfaces with neural networks and to modulate
synchronizations locally compared 1o drugs which modiy neural networks globally. X-axis

and Y-axis i (g} are neuron indices along with the beat map for synchromzation values.

{H28] FIG. 18 displays wide angle x-ray scattering data according 1o example
embodiments. In (a), wide angle X-ray scattening {WAXS} was collected for pure 30-SiC
sample. o (h), WAXS collected onva M-SiC sample showing nuxed 3C and 15R polytypes
existing on that sample, In (o), WAXS colected for M-5:C sample at a specitfic spot showing

a 13R polytypic phase of SiC, revealing phase separation during synthesis.

{0029] FIG. 11 {a)-{g) display results of mulii-point clectron back scattored
diffraction characterization experiments according to example embodiments. Multipoing

ERSD analvels carvied out o a bateh of 3C510 ({a) and (b)) and M-S {{o)-(g)) samples.
The EBSD was done on different crystals ywhich actively diffract on the detector as observd
i the forescatter diode (FSD) umages. The FSD image has every point marked where EBSD
was carried out. The Kikuehi diffraction pattern and indexing from cach corresponding point

were detected and indexed gs 4H-, 3C, or 13R85,

{6030} FIG, 12 (a)-{ly iHusteates atom probe tomography sample preparation
according o example embodiments. In {a), SEM image of a flat surface identified for FIB
preparation of atom probe tomography tips: (b Deposition of platinam to protect the sample
of interest; {¢} FIB nulling of trenches on either side of the sample of imtercst protecied by
platinmum coating: () Lift out of & lamella vsing nucromanipulator; (@) Low magnification
SEM image showing trench of the lifted-out lamela tn material of wmteresy;, (0 FIB mage
showing a scetion of lamella, platinum welded on a silicon micropost: {g) Polished tp for
atom probe torsography measurement on a silicon pucropost; and thy Higher magnification

tmage of the atonm probe tomopraphy tip.

jon31) FIG. 13 (a3 display electron microscopy characterization of SiC-graplute
interfaces according o example embodiments. Schematie iltostration of the different layers
of materials formed {a) with respect to the laser writing poing, embedded in a PDMS matnix;
{by The different layers formed ave as a result of a tomperature gradient that would exist from
the faser writing point into the bulk which would control the thermodynamies of the reaction,
leading to a layered structure; (¢j Moreover, these layers can be observed by in SEM images

8
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{d3-(f). Further, addigon of MoS: to PDMS leads (o a higher temperatare at the urning point
{c). This is due to the fact that oxidation of MoSz is nghly exothermic and the product
formed (MoO:} is extremely volatile at sach high tomporatures. The highly exothermic
oxidation reaction leads to accelerated resction kinctics. This effect, coupled with the known
catalvtic activity of molybdenom in fixing nitrogen, increases the nitrogen dopmy level by
ten times and gives it s grading which following the temperatore profile in {¢). Graphisic
layers as soen in a TEM {g) and its corresponding SAED pattern (3. HAADF STEM fmage
of a nucrotomed section of the SiC-graphite {h) with magnitied section {1} clearly showing
the SiC~-graphite interface where graphite is seen in ribbon like structures further confirmed at

higher magnification mmages (k) and (1),

{{132] FI1G. 14 {a)-{c} show 30-83C ervstal size control studies, 1V characteristics of
3C-S1C-graphite electrades, and the muscle stinndation ir vive experiment set-up according
to example embodinents. (o) Crystal size control factors in the laser ablation synthesis 1§
demonstrated as a function of the taser power and sean speed. This ilustrates that the
syathiests has a catoft power with respect to the synthesis parameters and control on crystal
on size gbove the cutoff. The crystal mizes were estimated by using Debye~Scherver equation
on the {111 peak of x-ray diffraction/scattering. () -V chamactenistic of a device made by
B printing showing high conductance due w0 G supporting graphite layer below the SiC
crystals. The high conductance 18 due to the graphitic laver and Hustrates its utility
enabling integration of devices for future large-seale device fabrication. {¢) Configuration for

3C-51C mascle stimalation and recording electrodes on the skeletal moscle of an adult rat

{B033] FI1G. 15 {a)-(c) show aliraviolet photoclectron spectioscopy of various
samples according fo exaniple embodiments. For example, {a) displays UPS spectram of 3C-
S, M-SIC, and 3C-51C-MnOn; () shows estimation of werk function from the secondary
scattering edge cutoff of the UPS spectruny, and {c} displays estimation of HOMQ from the

vitence band edge of the LIPS spectrum.

HUIREY] F1G. 16 (a)-{¢) show photocurrent mensurements on M-5iC and 3C-5:1C~
M) according to example eimboediments. {a) Displays M-51C consisting of a mixed phase
andexeess mitrogen doping, demonstrating a weak photothermal effect which would switch
polarity with the holding level and portray a growing current with the applied stimalation

(350 am LED with a 10 ms pulse). The polarity flipping is due to the fact that thermal

9
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cuwrrents abways superpose onto any injected curvent following divection comrary to faradaie
processes. (b} Temperatwre change mduced by a 10 oy pulse of 332 mw laser as a Rmetion
of stimulation power averaged over HY holding levels. This shows that the photothermal
effect 1s small and thus a non~lethal dosage on cells further preventing the fluorescence
waging laser from produecing stimuelation artifacts. {©) Surface modification of 3C-51C by
Mk further enthances the photoanodic oxidation reaction as indivated by the magnitude

difference in current (stimulation: 350 wm LED with a 10 ms pulsel.

[8635] FHG. 17 {a)-(b) display fluorescence calibration of amplex red hydrogen
peroxide sensor gccording o example enbodiments. In (a). steady state fluorescence of
Araplex Red for specific concentration of hydrogen peroxide. Fach curve is a separate
measurement done with a freshly mixed dve stock sohution and hydrogen peroxade of an
appropriate concentration. (b)) The intensity changes with respect to 8 mM hvdrogen
peroxide corve at 390 nmis plotted with respect to the added concentration hvdrogen
peroxide. The curve fitted by least squares methods (R = 1.98) gives a linear correlation
between concentration change of hydrogen peroxide and the flaorescence intensity change
for a fixed concentration of Amplex Red. This fitted curve is used as a calibration curve to
construct the quantitative fluorescence kinetics curve n FIG. 5, {¢) s a photographe
shovwing the measwrement set-ap involving a piece of $iC placed in the direction of the

excitation beam but perpendicular to the detector.

{86346 FIG. 18 {a)-(b) display the anti-bacterial effect of 3C-8iC-Ma(h according to
cxample cmbodiments. {a) Percentage chiange i bactenal population measured by standard
spread plate cultwre, with photociectrochemical anti-hacterial treatment of 3C-5:C-MnQ:
compared with samples contaiming 3C-SiC-MuO: under dark (N=15). (b} Average fractional
change n bacterial population (with rospect to bacterial culture without any 3C-58C-MaO:
under Hght conditions), estimated by standard spread plate culture with photoelectrochemical

MG

anti-bacterial treatment of 3C-51C0-MnO: compared with samples contaiming 3C-51

under dark.

{a037] FIG. 19 {a)-(0) display HASMUC calchum wave synchromization plots
according to example embodiments. {8} Syachrontzation matrix of caloium signals before
stimulation along with mean synchronization mndex (MSD of 0,261, {b) Svachonnization

maitix of caleiuny signals aficr stinulation along with mean synchronizgtion: index (MSI} of

10
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8,347 (Stimvolation power: 29 mW, pulser Fms). {0} Oveday of caleium and DIC mage
showing 3C-51C particles co-coltured with smooth muscle cells along with stimudation point
imcdicated bya white star, Region of itorest (ROs) used for synchronization amalysisina

and b have been marked (Stimulation power: 29 mW, pulser | mis).

{H138] F1G, 28 (a)-(h) display XPS spectra of 30-5KC and M-51CC according (o
example embodiments. Elemental XPS spectra collected on 3C-5iC samples for {(a) oxygen
13, (bl nitrogen 1s, (¢} carbon (15}, {d) stheon 2p, and M-SiC samples for {e) oxvgen 15, (£}

nitrogen 1s, (g) carbon s, (hy siicon 2p.

{839} FIG. 21 (-0 display XPS spectra of 3C-5C0-Mn0; and surface composition
analvsis according to exaple embodiments Elemontal XPS spectea collected on 3C-8iC-

Mnld: sanmples for (a) manganess 2p, {b) oxypon Is, (¢} mitrogen 1s, () carbon 15, (&) silicon
2, () Table reprosenting surface composition i atomic pereentages for cach clement in 30-

S1C, M-SiC, and 3C-51C-Muhs.

{10401 FI1G. 22 {a)+{1) display the results of electron encray loss spectroscopy
experiments according to example cmbodiments. EELS mapping done for serface and bulk
plazsmons iy M-SHT () and 30-SIC () on regions represented by HAADF STEM umage in
{a) and (d} respeetively. The spatial evohstion of low EELS spectm from the bulkof a
nucrotomed crystal to s swrface for a MeSiU (o) and 3C51C (1) crystal, The evolution from
balk to surface shows how the surface phonens are difforent in cither case which coudd be
correlated with the nitrogen doping level as revealed by atom probe tomography and swface

oxide and nitride defects from XPS.

{6641 FIG. 23 {a)~{g) show 3C-S51C device-based stimudation of a HASMC sheet
gecording o example embodiments. HASMCs are cultured on the device (1) to obtam a
aniform film of cells as observed through DIC image (b)Y, actin impumefluorescence staining
(o) and S-stack {see FIG, 3, 1), Differential caloium fuoresconce (AFF) surface plots are
constructed for deviee showst in (b)Y thme points before (~2.0 s} {d) and after stimulation (¢}
{ey (10 s, 2.0 5, 4.0 s respectively) fora 8 mW, | ms stimulation on the region indicated by
rod box in (b} Magnified views of calciom waves in red boxed region is represented in FIG.

3 (1) Scale bars m (b)-(¢) ave 100 ym.
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{8042] FIG. 24 {a)-(1) displavs SEM and EDS analyses according to example
embodiments. In (a}, SEM images of 3C-8:C after perification revealing cubic morphology.
I (), SEM images of M-SiC after purification revealing rhombuohedral morphology arising
due to phase mixing induced after MoS: addinon. In (0)(d), Magnified view of erystals
showing a coating of MnQOz deposited on them by clectroless deposition. In (2}, SEM mage
of 3C-51-MnOz erystals where EDS mapping was performed. In (H-(3}, EDS map of

erysials shown in ().

{0643 FHG. 23 (a)-(0) displays SAED and FFT indexing of 3C-153C and 1SR-SIC
according to example embodiments. HAADF STEM image of a 3¢-SiC microtomed crystal
section (&) and £d). (b} and (e)ave their corresponding FFTs. {e)and (f) show the indexing
of FFTs to [ 110} zone using Crystal Maker software, HAADF STEM mage of microtomed
seetions of M-5i1C {g) and (k). HAADE STEMunage of a P3R-5:1C microtomed crystal
section () and (1), (1) and {m) are their corresponding FETS. {§) and (n) show the indexing
of FFTs to -1 1 2 and |-2 -2 3] zones, respectively. TEM image of microtomed sections of
M-SiC {0} and ®:. SAED paiterns colfected on respective sections {pland (s}, Indexing of

corTesponding SAED patterns to -2 -2 3] zone {g) and {1).

{0844] FI6G, 26 {a)-(h) displays neoral network stimulation calenim images and
network labels according to exarople embodiments. Region of itorest (RO} of neuvonal
some marked on DIC and calcium image. The newon in ROT 12 was stimulated by a | ms

polse of 3.3 mW.

{O045] FI1G. 27 {a)-(d) displays the printing resolution and 3D printing methodology
according to example embodiments. (a) displays a laser confocal microscopy image from the
top of a faser-ablated pattern on PDMS. (b) ilustrates a schemativ three-dimensional
Hustration of the laser writing morphology. {©) displays a cross-section of 8 laser confocal
mueroscopy inage of a laser ablated pattern. {d} displays a schematic of a layer-by-laser
three-dimensional laser printing process for the crestion of integrated sinwire of sificon

carbade.

jiH46] FI1G, 28 {a)-(c) displays the results of photocurrent measwroments according o
example embodiments. In (), the photocapacitive response of instrinsic 3C-S1C water and
its invariance with the bias of current injoction is displayed. (b) shows that surface
modification of 3C-51C by MnO: further enthances the photoanodic oxidation reaction as
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indicated by the magnitude difference i current. (¢} displays the absence of photoresponse

from the graphite formed beneath the SiC. (Stinudation: 350 /314 5 nm LED with o 10 ms

paalse).
{0847 FI1G, 29 {a)-(h) displays the synclronization of smooth muscle cells and thewr

growth on g device according 1o oxample embodiments. (a) shows an overlay of calciam and
a PIC pmage showmg 3C-MC particles co-cultered with sinooth muscle cells along with the
stnalation point indicated as a white arvow. The regions of mterest (ROIsy used for
synchontization analysis it a and b have been marked {stivmsdation pover: 20 mW, { ms
pulsg). (b displays a differential calctum mmage (AFTF) of the smooth muscle colf sheet in (@)
before stimulation. (©) displavs a differential caletun image (AFF) of the smooth muscle cell
sheet in (a) after stimuolation veveahing a global merease in calenam. (d) displags a
synchronization matrix of calciom signals before stimulation along with mean
synchronization index (MSTY of 9.261. (¢} displays a synchronization matrix of calciam
signals after stiulation along with mean synchronization index {MSI) of 11347 (Stimulation
Power: 29 mW, Pulser T ms), HASMU s are adired on the device £ to obtain a untform
film of cells as observed through DIC wmage (g), Actin inmmmofluoreseence staiming (h} and
Z~stack {Figure 31 in main manuscript). The red box in {g) indicates the stimulation spot for

Fig. 5g in main manescript, Seale bars i {g-3) ave 100 gm cach

{0048] FIG. 30 displays optical micrographs {upper) and SEM images (lower) of

wradisted PDMS membranes with a gold membrane deposited on top of the PDMS.

DETAILED DESCRIPTION

{1849 Methods to make and using various silicon carbides from a pobyvmer precursor
through laser ablative printing fechmiques are presented.  Heredn, two- and three-dimensional
laser printing of 3C-8iC and 15R-SiC s demonstrated wtilizing siloxane polymer as a
preaursor. The laser-assisted process enables meorporation of dopants from the atmosphere,
for example mtrogen, making the clectrode capable of exhibiting psevdocapactive charging,
Further, the stlicon carbide may be modified by pre-synthetic incorporation of additives, or
post~synthetic surface deposition,

j3056] Aceording, an aspect of the presest discloswre provides for o method
compuising: providing 8 polydimethyisiloxane (PDMS) substrate; and frradiating at feast a

portion of the substrate with a laser under conditions sufficient to produce silicon carbide
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comprising 30 silicon carbide (3C-SiCY. Novel routes to 3C-S10 synthesis are highly sought
Further, such laser irradiation allows for spatial control of silicon carbide synthesis within the
stioxane polvingr.  PDMS may be propared by any mwethod as well known in the at
Typically, FDMS synthesis involves contacting a monomer with a curing agent at ambient or
clevated temperatures, typically through the hydrolysis of dimethyldichiorosiiane in the
presence of water, followed by condensation and polymerization. The precursoss may be cast
onto a supporting substrate, such as glass, and allowed to cure to form a layer. A suntable but
non-limiting exsooples of kus for preparing PDMS according to the present disclosure are
available from Dupont Chenneal, and sold under, ¢.g., wade names Sylgard 184 and Svigard
182, To control clemental doping in subsequent steps, the PDMS polviner may be degassed
PTiOT {0 use.

{0051} Additives may also be mixed nto the PIMS precursors to result in a modified

POMS material after polymerteation.  Saitable non-limiting examples of additives include

alumiman, galinan, boron, phosphorus, and MoS:, The additives may b provided 1o any
amount that does pot substantially inhibit the formation and laser transformatiom of
pobvdimethyisifoxane. Typically, additives are provided in amounts ranging from 0,000
with 1o 5 wide, and are pre-mined with the monomer o curing agont prior to reaction. Afier
polvinerization, a mndified PDMS is funmed with the additive homogencously presemt
throughout the polymer matix,  Accordingly, another aspect of the present disclosure
provides for a method comprising: providing a MoS:-modified PDMS substrate; and
wradiating at least a portion of the MoSz-modified PDAs sobstrate with a laser under
conditions suttable to produce silicon carbide comprising 3C-51C and 1SR silicon carbide
{15R-5:(0), collectivity M-SiC.

{8052 Muodification of the PBMS sebstrate may be accomplished through s variety
of means, Ideally, such additives have good stability adnuxed within the PDMS and are
volatile to allow their removal epon laser ablaton. MoS: is an excellent additive given its
hydrophobic qualities, allowing it to casily blend with the silicone-hased precursor materials,
Further, MoS: vy be exothermicatly osidized o volatile MoQ: withamt corporation into
the material,  Such transformation has the dual action of removing molyhdenum from the
composition and also increases the local temperature, allowing manipulation of the synthesis
tomperature without changmyg the power input.  Accordingly, in certain cmbodiments as
otherwise deseribed herein, the MoSe-modified PDMS substrate is prepared by reacting Mo%a
with monomer and curing agent at a ratio of about 13:1:0.5 by woeight {(e.¢., about 4.3 witts
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MoS:) Numerous other ratios may be used. For exmmple, in certain embodiments, MoS: is
present 1 an amoont beteesn L1 wite and 10 wi¥, or between 1 wi¥ and 8 wit¥s, or
between 2 wi% and 6 wile.

{0033 fn cerain embodiments as otherwise desortbed herein, the PDMS substrate
may further comprise a gold {Au metal) menshrane.  For example, in centain embodiments,
the gold membrane is coated on top of the PDMS substrate. The gold membrane may be any
suitable thickness, For example, in cortmn embodiments, the gold membrane has a thickness
i the range of 2 nm to 20 mn. The gold membrane is advantageously coated on wp of the
PEMS membrane, and mav be deposited through mothods known in the art, such as electron
beam evaporation or thormal evaporation.  Subsequently, if desired, the gold membrane may
be removed afler bradiation.  Accordingly, in cortain embodiments as otherwise deseribed
herein, the method further comprises contacting the gold membrane after trradiation with
gald etehant so as to remove the gold membrane.

[60354] Stheon carbide according to the present discloswre may then he formed
through laser wradiation of the PDMS.  Suutable wradiation may be performed through a
vartety of commarcial laser souwrces, chuding GaAs, Yaobium YAG, CO, and OO0 lasor
sources. In cerfain embodiments as otherwise described herein, the laser has 8 wavelength in
the range of 0.7 ot and 200G gm. For example, the wavelength may in the range of | pum and
150 pam, or 2 wm and 100 pm, or § prvand S6 pn o contaim embodiments, the wavelengih is
about 1 wm.  The power of the laser may be adiusted based upon the geometrical
copsiderations of the pattern o be formed, and other process considerations sueh ay scan
speed and faser spot size. For exaaple, in cortain ensbodiments, the laser power is ina vange
hetween .1 Woand HKE W, In other emboduments, the laser power is in the range of 8.1 Wto
50W(e.g.,0.1 Wto20 W, or 0.1 Wto 10 W).

{0055] Where a gold membrane is present, it may be desired to select different laser
powers andior wavelengths, Without wishing to be bound by theory, it is presently believed
that the gold membrane enhances the tradiation of the PDMS membrane due to a plasmomie
effect. The plasmonie cffect sarves to coneentrate the Hght held so that a rmuch lower laser
power can be used to achieve the local temperature requited o convert PDMS e SiCL
Accordingly, i cortuin cmbodiments as otherwise desenibed heremn, when the PDMS
substrate further comprises a godd membrane, the iradiation is performed with g power inthe
range of 0.1 oW o 100 mW. Further, as pold absorbs visible hight, advantageoudsy lower
laser wavelengths may be used, extonding even o the visible range.  As such, in cortan
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embodiments as otherwise described herein, when a gold membrane is used, the laser may
have a wavelength of 0.4 pm to 200 pm. For example, the laser mav have a wavelength of

0.4 o 100 pam, or 0.4 o to S0, or .4 i to 10 . I particudar eebodiments, when

old membrane 15 used, the laser has o wavelength of 0.4 pm to 1.0 poy, ov 0.4 pmi to 6.75
el
{00356] The lascr spot size can be adjusted bascd on the pattern desived.  Examples of

suitable laser spot sizes include those i a range between 1 jum and 1 mm. Similavly, the lase
scan speed may be adjusted according o other process requivements.  For example, the laser
sean speed 15 typieally 1o the range between 6.01 mm/s and 10.00 mm/s.
{8057 Without wishing to be bownd by theory, the laser ablation is believed to form a
temperature gracient. Closest to the laser, a layer of silicon carbide is formed (see FIG. 1, 2,
13} In a next layer, more distant from the center of rradiation, the PDMS is transformed 1o
graphite. As such, the stheon carbide may come to rest on g graphute laver f the PDMS
sigmificantly farger than the lascr spot. Aceordingly, i certaiy embodiments as otherwise
described herein, the iradiating produces a graphite laver beneath the silicon carbide.
Advantageously, the lasor printing micthod of synthesis as described herein can produce high
resolution patterns.  The printing may be done in points, or by iradiating i a line. If
wradiating in a line is drawn, resolubon 1y determined by the width of the hme of SiC
gencrated, and the depth of the SiC generated. In general, both the Bae width and line depth
are inversely proportional to both laser power and scan speed, and can be selected by the
porson of skill in the art 1 light of the present discloswe {see FIG. 8} For example,
certain embodiments, the Hine width of the sthoon carbide bath 1s between | um and 10080 um,
or, for example, between 20 pm and 400w, In certain ontbodiments, the depth of SiC
generated is boetween | pm and HRG00 wan, or, for example, between 1 jun and 3000 gm.
{0038 The silicon carbide of the present disclosure may also be modified by post-
synthetic means, such as surface deposition. OF partowdar interest s the deposition of active
materials on the silicon carbide that take advantage of the electronic propertics of the silicon
carbide, such as the deposition of an clectrocatalyst.  OF particular interest to biological
systems 15 waier oxidation to produce hydrogen peroxide, which may be enbanced by the
presence of oowater oxadation catalyst. Tn the vascular system, HaOs plays an impontant role
m the modalation of smooth musele cells. To thes end, in certain embodiments as otherwise
described herein, the method further comprises depositing MnO: on the silicon carbide. For
example, Mn(h mayv be deposiied on 3C-SiIC o form MnO-3C51C.  The deposition
i&
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conditions niay be adjusted so as 0 control the amouwnt of MoQ: deposited on the silicon
carbide, and/or selectively deposit MnQOh on a portion of the silicon carbide. Mau{h may then
comprise bobwegen 0.001 wi¥e and 1 wife compared to the sibeon carbide laver.

{0059 The properties of silicon carbide can be further modified through doping, Fov
example, in certain embodiments, the sihicon carbide further comprises nifrogen as a dopant,
For example, the mirogen may be present v an amount ranging from 1 ppm to HLOUG ppm,
or HIG ppm to 3000 ppm (e g., 200 ppm 1o 4000 ppm, or SO0 ppm to 3000 ppm, or 1000 to
3000 ppm). Advantageoushy, it has been swrprisingly found that the gas atmosphere that the
laser ablation is conducted in can be incorpovrated as a dopant.  Accordingly, W cevtmn
embodiments as otherwise described herein, the yrradiation iz conducted vader an astmosphere
of gas. For example, in certain embodiments, the gpas s nilrogen or fluorine, or a

combination thercof. The gas may further comprise at least one noble gas, for example, the

gas mayv fiwther comprise helium, neon, argon, or xenon.  In embodiments where the gas

comypises nitrogen, the mitrogen may be presont in any volume amount. For example, the
nifrogen may be present In approximately atmospheric concentrations {e.g., n an amount
betwoen 60 vol% and 20 vol%e). In particalar emboedimenis, the nitrogen 1s present i an
amount between 70 vol% and 80 vol%,

{at6b| A distinet advantage of laser ablative printing 1s the precise spatial control
exercised over the printed area. This control allows for complex teo- and three-dimensional
structures to be generated within the PDMS polymer, and the polvmer may be optionally
wamoved in 3 subsepient step. or remain ag an sulating support,  Accordmgly, i cortain
embodiments as otherwise described berein, the tradiation with the laser ablates at least a
portion of a surface of the substrate to form a predetermined pattern. The predetermined
patiern mayv be selected o improve the fanction of the stlicon carbide, such as to wnprove the
mterface formed with biological tissue, or to allow facile mcorporation mto a deviee
Accordingly, an aspeet of the diselosure as otherwise desertbed herein is a deviee comprising
a fivst layver, wherein the fivst laver comprises silicon carbide as otherwise described herein.
Boocath the first lavor there may be a second fayver, wherein the second layer comprises
graphite. The graphite may further comprise sihea, or other silicon-containing compounds.
I cortain embodiments, undemneath the second laver s a third laver, wherem the third laver
comprises PDMS. At the interface between the sceond and third lavers there may be
pyrolvzed PDMS, wherein the PDMS bas been partially degraded.

[0061] The silicon carbide of the present disclosure may be used directly as crystals
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{e.g., with any supporting material removed), or may be incorporated to a device. For
example, in certain embodiments, the device further comprises a substrate, a connection for
applving s veltage, orboth. The substrate may be glass, plastic {c.g., a siloxane polvmer sach
as PRIMS), graphite {e.g., graphite formed during the laser ablation process), graphene, or o
metal such as copper, aluminun, or steel {e.g., swrgical steef). In coertain onbodiments, the
substrate iy clectrically conductive.  In other cmbuodiments, the substrate s electsivally
imsulating.  In cortain embodinents, the substrate possesses high thermal conductivity.
Comections for applying a voltage may be conventional wires such as insulated copper or
oo wives, Other types of wiring, and switable connections thereof, as conumonly used
in biomedical practice will be readily apparent to onc of skill in the art.  As deseribed hereimn,
references o the device of the present discloswre also includes the siheon carbide as
otherwise described herein, with or without addivional components.

jof62] In certain embodiments a3 otherwise deseribed herein, the device 13 an
cieetrode. Formation of an electrode comprising the silicon carbide as otherwise deseribed
heresn may allow direct stimulation of biological tissue. Additionally, the electrode may play
a role as a passive sensor, o a dual rode of stimulation and sensing. Thoe electrode devics
may be fabricated to have a spatial array of contacts, allowing a predefined mterface with
binfogical tissae or another device. In cortain embodiments as otherwise described herein, the
device 1s a surface electrode or a sideswall electrode.  Various clectrode configurations are
enabled by the wmethods of manefacture of the present disclosure and may be utilized by the
porson of skall in the art.

{B3063] The device as otherwise described hereiny may be wsed to stimulate muscle
tissue. I certain embodiments as otherwise desertbed herein, the disclosare provides for a
method of mwdulating mescle contraction, cmaprising contacting the device as otherwise
deseribed herein with a muscle cell; and stimulating the muscle cell with the device, The
contacting with the muscle cell may be through divect contact with the cell, or m close
proximity to the cell (o.g., through adioining tissue or fluid) to enable the stimelation.

{U864] The stinndation may be through a varicty of means, including application of
light to the deviee, or application of an clectrical pulse to the device. It has been found that
the sthicon carbide as otherwise deseribed herein has a pseudocapacitive function, Without
wishing to bo boand by theory, # is behoved that this abiity alloves modelating of muscle
tissue through application of an clectrical pulse.  Accordingly, in cortain embodiments, the
stimdating the muscle cell with the device comprises providing clectrical pulses to the
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device, thereby providing membrane capacitance to the musele eell,

{8665] Alternatively, the muscle cell stimulation may procesd not through electrical
stirmulation but rather through chenucal stimalation. !t is known that quantitics of certain
small molecules pm‘ti.cipaie i muscle cell signaling and regulation. Tt bas been found that the
siticon carbide @8 othorwise described herein, n certain formuolations, can act as a
photocatalyst for the production of hydrogen peroxide from water. The hydrogen peroxide
may be produced i therapeutic amounts that are not damaging to the cellular tissue but rather
serve 1o regulate eoll function.  Accordingly, n certain embodiments as otherwise described
herein, stumulating the suscle cell with the device comprises providing hight pulsss to the
device, thereby providing 8 stumulatory amowt of hydrogen peroxide to the nwsele cell, The
hydrogen peroxide may diffuse outward from the silicon carbide (or device incorporating the
silicon carbide), contacting one or more cells. The amount of hydrogen peroxade produced
may be regulated by the ensity andior duration of the light pulse, as well as the
composition and quantity of silicon carbide provided. It has been presently found that 3C-
SiC s able to effectively provide therapeutic amounts of hydrogen peroxide upon light
stimolation,  Accordingly, in cortain enbodiments as otherwise described horein, the device
for modudating mescle contraction compriscs 3C-5i

{0066 The methods for modulating muscle contraction, cither through electrieal or
light~induced, chemical stimulation, may be beneficial to many different muscle types,
incloding smooth muscle, cardiae muscle, and skeletal muscle. When apphbied to cardiac
mascle, the deviee as othorwise described herem may Rnction as a cardiac regulator, such as
a cardioverter-defibriflator, or ag a pacemaker. The device may be used to treat condions
refated to abnormal heart fonction, such as tachvarrhythoua, When applied to smooth muscle
of skeletal nusele, the deviee may be wsed as a skeletal nwscle stansdator in spinal cord
mjury, or as a sphincier muscle stimulator i peripheral serve inpry patients, or to control
vasoconstriction during medical procedures {eg., tauma swgeryy. See, for example,
Example 3 and Exanple 8

{4867 The silicon carbide as otherwise descoribed hercin may also be destgned m
cortain embodiments to produce hydrogen peroxide in an amount that exceeds a therapeutic
dose and 1s damaging to adjacent colls and tissue. In such embodiments, the sihicon carbide
of device incorporating the siicon carbide as otherwise described herein may be used to have
an gniiseptic, antihacterial, or otler cleansing offect.  Accordingly, n cerain corbodinents
the present disclosure provides for a method for generating hydrogen peroxide, comprising:
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contacting the sithieon carbide produced as otherwise descortbed herein with water; and
stimulating the silicon carbide under saitable conditions 3o as to gencrate hvdrogen peroxide.
It has been presently foand that at feast 3C-51C and also MoO:-3C-81C generate hyvdrogen
peroxide upon hght irvadianon and exposure o water. MoQe-3C-51C has been found to
prodace hvdrogen peroxide ypon exposure to white hight inamoants that can be damaging (o
cells. Accordingly, in certain omboediments gs otherwise deseribed herein, the silicon carbide
for generating hydrogen peroxide conaprises 3-S50, For example, in cortain embodiments,
the silicon carbide is MaOe-3C-51C. In centain embodiments as otherwise deseribed herein,
the hydrogen peroxide s produced in an amount that 18 damaging to cells. For example, the
hydrogen peroxide may serve as a cleavhing agont, an antinscrobaal, an antibacterial, an
antiviral, or an antifimgal, or combinations thercof. See, for example, Exmuple 4.

{0068] The silicon cvbide as otherwise deseribed herein may also be utilized to
modulation the activity of soawons and newal networks.  In particular silicon carbide
formulations as  otherwise deseribed herein, the silicon carlade exhubits an cfficiont
photothermal effcet, wherein wradiation with lght causes the production of heat.  The
produced heat can be seased by particidar newronal bodies and be used 16 effectively rogalate
their function.  Accordingly, in corfain embodiments as othenwise deseribed herein, the
disclosure alse provides for a method of modulating nowral activity, comprising contacting a
plaradity of newronal celfs with the sificon carbide produced as otherwise desertbed herein to
form a network having nodes, wherein the nodes comprise newronal soma; and optically
stinndating the node.  Accordingly, the present disclosure alse provides for-g newral network
comprising cuttured neuronal cells seeded with orystals of the stheon carbade produced as
otherwise described herein, wherein the newronal cells for entangled junctions with the
crystals to form a neural network having nodes, wherem the nodes comprise nouronal soma.
It has been found that M-SiC {1.c., a silicon carbade comprising both 3C-8¢0 and 15R-S1()
produced as otherwise desoribed herein has an advantageous photothermal  effect.
Accordingly, i certain embodiments, the silicon carbide wtilized in the mothod for
modulating newral activity, or in the newnal nobwork as otherwise described herein, includes
M-SIC, or 18 M-SiC See, for example, Example 6. Silicon carbide can be prosent in any
amount (o clicit this offcet. A single sithicon carbide crystal with an average diameter i the
range of 05 to 100 microns may be provided, or a plarality of silicon carbide crystals
wherzin several orystals are gvailable for each neurons {o.g., 1 the range of 1 1o 16 crystaks
per cultured neuron). The cultured neurons may have a density in the range of HIO cells/ml.
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to 50,000 cella/mb. In certain ervbodiments, the newral network comprising coltured nevrons
and silicon carbide crystals as otherwise describe heremy way form a device, wherein the
device is switable to implantation into antreal tissue (e, human tissue).

{0069 The method of modulating muscle contraction as otherwise descrtbed bervein
may also proceed through a combimation of electrical stimulation and hght stimulation,
wherein af least one of the electrical stimulation and hight sdoudation provides a source of

chemical muscle modulation {(e.g., to gencrate hydrogen peroxide).  See, for example,
Examples 3-5.

{08740] The silicon carbide as otherwise described hevein, and also the deviges
comprised of silicon carbide as otherwise deseribed herein, are stimulated to provide one or
more of capacitance, heat, andfor hydrogen peroxide. The stinulation in these cbodiments
may be clectrical. For example, when taking advantage of the pseudocapacitive behavior to
stinndate muscle colls, the preforred stimulug s electrical.  In other embodiments, the
stimutlation is light induced. For oxample, the light stimulation nry be pulses of light or
continuous Hlumination.  The hght stimulation may also be laser hight with a narrow
distribution of wavelengths, or a non-coberent Hght source {o.g., a white LED light sourges.
The power supplied depends on the destred amplitude of the effect (cg., amount of heat

generated, amount of hyvdrogen peroxide destred) and the linitations of the siicon carbide or

device.
7] Examples of methods and systems are described berein. ¥t should be

widerstood that the words “exemplary,” “oxmaple.” and “tlhstrative,” are used herein (o
mean Csorving as an cxamiple, instance, or iflustraton”  Any ombodiment or feature
described herein as “exemplary.” “example.” or “illustrative,” 18 not wecessarily to be
construcd gs preforred of advantageous over other cmbodiments or feanwes.  Further, the
exemplary embodiments described herein are not meant o be limiting. | will be readily
understood that certain aspects of the disclosed systems and methods can be arranged and

conthined m a wide variety of different configpurations.

EXAMPLES

Matenals and Methods

Syuthests of PRAN and PDMS-MoS: composite:

{8072} in this synthetic methodology a pure PDMS slab was placed on a laser cutter

platform and ablated by the laser along a line. This ablation converts PDMS 1o a vellow
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colored solid with a black solid layer behind it in a direction away from the ablated line (FIG.

2 (a}). The vellow solid was characterized as 3C-$1C and the black solid as graphite.

Ultimately this ablation along a Hoe creates a SiC-Graphite struchure embedded n an
msulating FDMS whose geometry depends on patiern of ablation. This strocture formation
and geometry depends on the printing parameters such laser power and scan speed. Using
these tuning gears, we demonstrate two- amd three-dimensional (2D and 3D) laser printing of
3C-54C using PDMS as a precursor, The laser~-nssisted process enables incorporation of
nitrogen as a dopant, making the electrode capable of extubiting pseudocapacitive charging
and photoelectrochemical effect. Further utilizing manganese dioxide (Mntx:) for the surlace
functionalization enables us to enhance the surface clectrochamical activity. This
demonstrates that surface modification can be used a post-svnthetic modification to expand
the material pool from laser synthesis. Uimately these svathetic strategies hold the potential

to design materials for speafic biological modulation,

{8073 PDME was prepared using comumercially available Sylgard 184 kit {Dupont).
The polymer and caring agent were suxed in 11 ratio by wetght and degassed i vacwan,
Following the degnssing process, they are cured in a vacuunt aven at 80 °C for at least 8
hours. For FDMS-MoS: compasite preparation the polymer, curmy agent and butk MoS:
povwder (Sigma Aldrichy (10163 ratio by weaight) word mixed into hamogonous mixture by
& magnetic stirver. This was followed by vacuum degassing and curing at 86°C for 8 s,

Samples were always re-prepared in case of defects anising due to inmyroper degassing,

Lawer ablation of PDMS jo SiC:

{0074] PDRMS lavers were mounted on an aleminunt comb (With 3 supporting laver
of glass or polystyrene petrichsh) and faser writton with a CO2 laser of 10.6 pm wavelength,
ap 0 apower of 30 W VLS 460 manufictwed by Umversal Lasor Svstoms) with a 100 um
spot size. The pattern for writing was generated as 8 vector imnage in Corel draw and printed
asing VLS 460 software, The writing was done in vector cutting mode with pataneters for
erystal strocture and property analvsis being 100% power {S0W), 1000 points per inch and
0254 mumfs speed. However, for pattern printing the power 1s lowered to 5% (SWiand 0.254
may's speed. (Warning: Usimg no sepporting layer or thin samples of PDMS would cause
laser to hit the alaminem comb below and melt and even contaminate the sanmples).
Depending on the power of the laser the PDMS sample may be cut across with regions of SiC
on either side. For circuit printing it was preferred to use lower power {5%) to provide the
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ciraat as a thin laver. For orystal structure and bulk anadysis, full power (10094) was used to
have a larger guantity of sample converted. The pover only affects conversion along the
vertical direction. It docs not affect the horizontal or vertical composition of wanstormed

material.

Processing SiC for charaecterization and analyyis:

{0075 Samples prepared with 100%: power were generally used for erysial structhure
and property analvsis and for direct integration with cells via dispersion of these erystals in
growth media. However, before these processes are carried ot the parification process of
these crystals are dong. The S along with the graphste layer formed 1§ cut out from the
PDMS matrix using 2 razor blade. This is followed by washing the sanple in toluene (Fisher
scientific) for 3 minufos {0 romove any organic components present i the matertal.
Following this the sanple is kept trpnersed in isopropyvl alcohnt (Fisher scienstfic) and then
n De~ionized (D) water for § munutes each. Afler this sequentinl washing process they are
dipped in 111 HFE:HNG; (Sigma Aldrich) to remove any silica and surface organies for §
minutes, Once this 1s completed the samples are washed i DI water, nitrogen blow dry and
oxygen plasma cleaned at 200 W for 3 minutes (PE-100 Benchtop Plasma System). After the
final step the SiC synthesized frovn pure PDMS would appear vellow and the one with MoS:

would appear Hight green.

Electroless deposition of manganess dioxide:

{8875] Electroless deposition on purified clean S1C surface was carried out by a
sofution of .23 M KMnOs Sigma Aldeich) i 0.5 M HS5Ox (Sigma Aldrich). The samples
werg washed nowaterand cthavol {1:1) mixtore and then kept dipped in the above mixture

for 10 mimstes. The samples were then washed in water and nitrogen blown dry.

Xeray scaitering studies:

{0877 Off ~axis wide angle x-ray scattering { WAXS) was caried out on SAXS LAB
Ganesha with a Cu Kealpba radiation source and 30 potspot size. The SiC crvstals from the
top laver are scratched off using 2 clean sharp tip TEM grid handling tweezer and the
resulting orvstal povder loaded onto a captone tape. The captong tape 1s mounted on a holder

fromm whach X-rays are scattered thwough the crystals onto a detector.

Flectron micrascopy and sample preparation:
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{8078] Sanple prep for TEM, STEM and EELS: According the provedare above, the
crvstals are scratehed using a tweerer and the resulting powder {eaded into 3 resin mold. The
maotd is then filled with epoxy resin and degassed in vacuum and baked at 60 °C overnight for
embedment. The orvstals are then suerotomed {Letea UCE) nto 100 wm sections and foaded
o 2K mesh copper grids. The grids were stored 1n 3 vacuum desiccator. Transpussion
clectron microscopy and selected arca electvon diffraction (SAED) patterns were collected on
a JEOL 30{0F operating at an aceclorating voltage of 300 kV with a LaBe filament. Scanning
Transnussion Electron Microscopy (STEM) and Electron cnergy loss spectroscopy (BELSY
STEM and BFELS were done on a JEOL ARM 208CF (Cs comected) with a ficld emission
gun at 3n accelerating valtage of 200 kV, STEM and EELS measurements were done on gach
area after a 200 kV, 30 pun bewn shower at the spot to remove any adsorbed bydrocarbon
contaminants. EELS was collected using 1 Gatan dual EELS detector at magic angle.
Scanmag Electron Microscopy, EDIS and Eleciron backscattered diffraction (EBSD) were all
done on TESCAN LYRAZ systom equipped with Dual Oxford Instruments X-Max-80 silicon
drift x~detectors for EDS and Oxford Instnuments NovdlvsMax2 EBSD detector, The EBSD

patterns were processed and indexed using Oxford AZTEC software.

Idexing of SAED and FET patterns:
{0879 IC-SC and RSO structures were generaged in Crystal Maker 2.0 using
existmyg reported stractures and the indexng of patterns were carried out using Crysial

Diftract 2.0

Xeray photoelectron spectroscopy (XPS) and Ultravioler photoclectron spectroseopy (GRS
{0680 XPS and UPS were performed on Thermeo Scientific ESCALAB 250X:

equipped with an electron flood gun and argon ion sputier gun. The XPS measirements were

done using an Al K-alpha X rav source of 1 487 keV energy and the spot size of 5300 um in

¥,
)

diameter. The UPS measurements were done using a He 1 source of UV radiation of 21.2 &V

encrgy and the spot size of 3 mm in dinmeter.

Aiern probe tamography (4F 1) and somple prepavation:
{0881} SiC eryst

focused ion beam (FIB) milling process. The erystals were then milled into 2 small lamella on

als were sputter coated with 50 nm nigkel to provent charging during

FEI Helios. These lamellas were transferred to sthoon microposts using a nucromanipulator
and milled down 1o needles for atom probe tomography. These needles were then moanted

mto a LEAP 400X Si (Camecea) and charged to a potential between 1o 6 KV, Following this
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the swrface atoms were evaporated using 355 nm laser pulses of 30 pl at a frequency of 230
kHz in a chamber maintained at 30 K and 2 x 10-11 torr. The three-dimensional stractores
were reconstracted and analyzed using Cameca’s integrated visealization and analysis
software (IVAS) 3.4 code.

Photpcurrent Measurenienis:

{0082} Photocurrent rocasurements were performed by single channel voltage
clamped recordings on o patch-clamp amplifier (Axopatch 2B} set up. The material of
nterest was immersed in 1X PBS (Fisher Scientific) in a petridish and focused onr using a
microscope (Olympas BX6TWD with a water somension fens 20XA05 NAY. Light pulses
were delivered through the microscope from two different sources: (a) 375 nny LED source
{Thorlabs M37581.4, ~ 500 pm spot size} and (b} 532 nm laser {Laser glow, diode -pumped
solids state lager, ~3 gy spot size). Light pulses were debivered to these light sources using a
digitizer {Molecular devices, Digidata 15503, For measuring the photocurrent measurements
glass pipeties of ~ | MO were pulled {Sutter Instrument, P97} and their nip towered and
focused onto the same optical plane (Gap of ~2 um) g the material surface before the
stimulation pulse 1s apphied. The voltage clamped carronts were recorded o paraliel with the
stinrlaiion pulse at various holding curvent levels, Tlus data was snalvzed and the nature of
the photocurrents determined using a previously developed method. For amalbvsis of
photothermal currents the same pipette used for recording was calibrated for its resistance as
a function of temperature. For this measurement the pipette was dipped in pre~heated PBS at
approxmately S0-60°C and allowed to cool down naturally as the resistances were recorded

alongside wemperature, asing a thermocouple.

Photolupinescence mearuremenix

{1083] Raman measurement of photolaminescence from SiC was performed for laser
wrtiten patterns and crystals to understand the presence of defoct related omissions presant in
the system. The PL measorements were done using a 473 am excitation laser with detection
i & back-scattered geometry with a SOX/0.5 NA objective and 800 grooves/oun grating,
under ambiont conditions. Point speetra were collected for ervstals and mapping was done on
patterns which were laser-printed. The mstnument used for measurements were on @ Horiba

LabRAM HR BEvo Contocal Raman.
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Fleprescenve kineticos:

j884] Fheorescence kingtics experiment was carvied owt with SC erysials to
widerstand the photo redox species produced i sohstion. To understand the production of
hydrogen peroxide Amplex Red poroxide/peroxidase kat was used according to the
manufacturer's instructions. In order that the same excitation is used for the dye emission and
the photoanodie process, dw crystaly are attached or suspended facing the excitation source
amd on the edge of the cuvetie ay Hustrated in the photograph below such that all the
fhuorescont sigaal is tansterred to the detector gt 90 degree without any ebstruction. The

beam of the spectrometer is a reclangular one with ~ 0.21 cny’ arca.

Elevrrovhemical sreanurements and 1-F oharacterisiios:

{0B85] A purified picce of graphite-51C faver was isolated and attached 1o a wire
using conductive silver paste on the graphite side. The wire, contact and the graphite side
slong with edges were sealed using nail polish or epoxy and dried overnight such that only
the SiC crystals are exposad to the electralyte. The projected area of the SiC crystals exposad
weore ~0.09 o’ standard glassy cavbon (CHIT04) electrode was ~0.07 o’ and thatof

s

Seom”,

Bl

Cyehic voltammograms (CV)Y were carried out at 2060, 100 and 30 mV/is scan rates from -0.7
Ve 8.0V in 1X PRS an a Bio-Logie SP200 potentiostat. The currentt was scaled with
respect to the area of glectrode and the avea i a cvele of CV estimated by integration in
QOrigin Pro 8.0, Further the differential capacitance of the clectwrede was calculated using the
cauation SCEA = (IFAVY 1 dV. Where § is the current density, V the potential, T is the scan
rate, AV the potential window of scan. The -V characteristios are measured by a Keithley
soarce meter 2636A. Electrochenuical impedance measurements were done from 3MHz
through 1kHz with ten points per decade and ton averaging cyeles per measurement, The

Nyguist plots were fit using a Randles circuit to obtain the resistance of charge transfer.

Muscle stinndation experiment:

{0086 Device falwication: A PDMS il was propaved with a thicksess of 1Y) wm on
shide glass by spiv coating folfowed by curing at 100 °C for 30 nun. The PDMS fibn &
mechamcally peeled off and transfer on to acrvlic. For conversion of PDMS o SIC, faser
scan with a predefined pattorn at 1005 power {530 W), 1000 polnds for inch and U.254 nunfs
speed. Remove residual PDMS film by mechanical peel-off or chenuical eiching. The residoal
part could be removed with piranha treatment for 2 hoars, and then the native oxide etched
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with HF treatment for 10 min. To remove amorphous debris, the sample can be treated with
2 plasma (200 W, 10 mim) and HF and HNO: mixed solotton {1:1, 2 hours). Silver paste or
solder can be used to make a connection with wires, and PDMS solution added onto the

connection points and cured st 115 °C

{HI8T] Antmal experiment: An adolt rat is anesthetized asing ketamine
feOmprkeYxyvlazine (Smgdkg) cocktail A cut is made on the rear dorsal skin and the device
and probes inserted onto a skeletad prascle. Using a pulse generator an tuput square pulse of 3
V {Measered with respeet to 8V groumd) 1s applied ito the rat’s muscle between the SiC
device and an clectrode. The recording of stimulation current as a consequence of the divect
electrical stinudation is done between an electrode and ground attached to the same muscle.
The recording signal electrode was connected to a digitizer (Molecular devices, Digidata

1350} for read out,

Fhanar aortic smoeath muscle cudire:

{{HI88] Primary human aortic smooth mascle cells were purchased from ATCC
(ATCC PCS-100-012) and cultured i Mediwm 231 {Life Technologios) 500 ml. of which is
supplomented with 25 mb growth supplement (SMGS) (Life Technologies) and S0pg/ml of
sodiwn L- ascorbate (Sigma Aldrich) for extracelhdar saatrix seovetion. The cells were
seeded at 3 density of 1.25 x 1 /L and used within the first three passages. The glass and
PIOMS surfaces were coated with collagon before sceding. The PDMS swrfaces wore oxygen
plasma cleaned at 200 W for 10 mimites immiediately before seeding collagen to make the

surface hvdrophilie,

Isolared heart standarion experiment;

{1889 Device fabrication: A PDMS filny was preparved with a thickness of 106 gy onshide
glass by spin coating followed by curing at 100 °C for 30 min. The PDMS film s
mechanically pecled off and transfor on o gervhie. For conversion of PDMS to i, Iaser
scan with a predefined pattern at TO0%% power (50 W), 1100 points for inch and 0.234 pwn/s
spoed. Remove residual PDIMS filim by mechanical peel-off or chomical etehing. The residual
part could be removed with piranha freatiment for 2 hours, and then the native oxide ciched
with HF wreatment for 10 nun. To remove amorphous debris, the sample can be treated with
(2 plasma (200 W, 10 min) and HF and HNQ32 mixed solution (1:1, 2 howrs). Silver paste or
solder can be used to make a connection with wires, and PDMS solution added onto the

conpection poudts and cured at 113 °C.
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{8898] Antmal experiment: A syumal procedures were conducted in complete complance

with and approval from the University of Chicago IACUC Animal Care and Use Protocol.

Aduolt rats {CD) were heparinized via 1P imjection (1,000 ke and an open-drog exposure
to 1sofhurane in a bell jar conﬁgurmim was used for anesthesia. The chest was opened and the
bearts were mmediately exeised and placed in 1ee cold HBSS butter. The aorta was
cannplated i proparation for use in a Langendorft setup. Oxygenated HEPES-buffered
Tyrode's solution {(contatming, i mM, NaCl 126, KT 5.4, Glucose 10, Hepes 10, MaCh 1
CaClz 2, MgS0s 1.2, NalePOu (.39, bubbled with 99.5% O, pH tiered to 7.3 by 2M NaGH)
was perfused thmugh the cannulated aorta, The perfusion was passed through a heaiing ¢oil

amd bubble rrap {Radnott), and the hearts were placed in a water-jacketed beaker (Fisher

Scientific) to maintain the temperature at 37 “C. The perfusion pressure, which was
monitored using a BP~100 probe (Worx), was st to 80-100 mmblg by an LV, bag set at an
appropriate height. A water filed balloon was inserted 1o the lefl ventricle and comnected 1o a
BP-100 probe (iWorx), to momtor left ventricufar prosswre (LVE). For ECG recordings,
needle electrode was positioned op the apex and the aorta was clamped and cosnecied to a €~
1S0O-256 preamplifior ((Work), Al recordings {ECG, LYP and porfusion prossuee) were
amplificd using an IA-400D amplifier (Worx) and mterfaced with a PC using a DigibData
15350 digntizer with pClamp software (Molecular Devices). To tower the heart vate, the atnia
were removed. Then, two PBMS devices with SiC patterns were positioned on the feft and
right ventricwdar wall and connected to an isolated constant current generator (SI-100R,
tWorx) and a waveform generator for heart pacmng, BECG and LVP recordings were used to

asseas beating frequency of the hearts before and during the stimalation.

Pariicle level So-tuerface studies:

{6691] For bio-mterface studies with 3C-5C the erystals are seratched out from the graphite
fayers and washed in 100% ethanol. They ave then sterilized and dried overnight under a UV
Tamp 1 a bio-hood. The crystals are then re-dispersed i the complete media of the required
cell type by bath somication, The media is then changed for the required celture to the one
with dispersed SiC within 24 brs of the itiation of the culture and stimulation experiments

performed within the next 24 hrs after this.

Dorsal roat gangliod (DRG seeond nerwork owdasre and Mo-buerface saadies:
{ne92] Dorsal root ganghas were harvested from PO-P3 Sprague-Dawley rat pups mito
ice cold DMEM/T 12 (Thermo Fisher 113200333 The ganghas were then digested in 2.5
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mgml trypsin { Worthington TRL3} in EBSS with no Ca/Mg {Thermo Fisher 14135063} for
exactly 20 minotes in a 37°C shaker incubator. The ganglias were then centrifuged at 1500
rpm for 2 nun and separated from trypsin and resuspended i EBSS with 10% FBS. The
ganglias are mechanically triturated using fire polished pasteur pipeties of decrcasing sizes
and centrifuged down at 1500 rpm for 2 prin. Afer removing the supernatant the cells were
resuspended i complete media {DMEMFL2 with 1% pen-strep, 5 % FBS along with 20 gM
S-fluoro uvract! (Sigma Aldrich) and 30 ng/mb of NGF 238 (Thermo Fisher) . The glass
bottor dishes for sceding are covered with 0.01% poby-L ~lyvsine in molecular biology grade
water for 20 min, washed with water and aspirated dey with vacwan, The cells are seeded on
thus dish according to required concentration. For lo-interface studies with M-SiC the
erystals are seratched out from the graphite layers and washed i 100% ethanol and dried
overnight vader a UV lanp in a bio-hood. The erystals arc then re-dispersed in the conplete
media by bath sontcation. The media s changed for the DRG culbure network to the one with
M-5iC within 24 hrs of the imitiation of the calture and stinmlation oxperiments performed

within the nest 24 hrs afier thus.

hmmanafiuorescence stafning:

{0093] The coll cultures were fixed with 4% paraformaldebyde 1 PBS for 10 minutes and
then washed in PBS thrice. Following thus they were permeabilized with 6.5%, Triton X-100
for 10 minwtes and washed in PBS thrice. After the cells are fixed and permeabilized they
were incuhated m a blocking solution of 3% BSA 1o PBS for 66 minutes following wiuch 2
dropsiml, of ActinGreen 488 ReadyProbes (Tmnitrogen} was added to the blocking sofenon,
The sohition was incabated for another 30 minutes with the actin stain before washing and

imaging in PBS.

Calcium imaging:

{08094 Calclom imaging was dong using Flacd-AM (Invitrogen) which was made mito a 30
M stock solution in Pluromie F-127 which is in 2096 DMSO (nvitrogen). Uell wese
incubated with 2 uM Fluod-AM in media for 30 minutes and washed post-incubation with
media. The cells were further incubated for 15 minutes in media before beginning imaging.
The calcium imaging was carried out at arate of 3.8 Hz with o resolution of 312 1 512 pixels

per frame on a LEICA SPS STED-CW confocal microscope in a 37°C sncubator,
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Counfocal stmaudation experisents:
{8095] Point stimalation experiments were carvied out in the FRAP mode of 3 LEICA SP3
STED-CW vonfocal microscope with a 392 nmy laser. The stmudation was done for { ms and

at Varying powers,

SEM imaging of Dorsal Root Ganglial (DRG networks:

{3096] DRG networks culture wore fiaed in 2.5% glutaraldehyde in PBS (pH = 7.2} over
night. Then washed n a series of increasing concentration of cthanol cach for ten nunutes,
begimmung 20% in water ¢l 100%, The samples are then erieal point dried (Lelea
EMCPDR3. The samples are then spotter coated with 8 nin platinem and paliadium,

following which they are imaged on a Carl Zeiss Merlin SEM at 2 kV.

Newral network data anarlysis:

{0097} The neural network calcium data was analyzed using LASX {Leica application
software). The regions of interest (ROIs) were marked to tdentfy the nevronal soma and the
caloium traces extracted fromy it The raw caletom traces were further processed to AFF for
cach soma i the nowral network, The AFF data was then smoothed vsing a saviizky-golay
tilter and bascline corrected for bleaching effects using a convex ~eavelope method on Peak
Caller softwiare package. The processed AF/F curves were further processed on Penk Caller
for gencrating the syachronization matrices, mean svonchronization index, caleim waveforms

and raster plots, Peak Caller package was run on MATLAB R2018b eagine.

Smooth muscle sttnndation data analysts;

{0098] The swooth muscle calcium data was analyzed using LASX {Leica application
software). The regions of interest {(RO1s) were drawn around snooth muscles identified
across regrons pear and away from stimulation. The raw calcium traces were used to study
bio-physical understanding of peroxide induced pertarbations on calehom oscillations. For
device stimulation studies the calchum chauncls videos were converted into 8ff stacks using
Fiji-lmagel). The stacks wore then converted mito AFF tmage and the swface plots generated
on Fijfi-Imagel. The AEF data was then baseline correeted for bleaching effects using a
convex ~envelope method on Peak Caller software package {47). The processed AF/F curves
were finther processed on Peak Caller for generating the synclwonization matrices, mean
synchronization mdex, calciom waveforms and raster plots. Peak Caller package was run on
MATLARB R2018b engine. Phase synchromization 1s advantageous as i is thime-resobved and

oy sensifive to phases and not the aphitde, I there are two contimious-time caloban
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signal x{t) and y(t) then one would need to deternune thewr instantancous phases @y and py

respectively. This is done by taking the Hilbert transforn of the continuous~-time signal given

- 1 oo owity L . . ‘ Lo T TP < 4 T ) " )
by x{t) = - }-;5-;{ di’ The Hithert phase can be oblained by tan i(-}%—;-f} - Onee the Hilbert

phase 1s obtained the mean syachromization index can be caloulated between every neuron

. ~ T 1 i TR AR TV I N 9 ~ . . . .
pair for N thme steps as ~ T ettt The values of mean synchronization index
: v A

vary between U and 1, one being the most synchronized and zero the least.

Awti-bacterial experiments:

{8099 Escherichia cofi (ool M6 was obtained from the American Type Gudtwre
Collection (ATCC). E.coli was coltured 1o fog phase in Luria-Bertani {LB) medis and
harvested by comtrifugation at 3000 rpm. Following which it is washed twice with Phosphaic
Buffored Saline (PBS) and suspended in LB mediam, PBS or defonized (D) water to ~ 166
¢.fu mi-1 separately. The 3C-51C-MpOr crystals were then added to this bacteria culture and
mixed oniformly. Phatocatalytic disinfection was performed using a white hight-emutting
diode of 3 mW power for 24 hrs. Bacteria concontrations were'then measared afier 24 h
ithunination using standard spread-plate techniques. Each sample was serially diluted aund
gach dilution was plated in triplicate onto LB plate and incubated overnight at 37°C. The
experiments for the disinfection wore also conducted 1 dupheate with 30-81C-MaOy: ander
dark conditions {Contral 1) and withowt 30-21C-Ma(: ander LED Hght lumination {Control
2}

Example 1: Structural chavactonstics of SiC:

{08140 To anderstand the orystal phases of SiC formed from PDMS and the PDMS-
Mo composite, the solated crystaly were characterized with wide-angle X-ray scattering
{WAXS) and electron diffraction fechnigques. WAXS of $iC obtamed from pure PDMS
revealed a single phase which can be indexed 1o the 3C polvtype of SiIC 3C-510) (FIG. 10,
{a}), whereas the one obtained from a PDMS-MoS: composite revealed a nuxed phase (M-
SiC) of bath the 3C and 13R polytypes (FHG. 10, (b)) However, specific spots on the sanple
produced a pattern corresponding to pure 13R polyvtype, suggestmy that separation of large

phase domains is evident with MoS: addigon (FIG. 10, o).

{80101} Simtlar information was obtained from high-angle annular dark-field image in

scaming transmission electron microscopy (HAADF-STEM) (FIG. 4, (c)and (f)) and from
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indexed selected area clectron diffraction (SAED) {(FIG. 4, (b) and () perfornied on
microtomed crvstal sections (FIG. 4, (a) and (@), HAADF-STEM revealed a porous
eraphitic structure undertying the SiC ervstal (FIG. 3 (3)). Elcctron diffraction performed on
a microtome sectton (FIG. 3 {¢}) reveals a pattemn indexing fo {011} zone of 3C-83C (FIG. 3
{o)). Xeray scattering revealed peaks indexing to 3C-SHC(FHG. 3 (2} along with stacking
faults and a weak graphite (002) peak from the laver beseath, Similar corroborative
information was obtained from HAADF-STEM lattice fmaging (FIG. 3 {¢)). Furthermore,
electron backscatter diffinction (EBSD) point analysis done on various ensembles of crystal
grown &t an ablation sue in PDMS confirmed a purely cubie phase atross the surface, (FIG.
T, ey A statistical analysis of sltpoint EBSD phasce analysis on vatious batches of
SiC from PRMS-Mo3: composite resulted in approximately ~ 66% 3C polytype, 30% 15R
polytype, and 4% 4H polytype (FIG. 11, {a)-(g)). Tins phase mixing and separation could be
attributed to the highly exothermic oxidation experienced by MoSr to form a bighly volatile
Mok during the laser ablation process. Such a strong exothermic reaction would create
temperature mstabilities causing some re-crystaliization of the mitally formed phases to

pravide shombohedral and hexagonal phases,

{00102} To further analyze the composition of the crystals, atom probe tomography
was performed on 30-81C and M-51C samples. The composition analvsis rovealed the
presence of nitrogen doping 1n both structires along with an absence of molvbdenum in M-
31C. Further reconstruction and profiling of nitrogen along the depth of an atom probe tip
produced constant average nitrogen doping of ~ 200 ppm in MC-SiIC{FIG. 4, g). This
nitrogen doping happens as a high emperatore faser ablation reaction can facilitate gas phase
doping of nitrogen from ambient (/9). Furthermore, the temperature gradient from laser
ablation was also observed to affect the chenucal conversion of PDMS to Si€C as regions fiar
from point of ablation formed @ graphite layer beneath the SiC. However, M-SIC showed a
ten-fold mercase w the doping concentration along with a gradation along the dopih of the
atom probe tip (FIG. 4, {g)). Given that, the atom probe tip is fabricated (FIG. 13) such that
its pointed edge 1s from the sarface and it base from the fnterior with respect to the ablation
point. The emperatore inoreases with MoSz: superposes on an existing temperatore gradient
leading to enhanced onergetics for inoreased aitrogen doping fom the atmosphere followng
this gradient, compared 1o the case without MoS: (FIG. 14), | s evident that the

superposition of an exothernic reaction onto an existing temperatwre gradient assists in
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changing the doping concentration. This is supported by the fact that molvhdenum is a
nitrogen-fixing catatyst and that followeing s catalytic action it is removed as a highly
volatile MoQs, causing Himited interforence with the matenial struchure and properties,
Furthermore, the temperature gradient from laser ablation was also observed 1o affect the
chemical conversion of PRMS to SiC as vegions far from the point of ablation formed a
graphite layer bencath the SiC (FIGL 13}, Thas, from 3 device design standpoint, sach
temperature gradients ave bencficial in ereating senuconductor-mctal interfaces with graded

doping.
Example 2: Two-and three~-dimensional pringing

{06103} it was sought not only to understand the struchwal properties of the material,
but to explore the utility of this technique in 20 and 3D printing, As a pro-patterning test, the
rode of laser power was-exploved and the number of poings per inch in controlling the average
crvstallite sizes (FIG. 9). The test saggested cut-off parameters for synthests and a significant
control on crystalite sizes with laser power and mumber of points per meh. There exists a
sharp cat-off value for power and scan speed belovw which wo 3C-SiC is formed, seggesting
the controf of power density on mitiating nucleation of 3C-5:1C. Withun the range of
patameters which allow formation of 3C-510 we further study the role of printing parametors
on resolution. The horizontal and vertical resolution as a function of printing parmmeters was
abtained by measuring the size of SiC laver formed under those conditions using confocal
laser mieroscopy (Fig. 34), 5 (). Thus, afier the nacleation of 3C-81C, the power density of
the laser spot further controls the orvstal size and spatial spread {growth and resolution. Thas
studics suggest us how the vesolution could be potentially further mmproved by using hetter
optical methads, towards a future In manufacturing. With tus information, the laser wiiting
technigues may be used for printing fine patterns or circwts, Any panting or pattern {e.g.,
FIG, 3, (a)) could be vectorized and printed using technique. Farthermore, using Raman
mapping of mirogen defect luminescence, verification was enabled of the patterns as baing
composed of 3C-547 (FIG. 5, {o)). For 35 printing a layer-by-layer technigue (FIG. 8} s

demonstrated, which is based on laser-assisted sidewall cutting/conversion and mulilaver

foson. For interlayer fusion, the power of the laser was sitmply increased 1o overshoot bat
Justenough to weld various layers of 30-S1C embedded in PDMS to obtam an ntegrated
consiruet. This technique has an advantage as it does not use photopolymerizing agents and

can be performed in solid state.
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Example 3 Patterned clectrodes with pseudocapacitive coupling for electrical stinugdation

{00104} To explore the elecirochenucal properties of the 3C-81C, an electrode was
prepared by electrically interfacing 2 copper wire with the graphitic mide using silver paste
{FI1G. 6 (a)). This was followed by scaling the device to expose only the SiC swrfacc of a
diefinite arca to the electrelyte. CUyclic voltanamograms (CV) were carvied oot in 1X
phosphate-buifered saline (PBE). The cychie voltanumograms collected at various scan rates
demonstrated a distinct difference with respect to the standards used (FIG. 6 (b), (¢33, The
shewed square-tike shape of OV and the decreasing trend of differential capacitance from
6.28 mFiom” o 4.67 mFom® and to 3.56 mFiom® with an increasing sean rate from 50 mVis
to 100 and 200 mV/s, is indicative of a pseudocapacitive charging in 3C-5:1C (Fig. 6, (a)).

sreater than double laver capacitance reported on conventional conductive electrodes. This
mcans that the Faradaic component of the charpe storage available i 30-5:C is due both to
its utrogen doped electronic structure and sarfhce properties, making if a superior electrode
for forming well-coupled capacitive junctions with cells.  This idea 1s reinforced by
clectrochenucal impedance measurements which reveal a ~ 100 Q resistance of charge
transfer for the doped 3C-SiC crystals conpared to ~ MQ for undoped 3C-81C wafers (FIG
6, (e, (). Such an enhanced double-laver capacttance and lower resistance of charge transfer
can facifitate an onhanced eapacitive coupling between material surface and cell membrane.
Furthermore, clectrochemical propertics being surface sensitive the potential role of oxide

defects as observed in Xoray photoclectron spectroscopy (FIG. 26, 21} is to be noted.

{B0105] Furthenmore, the fr-site formation of a wraphite layer undemneath the 3C-8iC s
what portrays these civeuits as ready-to-use electrodes because they act as interfacing
clectrodes with execellont conductivity (FIGs. 13-14). The wtility of such clecrodes is
demonsirated by diveet i vive clectrical stonlation of skeletal musele (FIG. 6, (d)).
Electrical pulses were delivered through a prinved 3C-5:(C device placed on the skeletal
muscle of rat Himb, Extracellular ficld potential recordings on the same tssae revealed
bioelvctie signals that are synchronized to stimulation {FIG. 6, ()}, suggesting a saccessful

stimulation of the skeletal musele.

Example 4: Flexible capacitively coupled electrodes for electrical cardiac pacing
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{00106} Having readized the potential capacitive coupling by the nivogen doped
surface, printing and testing devices of these for electrical stimudation was undertaken. The
in-site formation of a graphite layer underneath the 3C-81C portrays these cireuits as ready-
to~use clectrodes which act as mterfacing electrodes with excellent conductivity. Devices
were fubvicated by printing a zig-zag pattern on PDMS layer with two different powers.
Using differens powers, 8 swrface electrode and a side-wall electrode were oreated, the latter
utilizing higher power (FIG. 7 (a), {c}). The devices were connected to copper wire using
sibver paste and all electrical contacts scaled to expose only SiC surface to clectrolyie. Both
of these eloctrodes were separately used to interface with an ex~viva isolsted heart. A viable
contracting heart was mounted on langendortf apparates and two Si1C devices were placed
apainst the feft and right ventricles. The flexsbility of the device (as observed in FIG. 7 {d))
demonstrates the soft interface that is determined by the PDMS substrate. Then, eleetnical
stimrlation was delivered 1o the heart via the interfacing devices (FIG. 7 (). Before
stimtlation, the slow atrieventricular node thytlun of 1.5-2 Hz can be observed by ECG and
left ventricular pressure {(LVP) recordings. Upon electrical stimulation, the heart rate
wnediately synchronizes to that of the-stimulation rae (FIG. 7 {e), {f}). As the cleetrical
stimulation clearly distorts the ECO signal due 1o the electrical artifacy, we also used LVP
recordings that shows the clear overdrive pacing effeet of the stimulation. As expected, when
chinunating the electrical stinudation, the heart resumes 1ts slow atrioventricular node rhythm
This observation clearly indicates that the SiC deviee s fully compatible for bio-moduiation
of 5 viable tssue with low tssue-clectrode impedance losses while nwintaining s Hexability

and integrity.
Example §: Photoclectrochemical characteristics of 3C-SiC

{81671 The surface and #s composition would mfluence the electrochemical
properties, which are eritical for forming functional biointerfiaces. To account for these
properties, the valence band position was characterized of all synthetic products using
aliraviolet photoclectron spectroscopy {UPS). The valence band edge estimated using UPS
{FIG. 13, (a)) is given with respect to the standard hydrogen clectrode as 186 eV for 3C-SiC,
248 eV for 3C-8C-MnOz and L19 oV for M-S1C (FIG. 8 {a)). Singlce-channel photocurrent
measurements were used to determine the matwre of functionality that the interfaces would
exhibit with optical excitation. The 3C-81C elecrrodes exhibited a photoanodic oxidative
reaction, confirmed by the negative direction of the faradaic current and its invariance with
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the bolding level {FIG. 8, {o)). Furthermore, dus photoanadic oxidation reaction ts enhanced
~ {{-fold by the electroless deposition of Mn(h on the 30-SiC surface (FIG. 16). (iven the
n-type nature of the 30-SiC and their upward band bendimyg at the clectrolvte mterface (FIG.
8, (b)), the photocwrrent measurements for 30-51C and 3C0-5:C-Mn(: showing photoanodic
oxidation 1s consistent. Hence, & gqualitative comparison of UPS deternuned valence band
cdge with standard redox potentials for the two- and four-clectron oxidation of water reveals
an overlap of 3C-5iC valence band edge with water oxidation to hydrogen peroxide (FIG. 5
{m)). This photoanodic behavior of the synthestzed doped 3C-SiC structure 15 10 stark
contrast with ntrinsic 30-51C which exiubits pure photocapacitive behavior (FI1G. 283,
Furthermore, the graphitic layer formed bencath the 3C-51C 1s non-photoresponsive ruling
out its contribution (FIG. 28, {¢)). These comparisons once~again highlight the unigue

electronic strocture of nitrogen doped 3C-51C bringing forward this photofaradaie property.

{80108} This suggests water oxidation to hydrogen peroxide as a potential reaction that
s measured in the single-channel photocurrent measorements. Furthermore, 1o verify the
fonctionality of 3C-851C and the hvpothesis of hydrogen peroxide production, fluorescence
kmetics studies were undertaken. These studies confirmed the production of hydrogen
peroxide by 3C-51C, and the kineties showed s saturation with time (FIG. 8 {d)). However,
for 3C-51C-MnQs, the hydrogon peronide production is more than 30-5iC, suggesting g
catalvtic role for MnQa This idea is supported by 3 more positive valence band edge of 3C-
SIC-MaOn, thermodynmmicatly favoring more oxidation of water to hydrogen peroxide.
Furthermore, the difference in the quantity of hydrogen peroxide produaced also discrimninates
thair role in biology-——30-81C provides a thorapeatic dose, though 30-S1C-MnO: provides a

lethal dose, hence #s utility i anti-bacterial applications (FIG. I8).
Example 6 Biomimicry of M0-SiC as an endothelial cell

{06109} From a cardiovascular perspective, hydrogen peroxide or reactive oxygen
species {ROY) playvs a umigee role in the control of smooth wascle cells, Endothelial cells that
form the limng of anteries and veins sense pressure and use nitric oxide to signal smoath cells
to regilate their contraction-relaxation eveles. However, studies have revealed that the direct
addition of hydrogen peroxide could also elicit o similar response wedinted via rogelation of
inositol triphosphate receptors (P33R} {FIG. 8 {£)). Thus, investigations were carried out on

an ensemble of smeoth mausele cells and studied the calcium signals of individual cells asa

36



WO 2021/242425 PCT/US2021/027099

consequence of 3C-51C stimulation. Calerom signals of individual cells in the region of
stimplation werg analyzed, such that their response coudd be separated into stationary and
osciflatory. Here, “stationary™ cells ave classified as those which fire action potentials with
very long periods {~1 contraction eyele per 2-3 minutes) and “oscillatory”™ cells as those
which five faster (~3-4 contraction cycles per mnote). As a consequence of stimulation—or
exogenoes hvdrogen peroxide avaitability to cells——an immediate caletum spike is seen for
stationary cells {FIG. 8, (N{i)) whereas for oscillatory cells the response depends on where
the stimulation happens with respect to the last caleium peak or contraction state, The
oscillatory cells respond {0 hydrogen peroxide i three ways, depending on whether the
stimulation happens i 1ts relaxed state (FIG &, (DG, wuncdiately after contraction (FIGL &,
(N} i}y or just after reaching o relaxed state (FIG. 8, (DGv)). These responscs are a phase shift
{delay in next firing) in oscillation, or a ransient frequency ncrease, OF an NCICAse n
frequency followed by damping to higher caleiom level, rospectively. These pemmrbations in
oscitiatory responses are consistent with experimental and theoretical studics of smooth

muscle behavior that cccur with an increase of imositol triphosphate (1P3}

ja0110} Fluorescence kinetics {FI1G. 8, (d}) bas demonstrated the production of
hydrogen peroxide, which is known to divectly ierease IP3 by binding to G-protein coupled
receptors {GPUR)Y. GPCR activation loads (0 an inerease i oviosolic IP3 which rogulates
IP3R which opens i a cvelic fashion modulated by eviosolic calenmm fevels. Sueh g biphasic
regulation of IP3R by cvtosolic calensn feads to oscillation in cytosolic calehnn and
wansmembrane chloride current. The opening of this transmembrane chloride channel caoses
depolarization via the aptake of exogenous calchum and the release of calcen from mternal
storages like the endoplasmic or sarcoplasmic reticubum. Thus, putting together the cellular
cafeium perturbation observations with these existing facts, confirming the 1P3-based
signaling mechanism involved. The capability of hydrogen poroxide produced by 3C-51C in
modulating smooth muscle contraction eyvcles through an IP3 mediated pathoway 1s 1 contrast
with endothelial colls which perform it through nitrie osude. This contrast i fundamental

mechanism leading to similar enderlving modulation ustrates the bionsinaery.

{01114 b addition, observation of a stimulated sheet of cells using a printed deviee or
with 30-8iC particles reveals an overall increase in caloiam lovels (FIG. 8, (g), (). Thas
mncrease, observed as IPAR activation, leads to an exogenous caleium uptake and an internal
store release of calenam leading to depolarization of cells. Such an overall calcium levetl
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increase on an ensemble level mamifests on the cellular level 1 different wavs as observed in
FIG, &, (1), Further exploration of correlations of calctam signals on an ensemble of
stimulated smooth muscle cells by analyzing mean synchronization between them roveals an
merease 1n syachromzation post-stinmlation. This also sHustrates the mereased
svachromization i contraction of an ensemble of smooth nuscles consistent with increased
calctum levels, itlostrating the functionality on an cnsemble lovel (FHG. 19), This sugpests a
device-based therapentic viility for remote vasoconstriction in trauma surgeries ov sphincter

contraction in cases of chronie spinal cord fyjury.

{a0112} Furthenmorg, i is demonstrated the device~level scaling of this phencmena by
growing smooth nscle cells on a device to forma wifor layer (FIGL §, (), and then
further stimulating themy to produce localized caloiam waves (FIG. 3, (133 This supgests a

device-based therapeutic witlity by delivering hvdrogen peroxade.
Example 7: Spatiotemporal synchronization of nowral networks

{01134 M-S consisting of mixed phase and excess nitrogen doping demonstrated a
wiak photothermal effect. Forther the photothermal offcet is characterized by portraying &
growing photocurrent with an applied stimnlation (FI1G. 9, {a); FIG. 16). In order to justify
this observation, surfhice composition of all synthesized materials was compared using X-ray
photoelectron spectroscopy {XPS). The sarface composition revealed the presence of 21%
surface oxide and % mitride defects i 3C-51C, which mereased o 30.4% and 3.75%.
respectively, i M-SiC (FIGs, 20 and 21). The incrensed presence of oxide and nitride surface
defects in M-SiC coudd potentially justify their weak photothermal capability—apart from the
excessive doping {(~2000 ppin mwitvogen) thoy bave s bulk. Besides, M-SiC has a valence
hand edye much higher than all possible water oxidation reactions (FIG. 8) which explains s
capability in portraving the photothermal effect due to s nability in performing any
photoclectrochemical reaction. This may be atirtbuted to a change w electronie structure at
the swrface due to excessive doping, defects and higher swrface phonon density as vertfied in

tow-~loss electron energy loss spectroscopy (EELS) (FIG. 22}

joB114} A systent is next identified with which to test the photothermal effect of M-
SiC. Being sensory, dorsal root ganglial neurons (DRG) are known to respond 1o heat as a
strulus. Moreover, the fact that photoelectrochemical stipualation has poor spatial
confinement due to diffusion of produced molecular species provides thermal effects with a
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anique edge (FIG. 9, (b)) when 1t comes to spatio-temporal control. Heremn, DRG networks
were caltured (FIG 9, (¢), {6) wath M-S1C crvstals dispersed m culture to form stable and
bivcompatible biointerfaces with networks. Scanning electron mieroscope {(SEM) revealed
the capability of M-SiC ervstals to form entangled hunctions with axons (FIG. 9, (dL in
addition to dendrites wrapping around them (FIG. 9, (¢)). The synchronization changes
infroduced by an optcal stimulation on g single node of a DRG network were explored (FIG.
9, (). Such stimulation caused increased ocad synchromzation around that node and an
overall increase in the average synchronization index on the entire network. These are clearly
visible 1n the synchronization plots before and afier sthmalation with the rearrangement and
expansion of clusters groand the stimadated newron (Newron 1D 12, indicated by arrow m
FIG. 9, (231, The mean synchronization index increased from 0,197 10 0.338 after
stimulation. This observation suggests how one could spatiotemporally control neural
network dynamics by photothermal stimelation compared 1o conventional drugs which
stilate networks globally. This prineiple could be potentially used for precision
neuromedicine m regatung syoclronizaton in petworks of nerve injury, regronal

peuromodulation ov even degencrative diseases such Alzheimer’s Discasc.

{oB115] While various aspects and cmbodiments have been disclosed herein, other
aspects and smbodiments will be apparent to those skilled in the art. The various aspeets and
embodiments disclosed herein are for purposes of illustration and are not intended to be

imuting, with the true scope being indicated by the following claims.
ok | & ~ 5
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CLAIMS
We claim:
i A method comprising:
providing a polydimethylsiloxane (PDMS) substrate; and
wradiating at feast @ portion of the sebstrate with & Jaser under conditions sufficient {o

prodace silicon carbide comprising 3 stlicon carbide (3C-SIC).

2 A method comprising:
providing a MeSz-modified PDMS substrate; and
nradiating at least & portion of the MoSz-modified PDMS substrate with a laser under
conditions suitable o produce silicon carbide comprising 3C-51C and 15R silicon
carbide, colfectively M-SiC
3. The method of elaim 2, wherein the MoS:-modified POMS substeate is prepared by
reacting MoS: with monomer and curing ageat al @ woight ratio of about WHL:QS.
4, The method of any of clasmg 1-3, wheremn the fradiation 18 performed with & power in
the range of 1 mW 020 W,
3. The method of any of clatiny 1-4, whershn the laser has a wavelength of 0.7 pav fo 208
in,
6, The method of claim 1, wherein the PIMS substrate forther comprises & gold
membrane.
7. The method of clatm 6, wherein the srradiation is performed with a power in the range
of 0.1 mW to 100 mW.
¥ The method of claim 6 or claima 7, wheretn the 1aser has a wavelength of 1.4 g to
200 g,
9. The method according to any of claims 1-8, wherein the radiating further produces a

graphite layer bencath the sthieon carbide.

1. The method of any one of elaims 1-9, further comprising depositing MaO: on the

silicon carbide.
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11, The method of any onc of claym 1-10, whercin the silicon carbide further comprises

nitrogen as a dopant.

12, The method of elaim 11, wherein the nitrogen is present in an amount ranging from

10 ppm o HEOOU ppm

13 The method of any one claims 1-12, wherein the irradiation is conducted under an

atmasphere of gas.
14, The method of claim 13, wherein the gas comprises nitrogen or fluorine.

150 The method of claim 14, wherein the gas comprises nitrogen, and is present in an

amoeont of between 60 vol%s and 98 vol%.

16, The method of any one of clatms 1-15, wherein the firadhation with the laser ablates at

Ieast a portiont of a surface of the subsirate to form a predetermined pattern.
17, Adevice comprising the silicon carbide prodaced by any one of claims 1-14.

18 The device of claim 17, further comprising a subsirate, a connection for applving a

voltage, or both.
19, The device of claim 1R, wherein the substrate is conductive.
200 The device of any one of clabms 17-19, wherein the device is an electrode.

21 The device of any one of claims 17-20, wherein the electrode is g surface electrode or

a side~wall electrode.

22, A method of modulating muscle contraction, comprising:
contacting the device of any one of claims 17-21 with a muscle eell; and

stimalating the muscle cell with the device.

23, The method of claim 22, whersin stimudating the muscle cell with the device
comprises providing electrical pulses to the device, thereby providing membrane capacitance

to the muscie cell.
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24, The method of claim 22, wherein the stimulating the muoscle cell with the device

comprises providing Hebt palses to the device, thereby providing a stimelatory amownt of

hydrogen peronide to the muscle cell.
% The method of claim 23 or 24, wherein the dovice comprises 30-5iC,

26, The method of any of clanms 22-25, wherein the musscle tissue s cardiac gssue.

13
-3

A method of modulating nourn! activity, comprising:

contacting a pharality of nowronal cells with the silicon carbide produced by any one
of claims -16 o form g metwork having nodes, wherein the nodes comprise
neuronal soma; and

optically stimulating a node.

RRR The method of clain 27, wherein the silicon carbide 18 M-8iC.

28, A noursl network comprising:
cultured nevronal cells seeded with erystals of the sibicon carbide produced by any
one of clams 1-16, wherens the neuronal cells form entangled junctions with the
crystals 1o form a nearal network having nodes, wherein the nodes comprise

neuronal soma.

34, The nowal network of clasm 29, wherein the sihicon carbide s M=5iC,

3 A method for generating hvdrogen peroxide, comprising:
contacting the silicon carbide produced by any one of elaims 1-16 with water; and
stimulating the silicon carbide under suitable conditions so as to generate hydrogen
peronide.

32 The method of claim 31, wherein the silicon carbide s 3C-SIC-MuOr or 3051

33 The method of claim 31 orclaim 32, wherein the hydrogen peroxide is produced in an

amount that 1s damaging to cells.

34 The method of any one of claims 31-33, wherein the stimulation is light stimulation or

electrical stimulation.
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35 A device comprising a first laver comyprising the stlicon carbide prepared by the
method of any of clamms 1216, wheretn a second laver underbies the first layer, wherein the

second faver comprises graphite.

30, The device of claim 35, wherein a third layver waderlies the sccond layer, wherein the

third faver comprises PDMS or MoSr-moeditied PDMS,
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FIG. 23
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FIG. 23 (cont.)
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FIG. 25
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FIG. 25 {cont.)
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FIG. 29
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FIG. 30
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