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The secondary injury causes further damage to neural cells, due to mechanisms of
inflammation and cytotoxicity. Progression of secondary injury damage may be reduced by
the administration of anti-inflammatory drugs. In order to allow local delivery of such drugs,
while minimizing dural opening, we have created a Polypyrrole (PPy) microneedle array
using micro-scale 3D printing technology that facilitates electronically controlled
encapsulation and transdural release of drugs. The PPy microneedles demonstrated
electronically controlled transdural release of steroid dexamethasone (Dexa) in a novel in
vitro transdural model. Drug release capabilities of the device were then tested by electronic
release of Dexa into an in-vitro model of activated BV2 microglia. After 72 hours of
incubation, inflammation was reduced, as demonstrated by measured release of nitric oxide

and II-1b, a pro-inflammatory cytokine. These results demonstrate the feasibility of PPy

microneedles for transdural delivery of anti-inflammatory drugs for spinal cord injury.
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Chapter 1. INTRODUCTION

Spinal cord injuries (SCI) results in lasting disabilities with significant impacts on patent
lives. In the United States, approximately 17,000 new cases occur each year, of which less
than 1% make a complete recovery[1, 2]. Patients are often left with severe paralysis.
Accumulated lifetime costs, including medical care and lost earnings can total nearly $40
million[3]. Despite increasing survival rates of spinal cord injury patients, the quality of life
is still often poor.

The lasting damage of SCI may be attributed to the low rates of neural recovery in addition
to the complex physiology and mechanism of SCI. The initial physical injury in SCI is followed
by a secondary injury minutes later, and lasting up to months [4]. Secondary injury
mechanisms of neuroinflammation[5], excitotoxicity[6], and ischemia[7] attribute to further
damage of the injured spinal cord. Excitotoxicity caused by excess neurotransmitters, free
radicals, reactive oxygen species, released as a result of the primary injury[8, 9] lead to
deaths of surrounding uninjured cells. Released inflammatory factors stimulate
inflammatory responses of surrounding glial cells, resulting in the release of proapoptotic
factors and additional free radicals. Free radicals such as nitric oxide (NO) released by
inflammatory microglia have been found to damage surrounding uninjured tissue [2].
Excessive NO induce apoptosis in nearby neurons. This secondary apoptotic neuron death
has been observed at a distance from the injury site, for up to several weeks post-injury[9].

The current standard of care for SCI is early surgical decompression, along with optimizing
perfusion to the spinal cord by maintaining arterial pressure [10] [11]. Blood, fragments of

bone, and other tissues impinging on the spinal cord are surgically removed. Spinal
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structures are stabilized using implanted screws and rods. Decompression surgery serves to
significantly reduce further damage from spinal cord compression, but may not prevent the
damage of the secondary injury. Patients generally then undergo physical and occupational
therapy. However, patients with complete SCI often do not improve despite rehabilitation.
Recent works have investigated the combination of rehabilitation and electrical stimulation
therapy. Epidural stimulation has been used in animal and human trials, with promising
results [12-14]. In these studies, electrode arrays were implanted epidurally over the SCI
lesion, and connected to a subcutaneous electrical pulse generator. Patients that underwent
rehabilitation with epidural electrical stimulation were reported to have regained some
voluntary movement abilities following treatment, even after the removal of electrical
stimulus.

In order to maximize recovery, researchers have also conducted widespread research into
pharmaceutical therapies. Many of these therapies aim to reduce further damage by
targeting the secondary mechanisms of spinal cord injury. A variety of drugs with anti-
apoptotic, anti-inflammatory, and anti-peroxidation properties have been tested for the
treatment of secondary spinal cord injuries [15, 16]. Many drugs have shown promise in
preclinical animal trials, however none have been approved for clinical applications. Steroids
have been widely used in these studies due to their anti-inflammatory properties, the most
extensively studied of which is methylprednisolone. In a randomized controlled trial,
methylprednisolone was associated with a modest improvement in motor recovery after
acute SCI [17, 18] However, the use of high dose steroids, such as methylprednisolone, is
controversial in SCI due to the systematic side effects, such as sepsis and pneumonia [19].

Due to concern over adverse side effects and marginal neurological improvement, recent
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guidelines recommended against methylprednisolone for treatment of SCI [20].
Consequently, there is no clearly beneficial pharmacotherapy for SCI.

The use of controlled local delivery may reduce side effects and improve efficacy. Local
delivery may reduce off-target effects, while maintaining local concentration. Local
controlled release also has the added benefit of allowing drugs to be delivered without need
to cross the blood brain barrier. Many promising drugs, particularly large molecule and
protein therapeutics, are restricted by their inability to cross the blood brain barrier that
surrounds the spinal cord. These drugs are thus restricted to single bolus delivery through
dural punctures. These restrictions have prompted several groups to develop intrathecal and
intramedullary local controlled release [21-25]. However, the use of these systems require
incisions of the dura, the protective sheath that encases cerebrospinal fluid (CSF) and the
spinal cord. This approach of opening the dura adds risk of CSF leak, meningitis, and damage
to the spinal cord itself. Thus, dural incisions should be avoided if possible. To minimize
damage to the dura, researchers have developed a fast-gelling hydrogel that can be injected
into the intrathecal space [26]. However, injection of the hydrogel also induces damage,
albeit smaller, to the dura. Additionally, these intrathecal polymers may also reduce
intrathecal space and impede CSF flow. Ideally, a drug delivery system would deliver locally
into the intrathecal space with minimal damage to the dura, while not impeding neural
functions.

Other proposed delivery methods include the application of drug delivery devices that allow
external control of temporal release. These systems utilize conductive polymers, which
encapsulate and release dopants during oxidation and reduction, respectively. One of the

most common conductive polymers, polypyrrole (PPy) has been used in various studies for
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drug release and implanted electrodes. In vitro and in vivo experiments found PPy
biocompatible for use in the brain, supporting the growth of cerebral cortical cells [27]. Other
studies utilized these characteristics of PPy to release dexamethasone (Dexa), an anti-
inflammatory drug, to create coatings for neural interfacing electrodes [28, 29]. Dexa release
from PPy was used to attenuate astrocyte reactivity [28, 29], and reduce glial scarring.
Analysis of drug release from the device shows that PPy can be used to deliver drugs with
precise timing via electrical stimulation. However, the implantation of these delivery
systems also require incisions into the dura.

In this work, we describe a microneedle array for electronically controlled transdural
delivery that may allow the use of electronically controlled delivery from PPy, while
minimizing the need for incisions into the dura. The implanted electrode then allows the
local delivery of neuroprotective or anti-inflammatory drugs. The microneedles may be
placed during a decompression surgery. The implant may be placed epidurally, while
piercing the dura to deliver drugs to the intrathecal space. Here, we will investigate the
transdural and electronically controlled delivery of a model drug, dexamethasone phosphate
using the PPy microneedles. Dexamethasone phosphate, an ionic prodrug of corticosteroid
dexamethasone, is commonly used in electronically controlled drug release [28-31].
Dexamethasone phosphate is converted to Dexamethasone in serum. The delivery of
dexamethasone phosphate has also been demonstrated to reduce neuroinflammation and
subsequent apoptosis in in vitro[32] and animal models [15, 33]. Dexamethasone phosphate
will be used here for transdural delivery through the PPy microneedles to attenuate in vitro

neuroinflammation.



Chapter 2. EXPERIMENTAL

2.1  MICRONEEDLE FABRICATION

Microneedles were fabricated using three-dimensional photolithography (NanoScribe
GnbH, NanoScribe). 10x10 arrays of conical microneedles with 500um height and 130um
diameter, along with a 20um thick square base, were printed on plasma treated silicon
wafers in IP-S resist (NanoScribe). Microneedles in the array were spaced at every 250um
from point-to-point. Exposed microneedles were then developed in SU-8 Developer
(Microchem) for 20 minutes, followed by cleaning in an isopropanol solution for 5 minutes.
Following developing, microneedles were further cured under a UV flood light (ABM) of
approximately intensity 11.5 Ix for 90 seconds. Microneedle wafers were then diced into
7mm X 7mm chips each containing an individual microneedle array. Microneedle chips were
coated on both surfaces by sputter coating (Evatec LLS EVO Sputter System) in 10nm chrome
and 100nm gold. The sputtered coating was allowed to coat the sides, and forming electrical
connections between the top and bottom surfaces. Electrical connections were made by
soldering to the surface opposite the microneedles. The metal coated microneedle electrodes
were then deposited in PPy following the protocol above. Flat electrodes were made
similarly through dicing and sputter coating silicon, followed by soldering and Dexa PPy

electrodeposition.



2.1 PPy DEPOSITION

Microneedle electrodes to be coated in PPy were submerged in a solution of 0.2M pyrrole
(Pyr, ThermoFisher) and 0.2M sodium dodecylbenzenesulfonate (NaDBS, ThermoFisher) in
water across a platinum anode. A blank (no drug) adhesion layer was first deposited by the
application of 1mA across the Pyr solution for 2 minutes. The electrode was then submerged
in a Pyr solution for the treatment layer, and subjected to 2ZmA of current for 4minutes.
Treatment layer for the blank PPy was again deposited in fresh 0.2M Pyr, 0.2M NaDBS
solution. Treatment layer of the Dexamethasone PPy (Dexa PPy) was deposited in a solution
of 0.2M Pyr, 100mg/ml dexamethasone phosphate (Dexa), without NaDBS. Excess and
unbound Pyr monomers and dopants were then removed by washing in 0.9M phosphate
buffered saline (PBS, Gibco) three times on a rotating shaker for five minutes each. The

process of microneedle fabrication and PPy deposition are shown in figure 2.1.
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Figure 2.1. Summary Schematic of microneedle fabrication and PPy deposition process.
1) 3D photolithography of microneedles on silicon substrate using Nanoscribe. 2) Sputter
coating of microneedle surface in gold. 3) Electrodeposition of Dexa PPy on microneedle

surface in Pyr and Dexa solution. 4) Cross section of completed PPy microneedles.



2.2 MICRONEEDLE ARRAY MECHANICAL CHARACTERIZATION

The mechanical strength of the fabricated microneedles was tested using an in situ indentor
(Alemnis) under SEM (Thermofisher Apreo S). The microneedles were indented using a
stainless-steel flat punch tip. Indentation of the microneedles occurred at 17.3nm/sec until
10um total displacement. Microneedles were then also indented at 75nm/sec until 20um,
150nm/sec until 35um, and 500nm/sec until 35um. New microneedles were used for each

indentation. Resultant load at each displacement point was recorded.

2.3  INVITRO TRANSDURAL RELEASE

Transdural release assays from the PPy microneedles, as well as controls, were performed
in a custom transwell in vitro model (fig. 2.2a,c). Transwell inserts were designed and 3D
printed in PLA to allow suspension of a dural substitute (DuraMatrix) over solution within a
12 well plate. The bottom and outside surfaces of the insert were sputter coated in 10nm of
chrome and 100nm of gold to create a counterelectode for stimulated release. A square of
suturable dura substitute was then fixed to bottom opening of the transwell insert using
cyanoacrylate gel (Loctite). The fixed transdural insert was then allowed to dry, then the
dura hydrated with 400ul of PBS. Transdural inserts were placed into wells over 1.6ml of
PBS. Microneedles were applied epidurally over the dura substitute using manual pressure.

Flat electrodes were placed and stimulated similarly.



Figure 2.2. In vitro transdural Model.
a) Schematic of transdural model in solution. Artificial dura is suspended over solution in
3D printed PLA transwell insert. b) Schematic of microneedle application to the
transdural model. Bottom surface of the insert was coated in gold to form a conductive
surface for electrical stimulation through the solution. Microneedles were applied to the

insert epidurally. ¢) Image of microneedles in the in vitro transdural model.
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Electrical stimulation could then be applied through the microneedle to the coated insert as
an electrode (fig. 2.2b) . Stimulated release samples underwent 10mins of direct current (DC)
at -2V or cyclic voltammetry (CV) of 100mV/s from -1V to 1V. Groups of n=6 microneedle
arrays were stimulated under DC for 10 minutes in order to allow quantification of maximum
release. However, due to apparent cell stress and death from long durations of DC
stimulation, the DC stimulated release was also performed at a reduced duration of 2
minutes. Drug in solution were applied to epidural and subdural controls by pipetting over
or below the dural insert, respectively. 200ul of Dexa solution with a concentration of
50ug/ml was used in controls.

An SEM image of the microneedles was taken before and after the transdural placement. To
allow for SEM imaging, electrical connections to the microneedle array must be removed,
thus microneedles imaged immediately after PPy deposition were not subsequently used for
implantation and transdural release. Another microneedle array used for transdural

implantation and release was similarly processed and imaged in SEM.

2.4  DEXAMETHASONE QUANTIFICATION

Dexa phosphate (Dexa) released was quantified using high pressure liquid chromatography
(HPLC) and mass spectrometry (MS). Predisolone phosphate (Pred,) was added to each
sample as an internal standard, prior to processing. Each sample received prednisolone
phosphate to a final sample concentration of 2ug/ml. Drug release samples were passed
through a 0.2um PVDF filter prior to autosampler injection. Aqueous and organic phases

used were 10mM ammonium acetate in water and methanol, respectively. The compounds
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were separated in chromatography through a Zorbax Extend C-18 3.5um HPLC column
(Agilent), at a flow rate of 0.3mL/min. Dexa and Pred ions of m/z 471.1500 and 439.1043,
respectively, were extracted. The Pred ion was isolated with a peak at approximately
2.00mins, and the Dexa ion at approximately 3.75mins. For each compound, fragments of
m/z 79 and 97 were isolated in negative ion mode, and used for quantification. Dexa in the
solution was quantified by comparison against a calibration curve of Dexa in PBS, with
similarly added Pred. Samples were quantified using the ratio of Dexa to the constant

concentration of internal standard Pred.

2.5 INVITRO NEUROINFLAMMATION ASSAY

Bioactivity of electrically released drug was tested in an in vitro neuroinflammation model,
in which drugs were released into wells of activated BV2 murine microglia. Healthy BV2 cells
were seeded in 12 well plates at a density of 100,000 cells/well, in 1.6mLs of Dulbecco’s
modified eagle media (DMEM, Gibco) with 4.5g/L D-glucose, 584mg/L L-glutamine, and
110mg mg/L sodium pyruvate (Invitrogen). The DMEM was supplemented with 5% fetal
bovine serum (Invitrogen) and 2% anti-mycotic/anti-biotic (Invitrogen). Following seeding,
the cells were incubated at 37@ overnight to allow for settling and adhesion. Cells in
activated treatment groups were activated by the replacement of media with fresh DMEM
containing 0.005% interferon gamma (Ifn-y, Invitrogen) and 1% lipopolysaccharide (LPS,
ThermoFisher). Unactivated controls received normal fresh DMEM. Cells were then
incubated for 1 hour before application of treatment in groups of n=6, in order to simulate
realistic conditions in which there is a duration between traumatic SCI occurrence and

access to treatment.
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Treatment was applied transdurally from microneedles into the cell media though the
transdural insert model as previously described in the In Vitro Transdural Release section.
Diagrams of experimental conditions can be found in Fig. 3. Microneedles were similarly
applied manually, then underwent a potentiostatic or cyclic electrical stimulation. Direct
current potential was applied for only 2 minutes to minimize electrical imbalance applied to
the cells, while delivering sufficient drug to achieve therapeutic effect. Cyclic voltammetry
was applied for 15 cycles, equating to 10 minutes. Epidural drug solution controls were
similarly applied to the neuroinflammation model by pipetting over the transdural insert. In
addition, a subdural solution control was introduced to the neuroinflammation studies in

which the Dexa solution is applied directly to the cell media, bypassing the transdural insert.

mjhmﬁmlbﬁ
o bt b

Figure 2.3. Simplified diagrams of in vitro neuroinflammation experimental conditions.

Simplified diagrams of in vitro neuroinflammation experimental conditions: a)
unactivated BV2 microglia, b) Error! Bookmark not defined.activated BV2 microglia
without treatment, c) subdural Dexa solution treatment of activated microglia, d)
electrically stimulated PPy microneedles (Dexa or blank), e) epidural drug solution, f)

non-stimulated Dexa PPy microneedles, and g) stimulated flat PPy release.
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Following 3 days of incubation, cell media was assayed for markers of inflammation. Free
radical nitric oxide (NO) was quantified using a Griess reagent kit (Invitrogen) that detects
NO reduced to nitrites in cell media[34]. Colorimetric NO quantification was performed
following the protocols provided in the Griess reagent kit. Pro-inflammatory cytokines were
quantified using a Luminex Magpix Multiplexing assay (Millipore). Cytokines quantified
include interleukin-1-beta (IL-1f), interleukin-6 (IL-6), and tumour necrosis factor alpha
(TNF-a). Cells treated in the CV stimulated experiment were additionally quantified for the
release of monocyte chemoattractant protein 1 (MCP-1). The Luminex multiplexing assays
were performed following the protocol provided in the kit.

Cell viability was measured using an MTS assay (CellTiter 96® AQueous One Solution Cell
Proliferation Assay, Promega). Cells received 1ml of fresh DMEM, along with 200ul of MTS
reagent, then were incubated for 1 hour. The incubation was followed by detection of
absorbance at 490nm. The MTS absorbance in each group was normalized to the absorbance

of the unactivated group.

2.6  STATISTICAL ANALYSIS

Statistical analysis was performed using SPSS Statistics 25 (IBM). Sample groups were checked
for normal distribution using a Shapiro-wilk test, then checked for homogeneity of variances
using Leven’s test. One-way ANOVA with post-hoc Bonferroni analysis was performed on
experiments with 3 or more groups, and homogeneity of variances. Experiments without
homogeneity of variances were instead assessed using a post-hoc Games-Howell test. Student’s

T test was performed on experiments with 2 groups.
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Chapter 3. RESULTS AND DISCUSSION

3.1 MICRONEEDLE MECHANICAL CHARACTERIZATION

To characterize the mechanical strength of the microneedles, we subjected the microneedles
to stress testing under a nanoindenter. The microneedles were compressed in the indenter
under a constant rate of displacement, while visualized using SEM (Appendix A). Under SEM
visualization, it was apparent that the microneedles experienced bending rather than
compression under the force of the indenter (fig. 3.1). Due to bending and change in contact
surface area, we were unable to quantify mechanical strength of the microneedle.

However, load vs displacement curves produced allowed us to qualitatively assess the
elasticity of the microneedles. On application of downward force, the tip of the microneedle
bends, but recovers as the force is removed. The magnitude of plastic deformation is
dependent on the rate of displacement. The magnitude of deformation increased as the rate
of displacement was increased. The difference in deformation can be seen in the graphs
displaying displacement rates of 150nm/sec and 500nm/sec both to a maximum of 35um.
On graphs displaying experienced load of max displacement 20um and greater (fig. 3.2), the
point of bending can be seen at approximately 4um, where the rapid increase in load is
reduced as the tip is bent. A secondary shoulder can be seen in the load of 500nm/sec

displacement.
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Figure 3.1. SEM image of PPy microneedle under compression stress testing.
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Figure 3.2. Load vs Displacement curves of microneedle indentation.

Resultant load curves of microneedle tip displacement for a) 17.3nm/sec to a max
displacement of 10um, b) 75nm/sec to a max displacement of 20um, ¢)150nm/sec to a max
displacement of 35um, and d) 500nm/sec to a max displacement of 35um. The blue arrow
indicates point of bending at approximately 4um. An additional bending point in the
500nm/sec displacement is indicated by a red arrow. Area displaying elastic recovery is

shaded in blue, area displaying plastic deformation is shaded in purple.
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3.2  INVITRO TRANSDURAL DRUG RELEASE

Drug release from 10x10 arrays of Dexa PPy microneedles was tested in a custom designed
in vitro model to demonstrate transdural release. In this model, the microneedles were used
to puncture artificial dura at the bottom of a transwell insert, and release into solution below.
Electrical stimulation may then be applied through the solution. In addition, transdural
release was tested in microneedles without electrical stimulation, as well as microneedles
without drug, and from epidurally applied Dexa solution (fig. 3.3). As expected, PPy
microneedles without drug did not result in subdural Dexa release. Similarly, epidural Dexa
solution resulted in no subdural Dexa, indicating that Dexa released epidurally does not
undergo passive diffusion through the transdural insert. Quantification of subdural solution
found that Dexa PPy microneedles that experience 10minutes of -2V potentiostatic
stimulation resulted in a significantly higher amount of transdural Dexa release. The use of
Dexa PPy microneedles appears to allow transdural release of Dexa. However, similar Dexa
PPy microneedles without electrical stimulation resulted in very little transdural Dexa
release, illustrating electrical control of Dexa release from Dexa PPy microneedles . The
ability for electrically stimulated release then allows precise temporal control of drug
release, with external control throughout duration of implantation. Along with local
implantation for transdural release, the DexaPPy microneedles demonstrate capability for

temporal and spatial control of drug delivery to the spinal cord.
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Figure 3.3. Quantified transdural release from DC stimulated Dexa PPy microneedles.
Mass of Dexa in subdural solution following transdural release using DC stimulated Dexa
PPy microneedles, DC stimulated blank PPy microneedles, non-stimulated (Passive Dexa

PPy microneedles, and epidural Dexa stimulation. (* p < 0.05).

However, the current through PPy microneedles s was observed to decrease over the 10
minutes of stimulation, ultimately reaching approximately 0 at about 10 minutes. The

decrease in current suggests a decrease in conductivity of the PPy, which occurs as a resul
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t

of overoxidation of PPy. Along with over oxidation, application of a similar DC potential for

such a long duration to a cellular environment may induce stress in cells. Thus, in order to
adapt the release process to a cellular neurinflammation model, the duration of stimulation
was reduced to 2 minutes. Transdural drug release from the Dexa PPy microneedles with 2

minutes of electrical stimulation was similarly quantified in the in vitro model. Unsurprisingly,
reduced duration electrical stimulation resulted in lower amounts of drug release (fig. 3.4). The

decreased stimulation reduced transdural drug release by approximately 60% to a total of 2ug.
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Figure 3.4. Quantified transdural Dexa release from DC stimulated Dexa PPy microneedles at

2mins and 10 mins.

Alternatively, we also explored stimulation of the DexaPPy microneedles using cyclic
voltammetry in order to both reduce over-oxidation of the PPy, as well as allow charge balancing
when stimulating in a cellular environment. The drug release was similarly performed in the in
vitro transdural model. However, a cyclic potential of 100mV/s from -1V to 1V was applied. The
CV stimulation was applied for 15 cycles, equating to 10 minutes of stimulation. The peak
current throughout the CV stimulation remained level, indicating a lack of over-oxidation as seen
in long duration DC stimulation. The ability to maintain PPy conductivity suggests that CV
stimulation may be applied for durations extending beyond 15 cycles, for possibly higher
amounts of drug release in future works. Ten minutes of CV stimulated release from Dexa PPy
microneedles resulted in an average of 18.03ug of transdural Dexa release (fig. 3.5). The CV

stimulated Dexa release is, however, highly variable. The variability may be attributed to
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variable release from PPy. Nevertheless, all but one sample achieved a minimum of 3ug Dexa
release.

Flat DexaPPy electrodes and Blank PPy microneedles were also tested for transdural release with
CV stimulation. Neither resulted in measurable transdural Dexa release. The lack of transdural
Dexa release from Flat Dexa PPy with stimulation demonstrates inability of Dexa to cross the
transdural well through electrical forces alone. The lack of electrically driven transdural release

suggests that microneedles play a role in allowing Dexa to cross the membrane.

30
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Figure 3.5. Quantified subdural Dexa release from CV stimulated Dexa PPy microneedles.
Subdural Dexa is quantified following transdural release from CV stimulated Dexa PPy

microneedles, CV stimulated Dexa PPy microneedles, and CV stimulated Flat Dexa PPy.

SEM imaging of the microneedles before and after implantation into the dura insert demonstrate
durability of the microneedles against the artificial dura membrane (fig. 3.6). Representative
SEM images were taken of a microneedle array following PPy deposition. While some

microneedles experience slight bending prior to implantation, most display a sharp peak.
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Following implantation, microneedles experience some blunting, as well as slight hooking of the
tip, however, most microneedles maintained structural integrity through implantation and drug

release.

Figure 3.6. SEM images of PPy microneedles prior to and following insertion into dura.
Top: microneedle array of 500um height and 130um diameter, prior to implantation in the
transdural insert. Bottom: microneedle array of 500um height and 130um diameter microneedle

array following implantation into transdural insert. Red bar indicates 500um length.
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3.3  IN VITRO NEUROINFLAMMATION ASSAY

3.3.1 DC Stimulated Release

Transdural Dexa release from the microneedles was similarly tested in a neuroinflammation assay
in vitro. BV2 Microglia cells were cultured in the wells of the transdural release model, and
activated for inflammation using Ifn-y and LPS. Shortly following activation, the cells received
treatment. Cells were treated with subdural Dexa solution, DC stimulated Dexa PPy microneedles,
epidural Dexa solution, non-stimulated Dexa PPy microneedles, and DC stimulated blank PPy
microneedles. Additional control groups of unactivated cells, and activated but untreated cells
were also included. After three days of incubation, the cells are assayed for NO release,
inflammatory cytokine release, and cell viability. The release of NO and cytokines were
normalized to the quantified cell viability in order to account for cell death or changes in rate of
proliferation resultant of the treatments.

The relative cell viability of the treated cells was quantified using an MTS assay. The MTS assay
is used for indirect quantified cell viability by measuring the metabolism of the MTS compound
by mitochondrial dehydrgenases[35]. On analysis of cell viability (fig. 3.7a), it was noted that the
group treated with DC stimulated Dexa PPy microneedles saw a significant decrease in cell
viability. The subdural Dexa group saw slight decreases in viability, though not significant. The
decrease in metabolism of MTS may indicate a decrease in proliferation rate in Dexa treated cells.
However, the furthered decrease of cell viability in the DC stimulated Dexa PPy microneedle
group may also indicate cell death as a result of the prolonged DC stimulation. Further

experimentation may be required to determine the cause for decrease in cell viability.
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The relative cell viability results were used to normalize the release of free radical NO and pro-
inflammatory cytokines IL-1p, IL-6, and TNF-a. Normalized NO (fig. 3.7b.) saw a significant
decrease in cells treated with subdural Dexa solution, demonstrating decrease of NO in Dexa
treated microglia. Cells treated with DC stimulated Dexa PPy microneedles experienced a similar
decrease in NO release, through electrically stimulated transdural release of Dexa. Groups of
epidural Dexa solution, passive release from Dexa PPy microneedles, and DC stimulated Blank
PPy microneedles did not demonstrate the same decrease. These results correspond with previous
transdural release quantification, in which only stimulated Dexa PPy microneedles resulted in
transdural Dexa release.

However, the release of pro-inflammatory cytokines did not experience similar patterns. The
quantification of IL-1f, IL-6, and TNF-a show reduced total release in groups treated with DC
stimulated Dexa PPy microneedles, but following normalization to cell viability (fig. 3.7c,d,e), the
decrease can no longer be seen. Thus, the reduction in the release of pro-inflammatory cytokines
may not be attributed to the attenuation of neuroinflammation, but may be attributed to microglia
death. While decrease in NO release suggest promise in attenuation of neuroinflammation by DC
stimulated Dexa PPy microneedles, further studies are required to investigate treatment effect on

cellular stress and the release of pro-inflammatory cytokines.
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Figure 3.7. Neuroinflammation assays following transdural treatment of DC stimulated Dexa
PPy microneedles.

a) Normalized cell viability as quantified using MTS colorimetric MTS metabolism. b) Release of
NO, c¢) IL-1B, d) IL-6, e) TNF-a normalized by amount of viable cells quantified by MTS

metabolism. (* p <0.05 vs DC stimulated Dexa PPy microneedles)
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3.3.2 CV Stimulated Release
The attenuation of neuroinflammation was similarly tested in CV stimulated Dexa PPy
microneedles. Similar controls as previous were used, with the addition of a CV stimulated flat
Dexa PPy electrode. Following the three day incubation, NO and pro-inflammatory cytokines IL-
1B, IL-6, TNF-a, and MCP-1 were quantified using Griess and Luminex assays. Cell viability
was again quantified using an MTS assay.
MTS relative cell viability quantification (fig. 3.8a) of CV stimulated Dexa PPy stimulated cells
did not see the same decrease as previously seen in the DC stimulated treatment group. Instead,
cell viability of the CV stimulated Dexa PPy microneedles group was increased compared to that
of the controls. No groups in this experiment saw a decrease in cell viability, as measured by
MTS metabolism, compared to that of unactivated cells.
Quantified release of inflammatory markers were then normalized to the amount of viable cells
as measured using the MTS assay. NO release from the treated microglia, normalized for viable
cells (fig. 3.8b), saw a reduction in the CV stimulated Dexa PPy microneedles treatment group.
Subdural Dexa solution treated microglia experienced a similar reduction in normalized NO
release. Activated microglia treated with CV stimulated flat Dexa PPy, epidural Dexa solution,
non-stimulated Dexa PPy microneedles, or CV stimulated blank PPy microneedles did not see
similar reductions in NO release. These treatment groups had previously been demonstrated to
result in no transdural Dexa release, which likely correspond to the lack of reduction in the
neuroinflammation marker. Surprisingly, the groups of CV stimulated flat PPy and blank PPy
microneedles were seen to result in a slight increase in NO release. This increase may indicate a
mechanism of increases in inflammation as a result of the stimulation parameters, which in the

CV stimulated Dexa PPy microneedles is reduced by Dexamethasone treatment.
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Normalized release of pro-inflammatory cytokines IL-1p, IL-6, and MCP-1 (fig. 3.8c,d,e) show

similar patterns of decrease from microglia treated with CV stimulated Dexa PPy microneedles
(fig). IL-1pB, IL-6, and TNF-a (fig. 3.8f) saw a pattern of decrease in the CV stimulated Dexa PPy
microneedles treated microglia. The release of MCP-1 display a similar pattern to that of NO.
Treatment of CV stimulated Dexa PPy microneedles resulted in a greater decrease in the release
of MCP-1, while controls of CV stimulated flat Dexa PPy, epidural Dexa solution, non-
stimulated Dexa PPy microneedles, and CV stimulated blank PPy microneedles did not see the
same decrease. The reduction of inflammatory cytokines, as well as NO, suggest that CV
stimulated Dexa PPy microneedles may be used transdurally to attenuate neuroinflammation.
Further investigations may be required to study the effect of the treatment on the signal

transduction pathways of each cytokine.
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Figure 3.8. Neuroinflammation assays following transdural treatment of CV stimulated Dexa
PPy microneedles.
a) MTS quantified relative cell viability in each treatment group. Release of b) NO, ¢) IL-1§, d)

IL-6, ¢) MCP-1, f) TNF-a. (* p < 0.05 against CV stimulated Dexa PPy microneedles).
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Chapter 4. CONCLUSION

The challenges of drug delivery for spinal cord injuries have motivated the design of a transdural
electrically controlled microneedle array. The electrical control of delivery is implemented through
the use of conductive polymer PPy. In this work, the PPy microneedle array is tested for use in
transdural as well as electronically controlled release of a model drug dexamethasone phosphate.
Quantification of transdurally released Dexa from electrically stimulated Dexa PPy microneedles
demonstrate the ability of the microneedles in allowing transdural release of drugs unable to
passively diffuse through the membrane. Use of the microneedles allowed subdural release of the
drug with minimal damage to the dura, and minimal disruption in the subdural space. The release
of Dexa on electrical stimulation additionally allows the external control of drug release after the
application off the microneedles. Application of transdural, electrically stimulated release from the
microneedles to in vitro neuroinflammation show bioactivity of the released Dexa. CV stimulated
release from the microneedles was not seen to cause significant cell death. Transdural release of
Dexa from the PPy microneedles using CV stimulation demonstrate promise in attenuating
neuroinflammation, a mechanism of secondary spinal cord injury that may worsen the injury.
Further investigations of Dexa PPy microneedles in the treatment of spinal cord injury may include
in vivo tissue responses to the implanted material, as well as degradation of the material.

While this work uses dexamethasone phosphate to investigate transdural release from the PPy
microneedles, a variety of pharmaceutical compounds may be loaded and released from PPy[36],
including protein therapeutics [37, 38]. Future works may investigate the application of PPy

microneedles in the transdural release of other neuroprotective compounds.
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APPENDIX A

Nanoindentor SEM Video
17.3nm/sec to max 10um:

https://drive.google.com/file/d/1vByw7AW7ReLT{fvxKRhOmSTxOWovyk7
1g/view?usp=sharing

75um/sec to max 20um:

https://drive.google.com/file/d/13hg9WVO YvhGS5BULFY cXUUWxQNs
kSOn/view?usp=sharing

150nm/sec to max 35um:

https://drive.google.com/file/d/1cNnQBBga8Q9n7aw-
xVcA1OIgWP1J95ts/view?usp=sharing

500nm/sec to max 35um:

https://drive.google.com/file/d/1cNQv4VzL-Ji-
oBS snvx0hTZKjlwUG2p/view?usp=sharing




