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Abstract

We report the development of a microfluidic system capable of repeated infusions of anti-
inflammatory factors post-implantation for use as a coating for neural probes. This system consists
of a microchannel in a thin gelatin methacryloyl (GelMA)-polyethylene glycol (PEG) composite
hydrogel surrounded by a porous polydimethylsiloxane (PDMS) membrane, where the hydrogel
can be dried to increase the stiffhess for easy insertion. Reswelling allowed us to perfuse
interleukin (IL)-4 and dexamethasone (DEX) as anti-inflammatory factors through the channel
with minimal burst release and significant amounts of 1L-4 were observed to release for up to 96
hr post-infusion. Repeated injections of IL-4 increased the ratio of prohealing M2 versus
proinflammatory M1 phenotypes of macrophages encapsulated in the hydrogel by six fold
compared with a single injection, over a 2-week period. These repeated infusions also significantly
downregulated the expression of inflammatory markers tumor necrosis factor (TNF)-a and IL-6 in
astrocytes encapsulated in hydrogel. To demonstrate the system as a coating of neural probe for /in
vivo applications, we further fabricated a prototype device, where a thin dual-layered microfluidic
system was integrated onto a metal probe. Such a drug delivery system could help reduce the
formation of a glial scar around neural probes.

Keywords
Microfluidic system; Hydrogel; Drug delivery; Neural probes; Neural electrodes; Astrocytes

1. Introduction

In recent years, considerable advances have been made regarding the use of neural
electrodes to not only measure and record brain functionality, but to suppress or stimulate
different areas of the brain in order to treat a variety of conditions[l]. These electrodes have
been successfully employed to minimize the effects of motor neuronal diseasel2],
Parkinson’s diseasel3!, epilepsyl32 30 4] and to overcome the effects of paralysis[1P: 31,
Furthermore, advancements are being made in the use of electrodes to combat deafness and
blindness through cochlear and retinal implants and to reduce the effects of mood disorders
by deep brain stimulation (DBS) [3-41.

The short-term successes of these implants are well-documented with DBS now being a U.S.
Food and Drug Administration (FDA)-approved treatment for dystonia, Parkinson’s, and
essential tremor in the USIXCl. However, there have been challenges with long-term
utilization of these electrodes. Sometimes positive initial results and reductions in symptoms
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reduce over time as the electrodes become less effective [1P. 61, This reduction in
effectiveness is usually attributed to the gradual encapsulation of the electrode by scar
tissues and therefore the issue cannot be dealt with by simply replacing an electrode. This
can be attributed to the initial insertion-associated injury (acute response)l’], presence of a
foreign material (chronic response)?1%, damage caused by micro-motion of the inserted
electrodellal.[3¢. 81 or repeated electrical over-stimulation of the tissuel®]. For these reasons,
much of the research has focused on making the electrodes as small and biocompatible as
possible, with recent research also highlighting the importance of matching biomechanical
properties.

Several recent studies have shown that strategies that effectively reduce the acute anti-
inflammatory response to implants often are indistinguishable from untreated devices at the
chronic stage of implantation. For example, a study by Potter et af10] where neural implants
released curcumin from polyvinyl alcohol film coatings over time, with most of the release
occurring in the first 10 hours, showed a reduction in scar tissue and an increase in
functioning neurons surrounding the implant at 4 weeks. However, once 12 weeks was
reached, there was no statistical difference between the implants which were drug-eluting
and those that were not. Although not a drug-eluting probe, the same phenomena was found
when investigating the shape and size effects on glial scarring in a study by Szarowski et
al®l. Smaller rounded implants showed a reduction in the acute response of microglia
(defined as less than 2 weeks in this study) but chronic results from 4 weeks to up to 12
weeks showed no significant difference between all designs[®a.

These studies indicate that, in order to create viable probes for long-term implantation, a
strategy to reduce the inflammatory reaction of the brain tissue in its chronic phase is
required. The definition of chronic itself is up for debate, with many studies not defining
what they deem to be chronic at all, or suggestions ranging from 1 to 12 weeks with most
settling around the 2—-4 week mark [111. For this study, an chronic phase is considered as 2
weeks or greater as this has been indicated to be the transition point [121. This study thus
considered the design and optimization of a dual-layered microfluidic system that would
allow for long-term and steady delivery of an optimized profile of anti-inflammatory drugs
and cytokines over a period of at least 2 weeks, with the potential to increase past that point
if required. It was hypothesized that being able to sustain this delivery and change the factor
being delivered would significantly reduce the inflammatory reaction of macrophages and
astrocytes, leading to a reduction in scar tissue formation and a probe that functions better
long-term. Tests were performed on both macrophages as they form the initial response to an
injury, as well as astrocytes as they also release inflammatory factors, and they make up 30—
65% of glial cells in the brain and are the predominant cell within the glial scar [2P]. As both
cells therefore play a significant role in immune reaction and scar formation it was important
to assess both reactions to sustained release of anti-inflammatory factors in order to
strengthen any findings [13]. THP-1 monocytes are used to form the macrophage model as
these cells are widely used in inflammation studies. These cells have also been shown to
exhibit similar inflammatory responses to microglia /77 vivo and blood-derived macrophages
will also infiltrate upon probe insertion. In addition, the behavior of these macrophages
correlates strongly with neuronal loss, a big concern for neuronal probe application [141. For
this study we chose not to look at the response of neurons themselves as this is often
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dependent on the glial response and it is difficult to maintain primary neurons chronically /in
vitro (331, The response of neurons themselves will be assessed at the following /n vivo stage
in our future studies that has already been planned.

Furthermore, the dual layer system was to involve a drying stage to minimize the size and
increase the stiffness of the implant for easy insertion in future clinical applications. It would
also allow reswelling of the coating on insertion, which could reduce the damage to the
surrounding tissue caused by micro-motion of the electrode as well as making the electrode
surface more mechanically compliant and similar to brain tissue. In order to ensure that the
mechanical integrity of the microchannels was maintained during this cycle, and would be
better sustained throughout implantation, reswelling tests were carried out and the effects of
the addition of PEG to the GelMA layer to create a mechanically robust hydrogel was
investigated. These hypotheses were tested by optimizing the design of the dual-layered
coating in the chip form and assessing the diffusion profile of differently sized molecules
representing anti-inflammtory drugs through this dual-layered chip system. Once a final
design was reached, the effect on macrophages and astrocytes of sustained release, from this
dual-layered system, of dexamethasone (DEX) as an anti-inflammatory drug and
interleukin-4 (1L-4) as an anti-inflammatory cytokine versusa single infusion of both factors
over a 3-week period was investigated. The comparison versus single infusions through the
dual layered system was important to highlight that any additional improvements were
coming from the system’s ability to sustain delivery of the factors throughout the acute and
into the chronic phase of immune response. In order to keep macrophages and astrocytes
alive and representative of /n7 vivo conditions, their surrounding environment was important,
therefore for both cells an optimization stage for their GelMA conditions was included to
ensure the cells were initially in as resting a state as possible. As a proof of concept for
future /n vivo application, a thin dual-layered microfluidic device with hydrogel coating on
the inner walls of the microchannel was fabricated and characterized for the diffusion profile
of fluorescein isothiocyanate (FITC)-dextran.

Results and Discussion

2.1 Fabrication of Microchannel in Hydrogel

To fabricate a microchannel, we selected gelatin methacryloyl (GelMA) hydrogel that has
been shown to support the growth of a wide variety of cells when the cells are either in
contact with its surface or encapsulated within its structure [16]. It is also an enabling
material for drug delivery applications as its porous structure can be fine-tuned to control the
rate of drug release into the surrounding environment[17]. By optimizing the
photocrosslinking time, mechanical properties of the gel can also be exploited to easily
fabricate and retain microchannels within the structure. However, particularly at lower
concentrations, GeIMA hydrogel can degrade quickly over time and diffusion through the
gel can be quick[17P]. For these reasons, as well as preventing excessive reswelling post-
insertion and allowing even greater control over the drug release, a porous
polydimethylsiloxane (PDMS) membrane layer was further added to the GeIMA hydrogel
containing the microchannel. PDMS is also non-toxic and non-biodegradablel18] and the
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reduced surface area for diffusion through the hydrogel-based microfluidic system could
further slow down the release of active molecules.

The concept and process for fabricating this system is illustrated in Figure 1. During the
developmental process it was noticed that the drying and reswelling stages were having an
adverse effect on the integrity of the hydrogel, particularly if they were left for more than 3
days in the dry state. The crosslinking of PEG and GelMA chains was to provide resistance
to cracking upon drying by increasing the density of polymeric networks, resulting in
improved mechanical strength of the composite hydrogel, similar to the result of composite
hydrogel reported in our previous work [29]. The acryloyl substitution groups on the GelMA
and PEGDA chains were covalently bounded after UV exposure resulting in a GeIMA/PEG
composite hydrogel. For this reason, three different hydrogel formulations were investigated:
5% GelMA, 10% GelMA, and 10% GelMA/2% PEG. First, their mechanical properties with
varying degrees of photocrosslinking post-drying and reswelling were analyzed. The
compressive moduli of 5% GelMA, 10% GelMA, and 10% GelMA/2% PEG hydrogel were
2.83+0.40 kPa, 3.26+0.45 kPa, and 6.41+0.67 kPa, respectively (Fig. 2A). As the
compressive modulus of the brain tissue is around 1 kPal2%] all of these formulations are
strong enough to resist deformation by the brain tissue itself while not being so stiff that they
cause a mechanical mismatch between the implant surface and the brain, which has been
shown to increase the brain’s immune reaction to implantsi?tl. The reswelling profiles of the
three formulations were also assessed in order to ascertain if they would exert undue
pressure on the brain and if their reswell time had the potential to be problematic in surgery
as sometimes implants have to be removed and reinserted several times during this timel22].
All three formulations had similar reswelling profiles with total reswell within 4 hours in
phosphate buffered saline (PBS, Fig. 2B). The thicknesses of the gels in their dry state were
210 + 40 pm, 430 = 20 um, and 350 + 20 pm, respectively. After 72 hr of drying in air, the
10% GelMA/2% PEG hydrogel was the only formulation that remained entirely crack free
among all samples. For this reason, as well as its thickness of only 350 £ 20 um in the dry
state, this formulation was chosen for fabrication of the device. Scanning Electron
Microscopy (SEM) images taken of this hydrogel (Fig. 2C) show the porous structure of the
gel with pores of to 90 £ 37 um in diameter. The device itself was designed as a square piece
with one single cylindrical microchannel of 80 + 16 pm through the hydrogel in order to
simplify verification of the diffusive gradient (Fig. 2D). In practice however, the channel
would be a loop to allow easier filling and emptying of the channel and this was also
fabricated in order to show that this loop structure would be possible in the future. The
appearance of the device itself as well as the microchannel and porous PDMS membrane
under the microscope are shown in Fig. 2E—H with the hydrogel stained green.

2.2 Diffusion through the Scaffold

To evaluate the diffusion of potential anti-inflammatory factors such as drug and interleukins
through our system, FITC-dextran with various molecular weights (Myy) were used. DEX is
a commonly used anti-inflammatory drug, particularly at the acute stage of inflammation
and has a Myy of 392 Dal'® 23], FITC isomer has a Myy of 389 Da and has been used as a
model for DEX. Interleukins are a family of cytokines involved in the inflammatory process
and some of these such as IL-4 have been shown to have anti-inflammatory effects[24]. 1L-4

Adv Funct Mater. Author manuscript; available in PMC 2020 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Frey et al.

Page 6

has a Myy in the range of 12-20 kDa, and therefore FITC-dextran with 20-kDa was chosen
as a model for this cytokine, with tests also conducted with 40-kDa FITC-dextran as a model
for larger proteins that may be investigated at a later stage. In order to evaluate the diffusion
of these FITC-based molecules, sample dual layered microfluidic chips were placed under
the fluorescent microscope and a single injection of the substance was added to the
microchannel (Fig. 3A (i)). The channel and its surrounding gel area were imaged every 2
min until the dye had diffused throughout the chip (Fig. 3B). The fluorescence intensity was
significantly decreased by increasing the Myy of FITC variants and then decreased after
saturation by diffusion of FITC variants through the hydrogel (Fig. 3C).

The diffusion of the anti-inflammatory factors through the whole chip including the porous
PDMS membrane and into the brain tissue on the other side is actually more relevant to our
studies as this will allow us to specifically target different points in the inflammatory process
with our molecules in future. This was evaluated by adding a PBS reservoir on top of the
chip into which the FITC variants could diffuse over time (Fig. 3A (ii)). Samples from this
PBS reservoir could then be measured for fluorescence at regular intervals and the entire
PBS reservoir replaced to maintain sink conditions as would be present in the brain. The
obtained intensity of fluorescence signals were correlated to the concentrations of the FITC
variants using the calibration curves of each FITC variants. Concentration of the FITC
variants was plotted against time at 24-hr intervals to identify peak release from the system
and to assess the release profile (Fig. 3D). 40-kDa FITC-dextran had its peak release at 48 hr
while both 20-kDa and 40-kDa FITC-dextran could be released from the system for up to 4
days after the initial infusion through the microchannel. This delayed peak release could be
utilized when trying to release factors at precise stages of inflammation reaction for an
optimized drug delivery profile in future. As the release of FITC isomer and 20-kDa FITC-
dextran both peaked at 24 hr or before, the experiment was repeated with 8 hr time points
(Fig. 3E). This showed the initial release of the 20-kDa FITC-Dextran was steady over the
first 24 hr and there was minimal burst release of the FITC isomer, a common problem with
drug delivery systems[10l. These results showed an interesting contrast to the diffusion
behavior of FITC variants through the hydrogel previously (Fig. 3C), where the diffusion of
20- and 40-kDa FITC-dextran were not significantly different. This may be due to the
addition of the porous PDMS membrane that was further slowing down the diffusion of
dextran into the PBS reservoir. These findings resulted in the decision to diffuse molecules
twice a week for future chronic cell trials to ensure that cells would have a constant supply
of our anti-inflammatory factors delivered to them.

2.3 Monocyte Model Development and Chronic Drug Study

Once the drug delivery chip had been designed and optimized, a model for the brain was
developed (Fig. 4). As microglia are the first response to any injury in the brain, moderating
their response can affect the whole chain of inflammation events[!3al. Microglia are
sometimes referred to as the macrophages of the brain as they carry out many of the same
duties that macrophages carry out in the rest of the body[23]. Microglia are difficult to
harvest and purify without having other remaining cell types whereas macrophages can be
formed from monocytes using a well-established cell line THP-1. As both macrophages and
microglia have the ability to differentiate into M1 or M2 phenotypes, which correspond to
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pro-inflammatory and anti-inflammatory macrophages, respectively, monocytes represent a
suitable model for investigating the effects of a drug delivery profile on the brainl26l. In
order to create a more brain-like environment and allow longer survival of the cells, GeIMA
hydrogel was used as a three-dimensional (3D) scaffold to imitate the brain-like extracellular
matrix (ECM). The photocrosslinkable nature of this hydrogel allowed the fine-tuning of the
mechanical properties to mimic brain tissue as 20-s UV light exposure resulted in a
compressive modulus of 1.27 + 0.17 kPa, which is similar to the brain tissue (Fig. 4A)[20],
Live/dead analysis of the encapsulated monocytes at these conditions was carried out at days
0 and 7 of encapsulation without drug delivery treatment (Fig. 4B and C). The live cells are
shown in green and the red indicates dead cells, indicating over 90% cells remaining viable
at day 0 and over 80% at day 7.

Different test conditions for the drug delivery profile were designed and performed (Fig.
4D). The profiles chosen consisted of a negative control with no infusions, an initial DEX
infusion with subsequent twice per week DEX infusions, a single IL-4 infusion, an initial
DEX infusion with subsequent twice per week IL-4 infusions, and an initial IL-4 infusion
and subsequent twice per week IL-4 infusions (Table S1, supplementary information). All
infusions were injected directly into the dual-layered microfluidic chip, upon which a
macrophage-laden hydrogel was placed in order to simulate delivery from a probe coating
into the brain. When quantifying the ratio of cells with M2 (green) anti-inflammatory versus
M1 (red) pro-inflammatory phenotypes, the negative control showed an increase from week
1 to week 2 without any infusion of anti-inflammatory factors, implying that the chips
themselves do not have an adverse effect on the cells (Fig. 4E—I and J). At week 2, the
negative control statistically had the same ratio of M2:M1 cells as the samples with only one
infusion of IL-4 and was performing better than those with repeated injections of DEX. Due
to the use of a a high concentration of DEX (0.1 mg/ml: ~333 nM)[27] compared with
previously reported studies that used 10 nM or 100 nM DEX to induce M2 macrophage
polarization[28] it may have induced cytotoxicity during infusion of DEX to the monocyte
model. By week 2 both conditions that involved repeated injections of IL-4 resulted in
significantly increased ratios of M2:M1 macrophages, with the samples of IL-4 initial and
IL-4 follow-up injections increasing the ratio 6-fold compared with the negative control at
the same time point (Fig. 4J). This increase in M2 macrophages as a result of 1L-4
stimulation was also observed for macrophages directly seeded onto IL-4-incorporated
poly_ .lysine/hyaluronic composite films, along with a reduction in expression of
inflammatory cytokines TNF-a, IL-12, and I1L-182%/, In order to strengthen these findings
in the next stage we repeated the tests with primary astrocytes (the main cell type in a glial
scar) and carried out immunoassays for released inflammatory cytokines.

2.4 Development of Brain-like Tissue Model and Chronic Study for Astrocyte Model

3D astrocyte models are advantageous as, without a matrix to support their growth and
network formation, the cells will die within a few days, and therefore chronic studies cannot
be carried outl3%]. These 3D models are also a more accurate representation of the brain
structure. In order to form networks, astrocytes need a precise extracellular environment, and
otherwise the cells would stay circular and die without behaving as astrocytes would /n
vivol39l, For this reason, a variety of different percentages of photoinitiator (PI) and UV
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exposure time were tested in order to find the optimum parameters for healthy network
formation. An initial screening immediately eliminated some combinations for being too
weak to properly encapsulate cells and survive long term in an /in vitro environment (Table
S2, supplementary information). The promising combinations had cells encapsulated in 600-
um thick hydrogels, leaving cells to survive in vitro for a week for them to extend their
processes and make connections with each other. These hydrogels were then imaged up to
200 um deep into the structure so that a 3D representation of the cells could be built up.
Neither 20-s UV/0.5% PI and 40-s UV/0.5% PI were suitable with very few cells having
outgrowth and a lot of cell death apparent (Fig. S1A and B). 30-s UV/0.5% PI and 40-s UV/
0.3% PI both showed some cell network formation but also many round dead cells (Fig. S1C
and D). The optimum conditions for cell network formation were found to be the hydrogel
with 0.3% PI and 30-s UV exposure as the majority of the cells had outgrowth with multiple
connections and strong networks (Fig. S1E). The cross-section of the 3D image shows how
this network spreaded throughout the entirety of the hydrogel and for this reason these
conditions were chosen for the astrocyte model to test our drug delivery profiles (Fig. 5A).

To test chronic drug delivery for the /n vitro astrocyte model, we applied drugs with different
delivery profiles (Table S3, supplementary information) similar with the chronic study for
the monocyte model. By the end of 3 weeks, both the negative control and the samples with
DEX injections only had some astrocytes with long extended processes but no evidence of a
strong network of cells (Fig. 5B and C). The samples with a single injection of IL-4 showed
an increased number of live cells with the formation of a more substantial network (Fig. 5D).
However, the samples with repeated IL-4 injections clearly had the healthiest networks of
astrocyte cells (Fig. 5E and F). ELISA immunoassays were also used to calculate the
expression of inflammatory markers from the cell encapsulated hydrogels at week 1 and
week 3. TNF-a is often viewed as the most consistent and unambiguous marker for cell
inflammation[3] and its release from samples was measured at week 1 and week 3 (Fig.
5G). There was no significant difference between samples at 1 week and 3 weeks, indicating
that inflammation is stable throughout this period. The negative control had significantly
increased inflammation versusthose with a single IL-4 injection, DEX and a repeated IL-4
injection, and IL-4 repeated injections only with p values of 0.03, 0.0004, and 0.0002,
respectively. Repeated DEX injections did not cause significant changes in inflammation
versus the negative control or the IL-4 single injection; however, both DEX (p=0.02 and
p=0.03) and IL-4 single injections (p=0.01 and p=0.02) had significantly higher amounts of
TNF-a released than that of the repeated IL-4 injections. There was no significant difference
in the repeated IL-4 injections between those injected with DEX or IL-4 initially, which
implies that it is the repeated nature of IL-4 injections causing the reduction in inflammation
over the 3-week period.

IL-6 is another marker of inflammation and its expression was also measured at 1 and 3
weeks (Fig. 5H). There were no significant changes in inflammation between the negative
control, the repeated DEX injections, or the IL-4 single injection. All samples with repeated
IL-4 injections had significantly reduced release of 1L-6 versusthe negative control (p=0.01
and 0.003) or the repeated DEX injected samples (p=0.04 and p=0.002). Interestingly, there
was no significant difference between any of the repeated IL-4 injections or a single IL-4
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injection, implying that the first few days of inflammation may be the most significant when
it comes to releasing IL-6. Overall, both TNF-a and IL-6 release data show that repeated
injections of IL-4 could be used to reduce the inflammatory response of the brain tissue to
an electrode over time, although it must be noted that TNF-a expression did still slightly
increase between weeks 1 and 3.

2.5 Development of Thin Dual-layered Microfluidic System on the Metal Probe

To prove the possibilty of the usage of the coating for delivery of anti-inflammatory
molecules on the neural probe for future /n vivo evaluation, we further developed a thin
microfluidic device (thickness: ~600 um) containing a 10% GelMA/2% PEG composite
hydrogel microchannel and integrated it to one side of a metal probe (450 pm in diameter)
(Fig. 6A). The microchannel with ~5.5 cm in length, ~150 pm in height, and ~120 pm in
width was fabricated using an SU-8 mold and then covered by a thin porous PDMS
membrane with 200-pm pores and 100-um thickness. The fabricated thin microchannel was
easily bonded to one side of the metal probe using additional PDMS, leading to a total
thickness of whole construct of ~1.5 mm similar to that of current DBS electrodes in the
market and therefore a clinically viable option (Fig. 6A). Although some research shows that
decreasing the size of electrodes reduces the inflammatory response [32], alternative studies
indicate that although the acute response is reduced, this often is not witnessed in long term
[11a] ' However, mechanical injury should be assessed in vivo at a later stage.

To create the hydrogel layer, 10% GelMA/2% PEG pre-polymer solution was flown through
the microchannel while being exposed to UV light for crosslinking GelMA and PEG.
GelMA/PEG composite hydrogel was uniformly coated on the inner wall of the
microchannel with ~30-pum thickness as shown in Fig. 6B. The thickness of the GeIMA/PEG
coating in the microchannel however, could potentially be controlled by flow rate and
concentration of the pre-polymer solution and UV exposure time [33]. To confirm the
diffusion of anti-inflammatory drugs through the GelMA hydrogel coating and the porous
PDMS membrane in the thin microfludic device, FITC-dextran with 20-kDa M,, was
perfused through the microchannel and imaged at various intervals (Fig. 6C). Fluorescence
intensity quantified at the central portion of the channel displayed the profile of the
formation of the FITC-dextran gradient and the normalized average distance FITC-dextran
diffused (Fig. 6D and E). In addition, the rate of diffusion via the thin microfludic device
could be controlled by chaning the composition of the coating hydrogel. The thin
microfulidic device coated by the 14% GelMA hydrogel showed faster diffusion of FITC-
dextran with 20-kDa M,y than that of GeIMA/PEG-coated device (Fig. S3). It was clear that
this microfluidic setup provided a uniform diffusion profile through the GeIMA/PEG coating
and the porous PDMS membrane, indicating its potential translation for in vivo applications
in the future.

3. Conclusions

A dual layered microfluidic system was developed for use as a coating for neural electrodes
which could be inserted in a thin dry state and then be held firmly in place by its own
reswelling, protecting the brain against damage caused by micromotion of the electrode. The
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system can easily be infused with a range of anti-inflammatory factors at body temperature
for a period of at least three weeks without degradation and this profile of infusion has the
potential to be fine-tuned to target specific phases of the brain’s immune reaction. The
system allows the steady release of cytokines for at least four days from one infusion and
has a minimal burst release of small molecules. In order to assess the potential anti-
inflammatory effects of factors delivered through the designed dual layered microfluidic
system, a number of glial cell models were developed and optimized, before using the chip
to deliver factors and measure their effect upon the cells. Therefore, two different hydrogels
with optimized cell-specific mechanical properties encapsulated with either monocytes or
astrocytes were developed as brain-like models and these hydrogels were able to last in an /n
vivo-mimicking environment for a minimum of 2 and 3 weeks, respectively. The repeated
infusion of I1L-4 caused both an upregulation in M2-induced macrophages over 2 weeks and
a down regulation of both TNF-a and IL-6 in astrocytes over a 3-week period. Further work
could involve the development of an encapsulated co-culture of microglia and astrocytes as a
more realistic model for the brain /n vitro. DEX infusion had no effect on either of these
measured outputs, however, further work must be done to assess the mechanisms of DEX’s
the anti-inflammatory effects of dextran as these are well recognized elsewhere in the body.
These improvements in anti-inflammatory effects /n vitro imply that repeated infusions of
anti-inflammatory factors like 1L-4 could be utilized in the future to reduce the formation of
a glial scar around neural implants and increase their efficacy long-term. A thin dual-layered
microfluidic device with GelMA/PEG coating on the inner walls of the microchannel and a
porous PDMS membrane, wrapped on a metal probe, was also fabricated for the proof of
concept demonstration of the delivery of anti-inflammatory molecules through GelMA/PEG
coating from a neural probe. This thin microfluidic system can be coated onto or be
embedded in neural probes for /n situ delivery of multiple anti-inflammatory factors for
future /n vivo evaluations, with a focus on the cellular and vascular structures at the probe-
tissue interface for periods of time of 3 weeks and greater. The system may also find other
potential drug delivery applications in the wider implant and medical device industry that are
being explored.

4. Experimental Methods

4.1. Synthesis of Gelatin Methacryloyl (GelMA)

Gelatin from porcine skin (Sigma-Aldrich) was dissolved at 10% (w/v) in 100ml phosphate
buffered saline (PBS) at 50 °C for 1 hr[34]. Next, 8 ml methacrylic anhydride (Sigma
Aldrich) was slowly added to the gelatin solution and stirred at 50°C for 2 hr before an
additional 100 mL of PBS was added and mixed at 50°C in order to stop the reaction. The
obtained solution was dialyzed at 40 °C for 7 days using dialysis membranes (M,, cut off:
12-14 kDa, Fisher Scientific). The purified solution was filtered using a vacuum filtration
cup with 0.22-um pores (Millipore). This solution was frozen to —80 °C before freeze drying
for 5 days.

4.2. GelMA Solutions

Pre-polymer solutions of 5% GelMA for cell encapsulation were prepared with 0.5% PI (2-
hydroxy-1-(4-(hydroxyethoxy) phenyl)-2-methyl-1-propanone 98%, Sigma Aldrich) in PBS.
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For scaffold manufacture, 10% GelMA, 2% PEG diacrylate (PEGDA) (1000 Myy,
Polysciences), 0.5% PI solutions were used. All UV crosslinking was carried out at 6.9
mW/cm2.,

4.3. Fabrication of PDMS Membranes

All PDMS was prepared at a ratio of 10:1 with its curing agent (Sylgard 184 Silicone
Elastomer Kit, Dow Corning). PDMS membranes of 100-um thick were fabricated using a
silicon wafer with 100-um diameter posts spaced 400 um apart. The thin PDMS membrane
was formed using a spin coater at 3500 rpm for 2 min before scraping over the posts with a
glass slide. Partially cured PDMS frames of 0.5 cm (width) x 0.5 cm (length) (cured for 20
min in an 80 °C oven) were added on top of the fresh PDMS on the mold before curing at 80
°C for 2.5 hr to produce membranes with attached frames.

4.4. Fabrication of Microchannel in Hydrogel

To create microchannel in GelMA/PEG composite hydrogel, molds of 0.25 cm? were
manufactured from PDMS as described previously[35]. Small metal connectors (100-pm
inner diameter) were punched through the middle of the mold and a sacrificial fiber of 80um
thickness was passed through the connectors. The mold was filled with 80ul of 10%
GelMA/2% PEG solution before UV crosslinking for 60 s. These samples were air dried for
12 hr. The PDMS membrane and frame was then plasma bonded on top and PBS was added
to allow reswelling of the construct for a number of hours. At this stage the sacrificial fiber
was removed to create a microchannel of 80um diameter through the center of the construct

(Fig. 1).

4.5. Fabrication of Hydrogel-coated Thin Microfluidic Device

The device had two parallel and connected channels of 5.5-cm long, 120-um wide, and 150-
pum high. The devices were fabricated using standard photo- and soft-lithography protocols.
Briefly, a master silicon wafer (Silicon Sense, Inc.) was patterned with negative photoresist
(SU8-2100, MicroChem Corp.) by spin-coating at 1850 rpm for 40 s, followed by a soft
bake (5 min at 65 °C and 22 min at 95 °C) and UV exposure at 260 mJ/cm?2. These resin-
coated wafers were post-exposure baked (5 min at 65 °C and 10 min at 95 °C) and
developed using propyleneglycol methyl ether acetate (PGMEA, 484431, Sigma-Aldrich),
followed by a 30-min long hardening bake at 180 °C. The microfluidic channels were
subsequently generated in 500-um thick PDMS (Sylgard 184, Dow Corning) by spin-coating
and further sealed with a porous PDMS membrane described in Section 4.3 using oxygen
plasma. To successfully bond the thin microfluidic device, the metal probe was coated by a
thin layer of PDMS with 200-um thickness. Thin microfluidic device was then bonded on
the PDMS-coated metal probe by oxygen plasma treatment. To connect the microchannel in
the device, metal connectors and tygon tubes were used. A 10% GelMA and 2 % PEG
solution containing 0.5 w/v% PI in PBS was introduced into the microchannel by a syringe
pump at a flow rate 2 mL/hr and was crosslinked under UV light for 3 min at 14.6 mW/cm?
(Fig. S2). The uncrosslinked GelMA/PEG pre-polymer solution was washed with PBS for 4
min. The entire PDMS structure was sandwiched between two glass plates before exposing
to the UV light. The GelMA/PEG-coated devices were stored in PBS for diffusion studies.
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Using same method, the thin microfulidic device was coated by 14 % GelMA solution
containing 0.8 w/v% Pl in PBS.

4.6. Diffusion Studies

4.7.

4.8.

For thick microfludic chip, diffusion was tested optically using FITC-dextran with 20-kDa
Myy as a model for IL-4 (Myy: 12-20 kDa), 40-kDa My as a model for larger proteins and
389 Da Myy FITC isomer as a model for DEX (Myy: 392 Da, Sigma-Aldrich). A solution of
20 mg/mL of FITC-Dextran in PBS was injected into the microchannel until it was full and
fluorescent images were taken from above every 5 min at 37 °C. A 100-pL reservoir of PBS
was added to the top of the PDMS membrane and stored in a humidified chamber in an
incubator at 37 °C. Every 24 hr the 100 pL was replaced in order to maintain sink conditions
and the fluorescence of 2 pL of the solution was measured using Nanodrop2000 (Thermo
Fisher Scientific). Blank measurements were conducted using PBS and all measurements
were completed using triplicates of 2ul samples. FITC-Dextran was measured at 494nm
excitation levels and concentrations were calculated using a calibration curve. For the thin
microfludic device on the metal probe, diffusion through the GelMA coating was evaluated
using FITC-dextran with a 20-kDa Myy,. A solution of FITC-dextran of 12 mg/mL in PBS
was injected inside the microchannel and the images were taken at 0, 30, 60, and 120 s. The
fluorescent images were processed using imageJ and the fluorescent intensities across
different sections of the channel and different time points were calculated.

Microscope Imaging

All bright field and fluorescent images were taken on a Zeiss Axio Observer D1
Fluorescence Microscope (Carl Zeiss, Germany) and all scanning electron microscopy
images were taken on a Hitachi Model S4700, Japan. Confocal images were taken on Leica
SP5X MP, Germany.

Mechanical properties of Hydrogel

Mechanical properties of the gels were calculated using Instron 5524 mechanical analyzer
(Instron, Canton, MA) compressive tests with a 10N load cell. Compressive modulus was
calculated between 10 and 20% loading of 600-um thick samples with a 5mm diameter with
6 replicates for each sample.

4.9. Monocyte Culture and Encapsulation

4.10.

THP-1 monocyte cells (ATCC) were cultured in suspension for at least 7 days before use in
Roswell Park Memorial Institute Medium (RPMI) (Life Technologies) supplemented with
10% Fetal Bovine Serum (FBS) (Gibco BRL) and 1% Penicillin-Streptomycin (Gibco BRL)
at 0.5-2 million cells/ml media. Cell media was changed every three days, retaining 20% of
the old media. Monocytes were encapsulated in 5% GelMA hydrogel with 6 million cells/ml
and 50pl of this solution was added on top of the chip and UV crosslinked as before for 20 s.

Astrocyte Culture and Encapsulation

Primary human astrocytes (ScienceCell) were cultured from in suspension for at least 7 days
before use in media (DMEM:F12 with L-glutamine + HEPES, Thermoscientific)
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supplemented with 10% FBS (Sigma Aldrich), 10% Astrocyte Growth Supplement
(ScienceCell) and 1% Penicillin-Streptomycin (Sigma Aldrich) at 0.5-2 million cells/ml
media. Cell media was changed at least every three days, retaining 50% of the old media.
Astrocytes were encapsulated in 5% GelMA hydrogel with between 0.1 and 0.5% Pl at a
density of 1 million cells/ml whereby 50ul of solution was added to the top of the chip and
subjected to between 20- and 40-s UV light exposure.

4.11. Chronic Cell Studies

4.12.

4.13.

Each sample had an initial infusion of 0.1 mg/mL DEX (Sigma-Aldrich) or 10 ng/mL IL-4
(R&D Systems) through the microchannel, excluding negative controls. Selected samples
then had repeated infusions (every 3.5 days) of IL-4 or DEX (Table S1 and S3), with media
added every 3.5 days immediately before injections. Immunostaining was carried out at days
7,14, and 21.

Live/Dead Assay

Cell viability assays were carried out at days 1 and 7 using Live/Dead kits for mammalian
cells (Life Technologies). After washing all samples in warm PBS, a mixed solution of
ethidium homodimer-1 and calcein was prepared in a ratio of 4:1 and 300 pL of this solution
and incubated for 15 min. After this period, samples were washed in PBS five more times,
before being left in PBS for microscope imaging.

Immunostaining

All cell encapsulated hydrogel samples were washed with PBS before fixation in 4%
paraformaldehyde (PFA) (Sigma Aldrich) at room temperature for 30 min. Samples were
stored overnight at 4°C in PBS at this stage if required. Samples were then incubated in
0.1% Triton x-100 (Sigma Aldrich) at room temperature for 30 min. Blocking was carried
out in 1% bovine serum albumin (BSA) (Sigma Aldrich) in PBS at room temperature for 1
hr. For monocyte samples, the primary antibody for CD206 as an M2 macrophage (R&D
Systems) was diluted at 1:100 in PBS with 1% BSA and samples were incubated overnight
at 4°C in a humidified chamber. The Alexa 488 or Alexa 594 conjugated secondary
antibodies (Molecular Probes) were added at a dilution of 1:200 in PBS with 1% BSA and
incubated for 1 hr at room temperature in a dark humidified chamber. The primary and
secondary antibody addition steps were repeated for 27E10 as an M1 macrophage (R&D
Systems) before adding 4, 6-diamidino-2-phenylindole (DAPI, Vector Laboratories Inc.) at
1:1000 dilution for 10 min at room temperature whereby samples were ready for observation
under the microscope. Between each stage 3x5min washes in PBS were carried out. For
astrocyte samples, DAPI was added at 1:2500 dilution as well as Cellmask 647 membrane
stain (Sigma Aldrich) at 1:1000 dilution in a PBS 10% goat serum (Gibco BRL) solution at
room temperature for 10 min after which samples were ready for observation under the
microscope. Between each stage 3x5min washes in PBS were carried out.

4.14. ELISA Assays

TNF-a and IL-6 sandwich ELISAs (R&D systems) were carried out according to supplier’s
instructions. Briefly, 50 pL of assay diluent and 200 pL of sample were added to each well
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for 2 hr. Following four washes with the wash buffer, 200 uL of either TNF-a. or IL-6
conjugate was added and left for a further 2 hr period. After another wash cycle, 200 pL of
the substrate solution was added and left for 20 min before the addition of a stop solution
and the assay was measured at 450 nm and 540 nm using the plate reader.

4.15. Statistical Analysis

All data is expressed as mean + standard deviation. T tests or 2-way ANOVA tests were
performed where appropriate with * P < 0.05 being viewed as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Construction of dual-layered microfluidic system and its concept. A) Schematic diagram
illustrating the concept of the transformation from dry insertion state to drug delivering
implantation state. B) Preparation procedure of microchannel in GeIMA/PEG hydrogel
construct surrounded by a microporous PDMS membrane.
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Figure 2.
Chip design optimization. A) Compressive modulus of three different concentrations of

GelMA/PEG hydrogel composites (* P < 0.05). B) Reswelling profiles of three different
concentrations of GelMA/PEG hydrogel composites (* P < 0.05). C) Microstructure of
GelMA/PEG composite hydrogel captured using scanning electron microscopy. D)
Schematic of chip design E) Top view of sample chip with GelMA/PEG composite hydrogel
section stained green. F) Optical image of top view of chip showing 100um channel and
100um pores. G) Cross-sectional view of sample chip with GeIMA/PEG section stained
green. H) Scanning electron microscope image of PDMS membrane with 100um pores with
400pm spacing.
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Figure 3.

Diffusion profiles of FITC variants with different molecular weights through chip system.
A) Schematic of tests to show diffusion: i) optical set-up using microscope images and ii)
quantification using nanodrop to measure diffusion into a PBS reservoir. B) Fluorescence
images over time of FITC-Dextran (40-kDa Myy and 20-kDa Myy respectively) and FITC
isomer (389-Da Myy) showing effect of molecular weight on diffusion time. C) Progression
of fluorescent signal at a point 100pum away from microchannel as FITC diffuses through
hydrogel system. D) Concentration of FITC isomer and -dextran with different molecular
weights diffused through the porous PDMS membrane into PBS reservoir at 24 hr time
points. E) Concentration of FITC isomer and -dextran with different molecular weights
diffused through the porous PDMS membrane into PBS reservoir at 8 hr time points.
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Figure 4.
Phenotype of monocyte cells encapsulated in the 5% GelMA system as an /n vitro model for

brain immune response after different drug delivery profiles were delivered through the dual-
layered microchannel chip system. A) Compressive modulus of monocytes encapsulated in
5% GelMA hydrogel with various UV time (* P < 0.05). B) and C) Fluorescent images of
monocytes stained using calcein (green) for live cells and ethidium homodimer-1 (red) for
dead cells at day 0 (B) and day 7 (C). D) Schematic of experimental set-up showing
monocytes encapsulated in GelMA hydrogel on top of the dual-layered microchannel chip.
E) — I) Immunostaining of CD206 (green) as an M2 macrophage, nuclei (blue), and 27E10
(red) as an M1 macrophage for samples with: E) no infusions (negative control); F) an initial
DEX infusion and repeated DEX infusions; G) an initial IL-4 infusion only; H) an initial
DEX infusion and repeated IL-4 infusions; 1) an initial IL-4 infusion and repeated IL-4
infusions at week 1. J) Ratio of M2:M1 differentiated macrophages for all delivery profiles
at 1 and 2 weeks indicating that repeated infusion of I1L-4 significantly increases the
presence of anti-inflammatory M2 macrophages (* P < 0.05).
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Figure5.
Confocal stacks images of hydrogel-encapsulated astrocytes after 3 weeks of different drug

delivery profiles from the dual-layered microfluidic chip system. A) A 3D reconstruction
image of optimized 3D astrocyte models with DAPI staining (blue) for nuclei and Cell Mask
649 (red) for cell structure at week 1. Chronic study samples with: B) no infusions (negative
control); C) an initial DEX infusion and repeated DEX infusions; D) an initial IL-4 infusion
only; E) an initial DEX infusion and repeated IL-4 infusions; F) an initial 1L-4 infusion and
repeated IL-4 infusions; G) Pro-inflammatory marker TNF-a release for each profile at
week 1 and 3 (* P < 0.05). H) Pro-inflammatory marker IL-6 release for each profile at week
land 3 (* P <0.05).
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Figure®6.

A) The thin dual-layered microfluidic device integrated on a metal probe. i) Top view and ii)
magnified top view with microchannel in orange color. B) Brightfield image of the
GelMA/PEG hydrogel coating inside the microchannel. i) Top view; ii) cross-sectional view;
and iii) porous PDMS membrane. C) Fluorescence images showing the diffusion of FITC-
dextran (20-kDa Myy) at different time points. D) Quantification of fluorescence intensities
measured from the middle to the side along its radius of the microchannel at different time
points. E) Time-lapse fluorescent signal change at a point 30 pm from the middle of the
microchannel.
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