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Abstract

Si-multi-electrode arrays implanted into brain tissue for long-term recording lose electrical connectivity due to the post-
implantation inflammatory reaction. This inflammatory reaction creates a physical and electrical gap between the electrode and
the surrounding neurons. In this study, novel nitrocellulose-based coatings were developed for the sustained delivery of the anti-
inflammatory neuropeptide a-melanocyte stimulating hormone (a-MSH). a-MSH was incorporated in micron-scale nitrocel-
lulose coatings and slow, sustained release over 21 days was attained in vitro. The a-MSH released on day 21 was still
bioactive, and successfully inhibited nitric oxide (NO) production by LPS-stimulated microglia. The amount of initial drug
loading directly affected the release rate, with higher initial loading increasing the mass released but not the percent of drug
released. The surface morphology and thickness of the coatings were examined by scanning electron microscopy (SEM) and
profilometry. In addition, impedance measurement showed that the a-MSH loaded nitrocellulose coatings reduced the
magnitude of electrode impedance at the biologically relevant frequency of 1 kHz. In conclusion, nitrocellulose-based, bioactive
coatings that release anti-inflammatory agents without increasing the impedence of the electrode were successfully fabricated.
These coatings have the potential to reduce inflammation at the electrode—brain interface in vivo, and facilitate long-term
recordings from Si-multi-electrode arrays.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction nificant implications for the treatment of a wide
variety of sensory and movement disorders. Howev-

Stable single-unit recordings from the nervous er, when these devices are implanted into neural
system using Si-microelectrode arrays can have sig- tissue for long-term recording, they quickly (a few

days to weeks) lose the ability to record from neu-
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tory reaction resulting from physical injury to the
CNS. In the CNS this process of sheath formation is
termed ‘reactive gliosis’ or astroglial scarring. This
astroglial scar is inhibitory to neurons and forms a
barrier between the electrode and neurons in the
surrounding brain tissue. This problem is particularly
apparent for the Michigan probes, which have rela-
tively small recording sites and hence bigger imped-
ance compared to the so-called Utah arrays and
microwires [1-3].

To maintain long-term recording stability, reactive
gliosis and other inflammatory processes around the
electrode need to be minimized. The neuropeptide
a-melanocyte stimulating hormone (a-MSH) exerts
powerful anti-inflammatory effects through inhibi-
tion of proinflammatory cytokine production and
related mediators of inflammation [4]. A number
of studies suggest that «-MSH inhibits the produc-
tion of proinflammatory cytokines via the modula-
tion of nuclear transcription factor-kB (NF-kB)
activation, and the inhibition of NF-kB is a focal
point in the mediation of the effects of melanocor-
tins on cells of the immune system. a-MSH is an
excellent candidate as a powerful anti-inflammatory
agent in the CNS, due to its pleiotropic effects on
inflammation and energy homeostasis[5]. In this
study, the fabrication of nitrocellulose-based coatings
on oxidized Si substrates for the sustained release of
a-MSH is reported.

Conventional drug delivery systems such as
microspheres are not ideal, as the limited surface
area (about 1 mm?®) of the microelectrodes does not
allow for sufficient loading of drug carriers to facil-
itate sustained release. Nitrocellulose is a biocompat-
ible polymer which has high binding capacity for
proteins and nucleic acids. Although the mechanism
of binding is not yet completely understood, it
appears to depend mainly on hydrophobic and elec-
trostatic interactions that are caused by the nitrate
dipole [6-9]. Since nitrocellulose is a convenient
substrate for rapid non-covalent attachment of pro-
teins [10], it is commonly used to attach extracellular
matrix proteins to investigate cell adhesion and
growth in vitro [10-12]. NGF or laminin treated
nitrocellulose has also been used in vivo to induce
extensive axon growth after spinal cord injury in
both adult and neonatal rats [13—15]. Although the
high protein binding capacity of nitrocellulose has

enabled its extensive use both in vitro and in vivo
for cell adhesion, growth and tissue regeneration, its
potential for drug release has yet to be explored. In
this study, a«-MSH was incorporated into nitrocellu-
lose coatings and sustained release of a-MSH over
three weeks in vitro was achieved.

Polymer-based controlled release systems are nor-
mally classified as either reservoir (membrane) de-
livery systems or matrix (monolithic) delivery
systems. In the former type release is controlled
by a polymeric membrane that surrounds a drug
containing reservoir, whereas in matrix devices the
drug is either dissolved in or dispersed homoge-
neously throughout a polymer matrix [16-18].
Both delivery methods were investigated in this
study using nitrocellulose as the polymer. The
anti-inflammatory activity of a-MSH released from
this nitrocellulose-based delivery system was tested
through nitrite production by primary microglial
cells, and impedence measurement was used to
characterize the contribution of the coatings to elec-
trode impedance.

2. Materials and methods

2.1. Fabrication of a-MSH loaded nitrocellulose
coatings

Polished Si wafers of 1 cm? with a 10,000 A oxide
layer (University Wafer) were cleaned by ultrasonifi-
cation in deionized water and ethanol, and stored in
70% ethanol for sterilization. The wafers were dried
under nitrogen and adhered to the spindle of a micro-
centrifuge (IEC) by a double sided adhesive tape. 33.3
mg (5 ecm?) nitrocellulose (Schleicher and Schuell
BioScience) was dissolved in 12 ml methanol; the
solution (20 pl) was then added to the surface of a
wafer, followed by spinning at 2000 rpm for 30 s to
enable spin coating.

2.1.1. Matrix delivery method

100 or 400 pg a-MSH (Sigma) powder was mixed
thoroughly with 20 pl nitrocellulose (NC) and evap-
orated on 1 cm® Si wafers. This a-MSH-NC layer
was subsequently coated with 6 additional layers of
pure nitrocellulose generated in the following man-
ner—3 layers of evaporation and 3 layers of spin
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coating (2000 rpm, 30 s). The a-MSH containing
layer was termed as Matrix 100 and Matrix 400
based on the amount of a-MSH added to the nitro-
cellulose layer.

2.1.2. Reservoir delivery method

100 or 400 pg «-MSH in water solution was
evaporated on 1 cm? Si wafers. This a-MSH layer
was subsequently coated with 6 additional layers of
pure nitrocellulose as previously mentioned in the
matrix delivery method, as Reservoir 100 and Reser-
voir 400.

2.2. Determination of nitrocellulose and drug loading

2.2.1. Nitrocellulose loading

Si wafers were weighed before coating, and then
pure nitrocellulose without «-MSH was applied to the
Si wafers as described previously. The weight of the
Si wafers was measured again, and the mass of nitro-
cellulose loaded onto each Si wafer was calculated by
subtracting the mass of the uncoated Si wafer from
that of the coated Si wafer.

2.2.2. Drug loading

Si wafers were mounted on Petri dishes, and the
a-MSH spun away from Si wafers during spin
coating was collected and quantified. The loading
on the coatings was determined by subtracting the
unincorporated «a-MSH from the total loadings (100
or 400 ng).

2.3. In vitro a-MSH release assay

Si wafers coated with a-MSH and nitrocellulose
were incubated at 37 °C either in PBS for quantifica-
tion of a-MSH release, or in microglial cell culture
medium (DMEM-F12 media supplemented with 10%
fetal bovine serum) for bioactivity analysis with
microglia cultures. The release medium (PBS or
microglial cell culture medium) was changed every
24 h. The amount of a-MSH released every 24 h from
triplicate samples was determined by the subtraction
of the UV adsorption at 215 and 225 nm with a
microplate reader (Bio-Tek instruments, VT). The a-
MSH containing microglial cell culture medium col-
lected every 24 h was stored at —20 °C until bioac-
tivity was performed.

2.4. Cultures of primary microglia

Microglial cells were obtained using a modification
of the procedure by Giulian and Baker [19]. Briefly,
mixed glial cells dissociated from neonatal Sprague—
Dawley rat cerebral hemispheres were plated in 75
cm? poly-L-lysine coated tissue culture flasks (Fisher)
at a density of one brain per flask in culture medium
consisting of DMEM-F12 media (Gibco) supplemen-
ted with 20% fetal bovine serum and 1% penicillin/
streptomycin. After 7-10 days, flasks were lightly
shaken to release microglial cells into the media su-
pernatant, and these floating microglia were subse-
quently centrifuged into a pellet, and resuspended in
DMEM-F12 medium supplemented with 10% fetal
bovine serum. The cells were seeded in 96-well culture
plates at a density of 3 x 10* cells per well. Twenty-
four hours after seeding, microglial cells were treated
with 100 pg/ml lipopolysaccaride (LPS, Sigma)
and incubated in the microglial cell culture medium
containing a-MSH released every 24 h for 48 h.

2.5. Nitric oxide production

Nitric oxide (NO) production by the microglial
cultures was determined by measuring the accumulat-
ed levels of nitrite in the supernatant with Griess
reagent (Promega). Briefly, after incubation with
LPS and the release medium collected from a-MSH
containing nitrocellulose coatings every 24 h for 48 h,
50 pl cell culture supernatant was incubated with 50
ul sulphanilamide and 50 pl N-1-napthylethylenedia-
mine dihydrochloride (NED) for 10 min each at room
temperature. The optical density was measured at 540
nm using a microplate reader (Bio-Tek instruments,
VT). NO production with and without «-MSH con-
taining culture medium collected from triplicate nitro-
cellulose coating samples was determined.

2.6. Surface analysis by scanning electron microscopy
(SEM) and profilometry

The surface morphology of the nitrocellulose coat-
ings were investigated by SEM. Si wafers were coated
with o-MSH loaded nitrocellulose coatings and
mounted onto metal stubs using double sided adhesive
tape, vacuum-coated with a gold film, and analyzed
under a LEO 1530 thermally assisted FEG scanning
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Fig. 1. Two nitrocellulose-based drug delivery methods were stud-
ied as shown in (A) reservoir delivery method and (B) matrix
delivery method.

electron microscope. Coating thickness before and
after drug release was measured using a DEKTAK3
profilometer (Veeco Instruments Inc.). The thickness
was determined by measuring 3 random areas on each
sample for triplicate samples.

2.7. Impedance measurement

Micromachined silicon probes (single shank, 16
recording sites) were provided by the University of
Michigan Center for Neural Communication Technol-
ogy. The impedance magnitude of the recording sites
was measured before and after Matrix 400 coating. A
custom built impedance spectroscopy device was used
for this study [20]. A Tektronix TDS 3014B oscillo-
scope and a HP function generator were also included.
The system was operated under computer control
using a MATLAB program. A solution of Hank’s
balanced saline solution (HBSS) was used as the
electrolyte. An AC sinusoid with 5 mV of amplitude
was used as the input signal with the DC potential set
to 0 V. The value of the impedance was determined at
the biologically relevant frequency 1 kHz.

2.8. Statistics

Data are represented as the average value + the
standard error of the mean (S.E.M). Results from all
experiments in this study were analyzed with the
Student z-test, and P <0.05 was used to indicate sta-
tistical significance.

3. Results
3.1. Effect of coating methods on release kinetics

Nitrocellulose coatings containing a-MSH were
prepared using two delivery methods: (1) evaporated
o-MSH layer coated with nitrocellulose as reservoir
method and (2) a-MSH-nitrocellulose mixture coated
with nitrocellulose as matrix method (Fig. 1). The
mass of nitrocellulose loaded for reservoir coating
and matrix coating was 155.0 £ 8.3 and 197.8 +25.2
ng respectively. The actual initial «-MSH loading for
Reservior 100, Reservior 400, Matrix 100 and Matrix
400 coatings was 97.7+£6.0, 377.2+14.7, 69.2 &
13.5, and 331.6 +34.8 pg/cm? respectively. Table 1
summarizes these results along with the wt.% loading
of a-MSH in the coatings. Active a-MSH was re-
leased from nitrocellulose coatings in both delivery
methods at different rates (Fig. 2). For a given initial
peptide loading concentration, the matrix method had
a slower release rate compared to the reservoir meth-
od. As shown in Figs. 2 and 3, a-MSH was depleted
at day 11 and 13 for Reservoir 100 and Reservoir 400
respectively. However, a-MSH was continuously re-
leased from both Matrix 100 and Matrix 400 coatings
for over 18 days. «-MSH release from both types of
coatings follows a similar release profile—an initial
burst followed by a slow, steady release. For each type
of coating, the 100 pg initial loading demonstrated a
slower release rate than 400 pg initial loading.

Table 1
Summary of a-MSH and nitrocellulose loading

Reservoir 100 Reservoir 400 Matrix 100 Matrix 400
Mass of drug (ug/cm?) 97.7+6.0 3772+ 147 69.2+13.5 331.6+34.8
Mass of NC (ug/cm?) 155.0+8.3 155.0£8.3 197.8+25.2 197.8+£25.2
Percent drug loading (wt.%)" 38.7 70.9 259 62.6

? Weight of drug/weight of (drug+NC).
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Fig. 2. Effect of coating types on the cumulative release profile. The
percent a-MSH loading for Reservoir 100, Reservoir 400, Matrix
100 and Matrix 400 are 38.7%, 70.9%, 25.9% and 62.6% respec-
tively (wt.%). Data shown are the average + S.EIM. (n=3).

3.2. Effect of initial «-MSH loading

3.2.1. Effects of initial o-MSH loading on mass
release

a-MSH released daily from nitrocellulose loaded
with 100 or 400 pg peptide was calculated as
mass released (Fig. 3) and as the percent of
initially loaded peptide released (Fig. 4). For the
reservoir coating method, the mass released was
not statistically signifantly different between 100
and 400 pg of peptide loading conditions. Howev-
er, for the matrix coatings, the mass released
increased with the increase in initial loading, and

0-MSH Released Daily (ug)

the release from 100 and 400 pg loading was
significantly different (P <0.05) after day 3. In
fact, the mass release from Matrix 400 was always
significantly higher (P<0.05) than the other three
groups starting from day 3. In contrast, on days
1-2 there was significantly less (P<0.05) mass
release from the matrix coatings, compared to the
reservoir coatings when the initial loadings are the
same, indicating slower release rate from the ma-
trix coatings.

3.2.2. Effects of initial o-MSH loading on percent
release

For both the reservoir coatings and matrix coatings,
the percent release from 400 ng initial loading was
statistically higher than release from 100 ug on days 1
and 2. In contrast, starting from day 3, the percent
release from 400 pg was statistically lower than re-
lease from 100 pg till day 18. These data suggest that
the initial peptide loading affects the release rate; with
the lower initial loading generating a slower release
rate. The percent release for Matrix 100 was always
significantly higher (P<0.05) than the other three
groups after day 3.

3.3. Bioactivity of released o-MSH
Primary microglial cells were treated with LPS and
a-MSH released into microglial culture medium from

nitrocellulose coatings (Matrix 400). As shown in Fig.
5, after 21 days of release, a-MSH is still bioactive,

m Reservoir 400

m Reservoir 100
O Matrix 400
@ Matrix 100

Day

Fig. 3. Effect of initial peptide loading on mass released daily. Data shown are the average + S.E.M. (n=3). The mass released from Matrix 400
was statistically significant ( £ <0.05) with respect to release from the other three coatings starting from day 4 (the initial burst release on days 1

and 2 is not shown).
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Fig. 4. Effect of initial peptide loading concentration on percent of protein released daily. Data shown are the average £ S.E.M. (n=3).

and the level of NO was reduced by 35% to 41%
when incubated with the release medium collected
every 24 h till day 21.

3.4. Physical characterization by SEM and
profilometry

The surface morphology of a-MSH-nitrocellulose
(Fig. 6A, B), a-MSH—nitrocellulose coated with pure
nitrocellulose (Fig. 6C, D) before and after drug re-
lease, and plain Si wafer were investigated by SEM.
As shown in Fig. 6, before a-MSH was released, both
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a-MSH-nitrocellulose and nitrocellulose have porous
structure, with a-MSH-nitrocellulose being less po-
rous than pure nitrocellulose. After a-MSH was re-
leased, the morphology of «-MSH-nitrocellulose
coating was very similar to pure nitrocellulose coat-
ings, and the surface roughness was greatly reduced
for both types of coatings.

The thickness of Matrix 400 coatings before and
after a-MSH was released was characterized. The
coating thickness before drug release was 2236 +
499 nm, and the thickness after drug depletion was
1166 £ 143 nm.

0

control LPS day 7

day 10

day 13 day16 day19 day21

Fig. 5. Effect of a-MSH released from nitrocellulose coatings on LPS-induced production of nitrite production. Data shown are the
average + S.E.M. (n=3). Microglia were treated with LPS, or LPS and a-MSH released on day 7, 10, 13, 16, 19 and 21 for 48 h, cells
without LPS treatment served as control. *P<0.05 compared with LPS-treated cultures.
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Fig. 6. Surface morphology of (A) 400 ng a-MSH-nitrocellulose (a-MSH-NC) before drug release, and (B) after drug release; (C) 400 pg a-
MSH-nitrocellulose coated with nitrocellulose («-MSH-NC+NC) before drug release and (D) after drug release; (E) Uncoated oxidized Si

surface as analyzed by SEM. Scale bar=1 pm.

3.5. Electronic properties

To determine the effects of the coatings on the
electrical property of the electrodes, the electrical
impedance of the 16 recording sites on the Michigan
single shank acute probes was measured. Due to the
instrument design for impedance measurement, only
14 out of the 16 recording sites could be measured.
The magnitude of impedance was measured before
and after coating. As shown in Fig. 7, the impedance

magnitude of the recordings sites was significantly
reduced after being coated with Matrix 400 coating
compared to uncoated recording sites.

4. Discussion
a-melanocyte stimulating hormone (a-MSH) inhi-

bits inflammation by acting on peripheral inflamma-
tory cells, glial inflammatory cells, and on CNS
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Fig. 7. (A) Average impedance magnitude for the 14 recording sites
before and after coating. The magnitude of impedance for Matrix
400 was statistically significantly lower (*P <0.05) compared to the
impedance of uncoated electrode sites. (B) Impedance magnitude
for the 14 recording sites before coating (#) and after coating (M).

receptors that activate descending anti-inflammatory
neural pathways [21,22]. Therefore it is a promising
agent for the treatment of the inflammatory response
resulting from the implantation injury and micromo-
tion induced scarring caused by chronically implanted
electrodes. In this study, a-MSH was successfully
incorporated in a nitrocellulose matrix, sustained re-
lease was achieved, and the bioactivity of a-MSH was
retained after release.

When a matrix type loading method was used, the
initial peptide loading directly affected both the mass
of peptide released daily and the release rate. Higher
initial loading caused a higher mass of peptide to be
released every day. However, for the reservoir deliv-
ery method, higher initial loadings only caused a
significantly higher mass release in the first three
days, and then there was no significant difference of
the mass released between initial loading amount of
400 and 100 pg in the following days of release.

Increasing the initial loading caused a higher release
rate for both coating methods.

Initial bursts of release for Reservoir 400, Reser-
voir 100, and Matrix 400 were observed. For the
reservoir delivery method, the only barrier to slow
drug release was the limiting nitrocellulose layers on
top of the drug, and as shown in Fig. 6C, and the
nitrocellulose layers are porous, which allow for water
penetration. For the matrix delivery method, the drug
was dispersed in the nitrocellulose matrix, making this
layer less porous (Fig. 6A). Therefore it is not sur-
prising that the reservoir samples have a higher initial
burst compared with matrix samples when the initial
loadings are the same. Also, the wt.% o-MSH loading
is higher for the reservoir method compared to the
matrix method, and this potentially contributes to the
higher initial burst observed for the reservoir samples.

For a given coating method (reservoir and matrix
methods), higher initial drug loading caused higher
initial release. This is most likely due to the fact that
the higher drug loading increased the wt.% a-MSH
loading, potentially increasing the relative water per-
meability into the coating. In addition, higher initial
loading also provided a higher concentration gradient
between coatings and the release medium, which
increased the driving force for drug release.

The data also demonstrate that o-MSH released
from the nitrocellulose-based drug delivery system
remains biologically active. Any implant inserted
into the brain causes tissue injury and an inflamma-
tory response [2,23]. The initial response to CNS
injury is mediated by microglia. Microglia produce
inflammatory molecules such as nitric oxide, various
cytokines, and prostaglandins, which induce neuronal
cell death and trigger the activation of astrocytes,
which finally result in the formation of an astroglial
scar [24-27]. NO produced by expression of inducible
nitric oxide synthase (iNOS) is an important mediator
of inflammation and neuronal cell death [27,28]. a-
MSH has been shown to inhibit pro-inflammatory
cytokines and NO production [29,30]. This study
demonstrates that «-MSH can be successfully released
for over 21 days, and remains bioactive and inhibits
NO production by LPS-stimulated primary microglia
(Fig. 5).

To investigate the effects of these micron-scale
coatings on the electrical properties of the electrodes,
impedance measurement was conducted on Michigan
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single shank neural recording probes. The Michigan
probes are silicon-based electrodes with 16-channel
recording electrode arrays made from gold. The im-
pedance magnitude of the electrode sites before and
after being coated with Matrix 400 was measured at
the biologically relevant frequency of 1 kHz. There
was a significant reduction of impedance for the
coated electrode sites, which consequently, improved
the signal transport across the neural interface and
helped to increase the detection sensitivity to neural
activity [31-33]. It is interesting that nitrocellulose
coatings can reduce the impedance of the gold elec-
trodes, because nitrocellulose is a non-conductive
material with the dielectric constant at 6.2—7.5. This
may be related to the porous structure of the nitrocel-
lulose coatings, which provides a high interfacial area
for charge transport, helping to lower the impedance.

Several parameters of these nitrocellulose-based
coatings can be altered to customize release profiles
to the application of interest. The results have shown
that a higher nitrocellulose—drug ratio produced a
slower release profile. As the nitrocellulose coatings
have a porous structure, there are two strategies to
further slow drug release. First, the thickness of the
nitrocellulose coatings could be increased to enhance
the diffusion barrier. Second, the parameters of nitro-
cellulose deposition such as concentration, solvent
and rate of evaporation can be changed to vary the
average pore size of nitrocellulose coatings to alter the
release rate.

5. Conclusions

In this study, the development of novel nitrocellu-
lose-based coatings for Si-substrates/electrodes was
reported. Anti-inflammatory neuropeptide «-MSH
was incorporated in this system and slow, sustained
release over 21 days was achieved. The a-MSH re-
leased on day 21 was still bioactive and successfully
inhibited NO production. Compared with convention-
al polymer—matrix delivery systems, this novel deliv-
ery system is simple, inexpensive, and does not affect
the electrical property of the substrate. In conclusion,
these novel biocompatible coatings that release anti-
inflammatory agents may help stabilize the electrode—
brain interface to facilitate long-term recording and
stimulation from Si-multi-electrode arrays in vivo.
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