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The permanent implantation of electronic probes capable of recording neural activity patterns requires long-term
electrical insulation of these devices by biopassive coatings. In this work, the material properties and neural cell
compatibility of a novel polymeric material, poly(trivinyltrimethylcyclotrisiloxane) (polyDd)), are demonstrated

to be suitable for application as permanently bioimplanted electrically insulating films. The poly(¥lymeric

films are synthesized by initiated chemical vapor deposition (iCVD), allowing for conformal and flexible
encapsulation of fine wires. The poly{Ms3) also exhibits high adhesive strength to silicon substrates, a common
material of manufacture for neural probes. The pol#y films were found to be insoluble in both polar and
nonpolar solvents, consistent with their highly cross-linked structure. The films are pinhole-free and extremely
smooth, having a root-mean-square (rms) roughness of 0.4 nm. The material possesses a bulk resistivity of 4
10 Ohm-cm exceeding that of Parylene-C, the material currently used to insulate neurally implanted devices.
The iCVD poly(VsDs) films are hydrolytically stable and are demonstrated to maintain their electrical properties
under physiological soak conditions, and constant electrical bias, for more than 2 years. In addition, biocompatibility
studies with PC12 neurons demonstrate that this material is noncytotoxic and does not influence cell proliferation.

1. Introduction approachH®24 CVD is a coating process which is known to
produce conformal, pinhole-free films of controllable thickness
The field of neuroprosthetics utilizes the firing patterns of on 3-D substrate¥:2526As CVD is an all dry process, coating
individual neurons to control electronic devices external to the problems associated with nonuniform wetting because of surface
subject. Recent advances in this field, including a human implant tension effects, which can be exacerbated on high aspect ratio
trial,2 have brought the possibility of therapeutic implementa- substrates, are avoidéd.In addition, there is no issue of
tion into the near term. However, one major barrier to clinical entrained solvent in the coating, a significant cause of polymer
use remains the long-term stability of the neural arrays within implant rejection'’ To exploit the advantages of vapor deposi-
the brain®*~'! Of paramount importance to this stability is the tion while not sacrificing control over polymer chemistry,
electrically insulating coating placed on the device prior to initiated CVD (iCVD) can be utilized. The iCVD method
implantation. Each neural array consists of-100 neural probe  employs a free-radical generating initiator to begin vapor-phase
shanks, each 2550 um in diameter but milimeters in  polymerization of a vinyl monomer under much more benign
length2~1¢ These high aspect ratio features make the application conditions than pulsed plasma, thermal, or traditional hot
of a smooth, even coating a significant challenge. In addition, filament CVD28-32This allows for both a high degree of control
the coating must be highly electrically resistive to insulate the over polymer chemistry, as with solution-phase polymer syn-
implant with as little increase in the diameter of the probe shanks thesis, and the retention of sensitive functional groups within
as possible. The coating must be conformal and adherent to thehe resulting films not possible through traditional CVD
device for corrosion prevention over the 20year implant  methods¥°33In addition, copolymer films and films of graded
design life. The coating properties must also be retained within composition can be created through iCVD, allowing for

the implantation environment while not inducing a negative independent optimization of the bulk and surface properties of
biological responsé’ The material should possess some me- deposited coatings.

chanical flexibility so that both the probe array and its lead wires
can be concurrently insulated to maximize device reliability.
For concurrent insulation, the coating material must adhere to
both probe substrate materials, such as silicon, and metallizatio

In this work, the material properties, biocompatibility, and
long-term stability of poly(1,3,5-trivinyltrimethylcyclotrisi-
olxane), poly(\4Ds), are evaluated. This material has been
r'developed as an iCVD synthesized polymer for the insulation

materl|als, such as gold ar?d COPPET. . . of neural recording arrays. While the polymerization mechanism
While there are many different methodologies available for 44 molecular structure of polyds) have been previously

the gpplication of insulati_ng biomaterial c_qatings, the al_)ove described in detafl® the creation of thin films of this polymer
requirements make chemical vapor deposition (CVD) an ideal j ¢ possible by techniques other than iCVD because of both

~ solubility and steric considerations. Its structure is composed
* Author to whom correspondence should be addressed. E-mail: of carbon backbone chains ]O|ned together by siloxane ringsl

kkgf@l\@/lr;slgzgﬁusetts Institute of Technology The density of cross-linking within this material combined with
# Northeastern University. ' the retention of siloxane ring moieties present in the monomer
8 Innersea Technology Inc. prevents the formation of this molecular structure through either
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Table 1. Reactor Conditions for Deposition of iCVD Polymer generated, and the dielectric constant was calculated from the ac-
Films cumulation capacitance of the sample. Sample thickness and refractive
monomer index were measured through the use of a variable angle spectroscopic

stage filament flow initiator ellipsometer (J.A. Woollam M-2000, xenon light source). A Cauchy-

Urbach model was utilized to obtain a nonlinear least-squares fit of

pressure temperature temperature  rate  flow rate , _
label  (mTorr) ) ) (sccm) (sccm) datg obtained at 3 (857C°, 75°) angles anq .2_25 Wavel_engths. Electrical
resistance measurements were made utilizing a Keithley 617 Electrom-
A 350 328 773 5 0.5 eter attached to the sample by adhesive electrodes (Tyco Healthcare)
B 350 333 773 5 0.5 of known contact area. Sample resistivity was then calculated by
C 350 353 773 5 0.5 multiplying the measured resistance by the ratio of the electrode area
D 450 333 773 5 0.5 to the sample thickness (as determined by spectroscopic ellipsometry).
E 350 308 773 5 05 Solubility testing was performed by immersion of thin film samples,

on silicon substrates, in the stated solvent for 30 min, followed by drying
with room-temperature nitrogen. Film thickness was measured by
spectroscopic ellipsometry before and after immersion.

Coating adhesion to silicon wafer substrates was determined using
ASTM tape test D3359-02. For this adhesion test, a grid of 1 mm

fth ll-ch ized bi als. | A squares was cut into the sample and adhesive tape (P99 polyester tape,
of these two well-characterized biomaterials, inspiring its use Pemacel) was applied and rapidly removed. The sample was then

for this apphcat'on'_ Slloxar_1e bonds_ are noted for_the'r_ ﬂex'b_'“ty' visually inspected to determine if any loss of adhesion between any of
Hence, incorporation of siloxane rings may avoid brittle failure e small squares of coating and the surface had occurred. Testing was

even in films which are highly cross-linked. Additionally, the  performed before and after boiling coated silicon wafer samples in
siloxane rings are likely to inhibit the formation of PE  {eionized water for 60 min.

crystallites.

solution-phase polymerization or noninitiated CVD. Also, the

polymer structure has structural features of both polyethylene
(PE), in the long backbone chains, and of polysiloxane in the
cross-linking rings. As such, it is likely to behave as a copolymer

Fourier transform infrared spectroscopy (FTIR) was performed on
a Nicolet Nexus 870 ESP spectrometer in normal transmission mode.
2. Experimental Section A DTGS KBr detector was utilized over the range of 4600 cnt?
with a 4 cn! resolution. Measurements were averaged over either 64
2.1. Sample Preparation.Polymer depositions were performed in ~ ©F 128 scans. All samples were baseline corrected, and thickness was
a custom-built vacuum chamber (Sharon Vacuum) as previously normalized to allow for accurate comparison. Scanning electron
described?3! Briefly, the deposition chamber is a 240 mm diameter micrographs were generated using a FEI/Phillips XL30 FEG ESEM in
cylinder with a height of 33 mm. The top of the reactor is covered environmental scanning mode. ESEM samples were examined as
with a 25 mm thick quartz plate, allowing for observation of the sample deposited, without addition of an evaporated metal overcoat. Atomic
throughout deposition. Liquid monomer (1,3,5 trivinyl-trimethyl- force microscopy (AFM) was performed on a Digital Instruments 3100
cyclotrisiloxane, 99% Gelest) and initiator (tertbutyl peroxide, 98% AFM with a type 4 controller utilizing a sample area of L& by 1.5
Aldrich) were utilized without further purification. The monomer was ~#M-
vaporized in a metal crucible maintained at-8@ °C, and vapor flow Electrically biased soak testing was performed by Innersea Technol-
was metered to the reactor through a mass flow controller (Model 1152, ogy Inc. (Bedford, MA). Briefly, samples were deposited on a single
MKS). The initiator was placed in a sealed Pyrex container at room side of 1 cm pieces of silicon wafer to a thickness ofiB. To remove
temperature, and vapors were fed to the reactor through a second massontaminants, samples were ultrasonicated for 10 min in deionized
flow controller (Model 1179A, MKS). Gaseous monomer and initiator ~ water, were rinsed with isopropyl alcohol, and were dried with nitrogen
were premixed and fed through a port in the side of the reactor cylinder prior to coating deposition. Each square was then attached to a backside
where they then passed through a distribution baffle plate to ensure electrode, and the sides and the back of the sample were insulated using
uniform flow over the deposition area. silicone rubber to ensure that current could only pass to the backside
Within the reactor, a resistively heated filament array, 20 mm above electrode through the deposited coating. Samples were then placed on
the substrate, was utilized to breakdown the initiator into radical species. leads and were suspended in test tubes filled with saline solution as
Filament temperature was measured by a thermocouple (Type K, AWG shown in Figure 1. Each tube was also fitted with an electrode
36, Omega Engineering) directly attached to one of the filament wires. suspended in the saline solution, and a sweeping electrical bia§ of
Pressure within the chamber was measured by a capacitance diaphragr¥ to —5 V was maintained between this free electrode and those present
gauge and was controlled through use of a throttling butterfly valve on each of the samples under test. The leakage current through each of
(Intellisys, NorCal) connected to an autotuned digital controller the samples was then measured every 22 h at both+5 V and—5

(Intellisys, NorCal). V, and sample electrical resistance was subsequently calculated and
Samples were deposited on either 100 mm diameter IR transparentrecorded.
silicon wafers (WaferWorld) or 5@m diameter gold wire in direct 2.3. Neuron Compatibility Testing. Coated glass slides were placed

contact with a backside cooled substrate stage within the reactor. Toin suspensions of PC12 cells over a period of 12 days. The PC12 cell
remove contaminants, all silicon samples were ultrasonicated for 10 line was obtained from American Type Culture Collection (ATCC)
min in deionized water, were rinsed with isopropyl alcohol, and were and was cultured in F-12K medium (ATCC) supplemented with 15%
dried with nitrogen. Substrate temperature was maintained with an horse serum (ATCC), 2.5% fetal bovine serum (BioWhittaker), and
accuracy oft2 °C throughout the deposition by circulation of heated 25 units/mL penicillin-streptomycin (Hyclone) at 3T and 5% CQ.
silicon oil. Film growth was observed in situ through use of a 633 nm  For neurocompatibility experiments, five coated glass slides were placed
laser source (JDS Uniphase), with reflectance intensity measured by ain small polystyrene Petri dishes (Fisher; one slide in each dish) along
Metrologic detector. Interferometric cycle thickness was calibrated using with 12 mL of cell suspension in each dish. Five uncoated glass slides

ellipsometer modeling as described below. in similar Petri dishes served as controls. Cell culture conditions utilized
Table 1, below, shows reactor conditions for all iCVD film samples  for this study provided for the growth of PC12 neurons in suspension
analyzed in this paper. above the substrates, though contact due to cell settling did occur. The

2.2. Material Testing. Dielectric measurements were made using a cell concentration in each dish was monitored over a 12 day period,
mercury probe (Materials Development Corp.) driven by a Keithley with measurements taken every other day. Medium changes were
236 source measurement unit. A capacitance versus voltage curve wagarried out in each Petri dish every 3 days. For each time pointCtBQ/
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Figure 1. Electrically biased saline soak test setup for durability testing of poly(V3D3) coatings. Enlargement shows detail of how samples were
assembled and electrically isolated.

Table 2. Optical and Electrical Properties of Poly(V3D3) along with Table 3. ASTM Tape Test D3359-02 Adhesion Data for
Those of Polyethylene, Polydimethylsiloxane, and Parylene-C for Poly(VsDs) Deposited on Silicon Wafer Substrates?
ison37:38
Comparison sample thickness  rating (as deposited)  rating (after boiling)
dielectric refractive resistivity 61 + 2 nm 5B 5B

material constant index (Q-cm) (0% removal) (0% removal)
poly(V3Ds3) 25+0.2 1465+0.01 4(£2) x 105 315 + 6 nm 5B 5B
polyethylene 2.3 +0.02 1.49-1.54 1 x 10 (O% removal) (0% removal)
polydimethylsiloxane 2.6 0.2  1.40 1 x 1016
parylene-C 3.0+015 1.64 1 x 1015 a 5B rating indicates best possible adhesion to substrate as measurable

by this assay. Measurements were taken before and after boiling in
deionized water for 60 min.

cell concentration from the five samples (or controls) was averaged . .
for the plot in Figure 6, and the error bars represent the standard d€pOsition pressure of 350 mtorr, this threshold was observed

to be ~323 K. Below this level, a decrease in bulk resistivity
of up to 2 orders of magnitude is observed. A resistivity~df
x 10" Ohm-cm was obtained for samples deposited at a stage
3. Results and Discussion temperature of 308 K (condition E, Table 1). The loss of
electrical resistance is hypothesized to originate with the
3.1. Physical PropertiesTable 2 shows optical and electronic  entrainment of some small molecules in the polymerized film
property data for poly(¥D3) film “B” (Table 1) along with when surface temperature is low. Upon reactor blowdown
values for PE and PDMS included for reference. As expected, following the deposition process, vaporization of the entrained
all properties of the new material fall between those of PE and molecules leads to defects which can be observed by optical
PDMS, confirming the assertion that the material will behave microscopy as micrometer-size disk-shaped voids in the coating.
as a PEsiloxane copolymer. Of these properties, the most The entrained small molecules could be either short oligomers
important to the application is the electrical resistivity. To both of the polymer or possibly a single monomer unit which has
ensure recording from single neurons and increase recordingbeen initiated and terminated without further monomer addition.
sensitivity, the electrical resistance of the passivation coating Condensation of the pure monomer is less likely, as the partial
should be as high as possible. Parylene-C, the current electricabressure of monomer in the reactor, 280 mTorr, is significantly
insulation material of choice for these implaits*=6 has a below its vapor pressure o500 mTorr at the substrate
bulk resistivity of about 1& Q-cm, slightly lower than that of  temperature.
the poly(VsD3). This differential should allow for deposition Table 3 presents data on the adhesion of paJRg films,
of thinner passivation coatings that will provide the same level “B” (Table 1), to silicon wafer substrates. The native oxide was
of electrical insulation to the device. not removed prior to the iCVD coating step. Substrate adhesion
The material properties of polygDs) were found to be is very important for the long-term stability of implanted probes
insensitive to changes in deposition conditions over the range as coating delamination can quickly lead to corrosion and device
of conditions reported in Table 1, samples-B. The only failure 3° Coating adhesion was evaluated for films both less
exception appears to be when substrate temperatures are reducealdan and greater than 100 nm in thickness, since the organiza-
below a reactor pressure dependent threshold value. For ational structure of polymer films deposited on crystallieBV

deviation of the data.
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Figure 2. Scanning electron micrograph of 50 um diameter gold wire coated with 2—3 um of poly(V3D3). Wire is bent into a ~250 um diameter
loop without evidence of film cracking or buckling. Enlargement shows e-beam ablation of the coating as well as a lack of cracking or buckling
at higher magnification.
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Figure 3. Atomic force micrograph of poly(VsDs) film “C” deposited
on a silicon wafer. Sample has an overall rms roughness of 0.4 nm ’ M ]
with a peak-to-peak roughness of <0.9 nm.

3500 3000 2500 2000 1500 1000 500
substrates has been reported to be greatly affected by the Wavenumber (cm”)
crystalline lattice structure in the first 5200 nm4!In all Figure 4. FTIR spectra of a poly(VsDs) film B before and after boiling
cases, a _ratlng of 5B, no loss of coating adhesion ObserVableffor 60 min in deionized water. No change in spectra is apparent.
was obtained from ASTM tape test D3359-02. To make an
initial assessment of whether long-term immersion in an aqueousThis indicates that the low rms figure is due to a film of
environment would impact adhesion, samples were then boileduniformly low surface roughness, not a smooth film with
for 30 min in deionized water. Once again, no loss of film occasional large peaks/flaws. This is important to ensure that
adhesion was observed upon testing. no point imperfections are present in the film. Additionally,
Figure 2 displays a scanning electron microscopy (SEM) while the AFM data was obtained from analysis of a sample
image of a nominally 5Q«m diameter gold wire coated with  deposited at condition C, there was very little variation in surface
2—3 um of poly(V3D3) deposited at condition B from Table 1. roughness observed in samples deposited at conditions listed
The wire has been bent into a loop-e250um in diameter to in Table 1. All tested samples were within0.25 nm rms
demonstrate the flexibility of the thin film coating. As can be roughness of the above data. The low roughness of thin films
seen from the figure, no cracking or buckling in the film is of the polymer is indicative of an amorphous material, though
observable in either the SEM or the inset enlargement. In confirmation of this through X-ray powder diffraction (XRD)
addition, the enlargement demonstrates how the material canor differential scanning calorimetry (DSC) is not possible
be ablated through e-beam patterning, a necessary property tdecause of the small sample sizes. An amorphous film is also
allow for the exposure of recording sites on a neural probe consistent with the interpretation of the chemical structure as a
subsequent to coating. Flexibility is an important property for PE-siloxane copolymer. While PE is a semicrystalline polymer,
the coating of neural probe assemblies which typically have itis theorized that the presence of the siloxane side groups within
multiple lead wires attaching them to either locally implanted the poly(\VsD3) would most likely prevent the PE chains from
or external electronics. The ability to coat these leads along forming crystalline domains. These observations are also
with the device would be a significant advantage over Parylene-C consistent with the film flexibility observed in Figure 2; a
which is too brittle for such an applicatiéhThe flexibility of semicrystalline material would be likely to display some degree
the poly(\sD3) is not surprising when the polymer film is  of brittle cracking under strain. An amorphous polymer structure
considered as a siloxane copolymer. Siloxane materials are noteds beneficial for electrically insulating films as material proper-
for their flexibility and elastomeric properties. ties will be isotropic, and the possibility of locally high electrical
Figure 3 presents an atomic force micrograph (AFM) of poly- conduction at crystalline grain boundaries is avoided.
(V3D3) film “C” (Table 1) deposited on a silicon wafer substrate 3.2. Material Stability. Figure 4 displays two FTIR spectra
to thickness of~250 nm. The overall root-mean-square (rms) of a poly(VsD3) film deposited at condition B. The bottom
roughness of the sample is only 0.4 nm, comparing well to the spectra is that of the as-deposited film, while the top spectra is
0.15 nm observed for polished silicon wafers. In addition, the of the same film after boiling at atmospheric pressure in
peak-to-peak roughness (not shown) is no greater than 0.9 nmdeionized water for 1 h. A detailed analysis of the IR absorptieBil
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Table 4. Film Thickness of Samples before and after 30 min Soak
in Specified Solvent?

solvent initial thickness final thickness
deionized water 391 +£8 nm 397 £ 8 nm
isopropyl alcohol 410 + 12 nm 408 + 12 nm
acetone 418 + 10 nm 424 £ 10 nm
dimethyl sulfoxide 438 + 8 nm 431 + 8 nm
tetrahydrofuran 292 + 6 nm 293 + 6 nm

2 Thickness measured by spectroscopic ellipsometry with accuracy
given.
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Figure 5. Electrical resistance of poly(V3D3) samples under simulated
bioimplanted conditions and constant electrical bias. Samples show
no degradation in electrical resistance over a period of greater than
two-and-a-half years.

present has been previously reporiédo change in FTIR
spectra of the material is observed, indicating that there are no
hydrolytically labile moieties present in the film which could
be degraded over time in an aqueous environment. Were th
film to react with water, new absorptions associated with
hydroxyl groups would be observed between both 348600
cm1 and 1006-1100 cnt1.42 The hydrolytic stability of this
material is not unexpected when again considering the
poly(V3D3) within the context of a PEsiloxane copolymer.
Both components are unaffected chemically by aqueous envi-
ronments.

Table 4 presents solubility data on poly%) films prepared
at condition “A” in a variety of common solvents. Resistance
to polar solvents is obviously of most importance for perma-
nently implantable materials. However, cholesterols and other
fatty acids in the blood can act as nonpolar solvents, slowly
leaching away oil-soluble materials. As shown by the data, poly-
(V3D3) films show no solubility in either polar or nonpolar
solvents, indicating that coating loss because of solvation within
the body will not likely be a factor. These results confirm that
the cross-linked structure of the polyYs) films is effective
in retaining all deposited material and that low molecular weight
chains, which would be solubilized, are not present.

Stability of coating electrical properties under physiological
conditions is of paramount importance for the application. Figure
5 presents a plot of electrical resistance versus time for five
thin film poly(V3D3) samples from June 2004 through February
2006. These samples were deposited at condition B (Table 1).
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Figure 6. PC12 neuron growth in the presence of uncoated and poly-
(V3Ds3) coated glass substrates. No significant difference in cell growth
is observed, indicating that poly(V3D3) is noncytotoxic to PC12
neurons.

the electrical properties of the five samples have not degraded.
Indeed, the small variations in resistance observed seem to track
between the samples, indicating that the changes are more likely
because of small fluctuations in calibration of the electrometer
utilized to take the measurements. Three additional samples were
placed under test along with these five, and all three failed
electrically within the first two weeks. Examination of these
failed samples indicated that they were point failures because
of the presence of particulate contaminants on the substrate
surface prior to coating and were not failures because of
degradation of the coating itself. This particulate contamination
likely occurred after sample cleaning procedures as depositions
were not performed in a clean room environment. Such an
environment will be utilized during future neural implant device
manufacture to avoid this failure mode.

3.3. Neuron Compatibility. The compatibility of poly(\4D3)
thin films to neurons was assessed by culturing PC12 neurons
in the presence of glass slides coated with the material. PC12
cultures in the presence of uncoated glass slides served as a
negative control. Figure 6 shows the progression of cell
concentration as a function of time over a 12 day period. There
is no statistically significant (as evaluated by 95% confidence
t-test®) difference between sample and control cell concentration
data, indicating that contact with poly{M3) does not affect
the growth characteristics of PC12 neurons. In both sample and
control, the PC12 cells retained a rounded morphology and did
not adhere to the dish or glass surfaces. This behavior is
consistent with the expected behavior of PC12 cells in the
presence of serum but in the absence of cell adhesion proteins
or neurotrophic factor! While this growth curve experiment
is a first-order assay for biocompatibility, the results nevertheless
indicate that poly(\¥Ds) films do not retard cell growth because
of factors such as cytotoxic chemical groups, entrained mono-
mers, or unreacted initiator. Additionally, previous work with
related film chemistries has demonstrated the tethering of
bioactive molecules, such as the peptide sequence RGD, to the
surface of iCVD films through vinyl moieties not consumed
during polymerizatiort®> This or related approaches can be
utilized to further increase the biocompatibility of polyf¥s).

4. Conclusions

As described in section 2.2, these samples were immersed in

physiological saline and had a constant sweeping electrical bias

of +5 V to —5 V applied across them. Because of film area
versus film thickness considerations, a resistivity ofX0-cm
corresponds to a measured resistance 0k110'2 Q, indicating
that all five samples fall in the range of electrical resistivity

In this work, thin films of poly(\sD3) deposited by iCVD
have been demonstrated to possess the material properties and
long-term stability required for use in electrically insulating
neural recording arrays. The material has also been shown to
have excellent adhesion to silicone substrates and a high degree

previously presented in Table 2. These data indicate that, evenof flexibility, both necessary properties for an ideal neural probe

after more than two-and-a-half years of simulated implantation,

insulating material. It has been demonstrated that this pol)eB‘\r/
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in many ways behaves as a copolymer of polyethylene and a (11) Griffith, R. W.; Humphrey, D. R. Long-term gliosis around chroni-

polysiloxane, as would be predicted from its chemical structure.

Poly(V3D3) has a bulk electrical resistivity in excess of'10
Q-cm, allowing for films as thin as bm to provide the required
degree of electrical insulation for the application. This value

falls between those observed in PE and PDMS, as do the

refractive index and dielectric constant of the material. ICVD

deposited poly(¥D3) shows no spectroscopic change because

of hydrolysis when exposed to a 100 aqueous environment.
Negligible solubility in a wide range of solvents has been

demonstrated, assuring that the coating will not be dissolved

by either hydrophilic or hydrophobic materials it may encounter
when implanted in the cortex. In addition, it has been shown

that the electrical properties of the material are maintained, with
no degradation, for over two-and-a-half years under simulated

implant conditions. Last, biocompatibility studies with PC12

neurons demonstrate that this material is noncytotoxic and does

not influence cell proliferation. These data provide initial
indications of biocompatibility.

Future work with this material will focus on both short- and
long-term in vivo testing to better understand how the coating
will behave in an active biological environment. In addition,
the surface of the material will be modified for attachment of

bioactive molecules, such as the peptide RGD, to increase cell

affinity for the material surface. This modification will maximize
the integration and stability of the coating within the cellular
matrix after implantation.
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