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Abstract

Chemical stimulation is considered one of the most promising therapeutic solutions for degenerated retina
due to its ability to mimic a natural chemical signaling pathway. However, the majority of demonstrated
platforms actuate chemicals using bulky external setups. Hence, developing high-resolution chemical
release platforms with remote-controlled actuation mechanism is of great interest to the next generation of
chemical prosthetics. Moreover, the effectiveness of chemical stimulation depends on several parameters,
such as the chemical dosage, pulse duration, and spread radius. Therefore, to engineer the chemical release
profile, the actuation mechanism of these localized chemical release platforms needs to be thoroughly
studied to facilitate modifications. In this study, we have presented a high-resolution chemical release
platform based on a macroporous silicon membrane structure. Chemical release ports defined in the
membrane  pores can be  remotely actuated  through  thermo-responsive  poly(N-
isopropylacrylamide) (PNIPAAm) hydrogel with near-infrared (NIR) light. As plasmonic heating elements,
gold nanorod (GNR) was incorporated within PNIPAAm hydrogel. The pore size of the hydrogel was tuned
by varying tetrahydrofuran content in the hydrogel polymerization solution. We have shown that the
chemical release properties through membrane pores can be controlled as required using this approach. This
insight can be used to engineer the relevant chemical release parameters, thereby creating an efficient

chemical stimulation platform.
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1. Introduction

Signal transduction between neurons is carried out by chemical substances known as neurotransmitters [1].
However, the degeneration of neurons damages this signal propagation from one neuron to another, resulting in the
loss of their functional activities. Existing therapeutic solutions for treating degenerated neurons include oral drugs,
neurosurgery, and prosthetic stimulation [2]. Among them, for retinal degeneration, prosthetic electrical stimulation
is the most clinically proven solution to regain visual perception [3], [4]. Although electrical stimulation has made
tremendous advancements in recent times, it is far from reaching the level of biological spatial resolution and
specificity [5]. Moreover, excessive heat generation from a large number of electrodes can damage the retina cells.
[6], [7], [8], [9]. It also fails to mimic the specificity offered by biological systems that can address individual cell
types [10]. In recent times, chemical stimulation has garnered attention for addressing the limitations of electrical
stimulation as it mimics the retinal synapse by releasing neurotransmitters to stimulate the retinal cells [11], [12].

An artificial synaptic platform for stimulating retinal synapses should have neurotransmitter release sites with
spatial resolution ideally reaching individual cells. Whenever signal transduction takes place, each site should be
capable of continuously regulating specific amounts of neurotransmitters on its own, considering that synapses in the
retina release neurotransmitters continuously, and their release rates are modulated in response to the graded
membrane potential variation [13]. Researchers have already demonstrated the efficacy of localized chemical
stimulation of retina cells with artificial prosthetic devices [14], [15], [16]. Most of these works still involve the use
of external tubing or injection systems to control the release of neurotransmitters. However, for practical applications,
chemical actuation needs to be remotely controlled in the implanted retinal prosthetic. Some efforts to incorporate
advanced actuation mechanisms into the release ports have been demonstrated with electroosmosis and ionic
polarization diode [17], [18]. But no multiport release platform with remotely controlled actuation capability has been
demonstrated.

Stimuli-responsive polymers have opened a new door for the reliable, controlled release of chemicals in
biological systems [19]. Leveraging the benefits of stimuli-responsive polymer, a unique device with high-density
fluidic ports has been proposed for localized chemical release applications [20]. The port of the devices is composed
of the thermo-responsive PNIPAAm hydrogel-graphene column, which can release chemicals upon NIR illumination.

They utilized the release of chemicals due to hydrogel contraction and fluid flow from the gap created between



hydrogel and channel wall due to hydrogel shrinking. However, the effect of PNIPAAm composition on chemical
release behavior is yet to be studied. This is particularly important because the amount of chemical released, the
chemical spread radius, and the pulse parameters play a crucial role in the chemical stimulation of retina cells [24].
Control of the release parameters by tuning the composition of the hydrogel will open a new way for engineering
released chemical parameters to increase the efficacy of chemical stimulation of the neuron cells of the retina.

In this paper, we have proposed high-density, three-dimensional microfluidic ports containing light-actuated
microvalves whose release property can be readily tuned. The arrayed microvalve is composed of temperature-
sensitive PNIPAAm hydrogel which is covalently attached to the pore walls of a macroporous silicon (MPS)
membrane. The microvalve can be actuated remotely with NIR light through gold nanorod (GNR) embedded in the
hydrogel polymer network. As the hydrogel is covalently bonded to the walls, chemical transportation is possible only
through the interconnected porous path of the hydrogel microvalve. NIR illumination modulates the path in the arrayed
microvalve, resulting in the chemical release characteristics. By tuning the hydrogel pore size with tetrahydrofuran
(THF), we have been able to control the amount of chemicals released through the microvalve. As the pore size of the
PNIPAAm network increases, more rapid chemical actuation is observed. This work will help to engineer the

PNIPAAm microvalve to meet the desired release parameters needed for a highly efficient localized chemical release

platform.

2. Design and Fabrication

2.1 Design of the arrayed microvalve

Fig. 1 illustrates the schematic of the proposed device studied in this work. The device utilizes a high-density
pore configuration in a MPS membrane. The top side of the membrane works as a two-dimensional array of stimulation
sites. Each site can be remotely activated by a hydrogel microvalve covalently attached to the side wall of the pore.
The PNIPAAm microvalves contained in the pores of the MPS membrane can be viewed as a porous polymer block
with interconnected flow paths. When the temperature in the hydrogel goes beyond the Lower critical solution
temperature (LCST), The polymer-polymer interaction dominates, and the whole polymer network collapses. Since
the microvalve is rigidly bonded with the side wall of the substrate with surface primer reagent, the polymer network

will be stretched towards the side walls. As a result, the pores inside the PNIPAAM matrix, which act as fluidic



channels, will be enlarged. Therefore, the resistance towards fluidic flow will decrease subsequently. The microvalve
is considered “open” in this state. But when the temperature of the polymer network is below the LCST, the polymer
network becomes swollen. The swollen polymer matrix causes the pore to shrink thus seizing the liquid flow through

the pore. Therefore, the microvalve goes to the “closed” state.

The pore size of the PNIPAAm matrix was increased through the addition of THF in the hydrogel
polymerization process. It has been demonstrated that when THF is added during the polymerization of PNIPAAm, it
acts as a foaming and precipitating agent [25]. Therefore, the resulting hydrogel is more porous than the conventional
form. The pore size can also be increased by increasing the ratio of THF volume to polymerization solution volume
[26]. To demonstrate the impact of hydrogel pore size on chemical release through the MPS membrane, we prepared

three different compositions of PNIPAAm by varying THF content in the polymerization solution.

2.2 Materials

N-isopropyl acrylamide (NIPAAm), 3-(trimethoxysilyl)propyl methacrylate (TMSPMA), Silver Nitrate
(AgNO3), and Tetrahydrofuran (THF) were purchased from TGI America. N,N’-Methylene-bis- acrylamide (BIS),
ascorbic acid (Ce¢HsOg) Polyvinylpyrrolidone (PVP), 4,4'-Azobis(4-cyanopentanoic acid) (ACVA) and
Perfluorodecyltrichlorosilane (FDTS) were purchased from VWR. Fluorescein sodium salt, Chloroauric acid
(HAuCls), Sodium borohydride (NaBHj,), and Hexadecyltrimethylammonium bromide (CTAB) were purchased from

Sigma Aldrich. All chemicals were used as received.

2.3 Preparation of arrayed PNIPAAm microvalve

Fig. 3 illustrates the process flow diagram of the arrayed microvalve device. First, the one-side opened MPS
sample was purchased from Smart Membrane, Germany, and the pore was opened following the same protocol
previously mentioned in [20]. The pores are ~400 pm long with a diameter of ~ 9um and a pitch distance of ~ 12um.
Fig.2 (a) shows a scanning electron microscope and Fig.2 (b), (c) show the optical microscope images of the front and
back sides of the MPS, respectively. The sample is treated with oxygen plasma for 5 min at 100W and (flow rate: 20
sccm). Then, the sample was soaked in 2 vol% TMSPMA Solution for 30 min. The TMSPMA solution is prepared by
adding 1 mL of TMSPMA in 50 mL of Deionized (DI) water containing 5 pL of Acetic Acid. The sample was

sonicated for 5s to remove unbound TMSPMA from the surface, followed by thorough rinsing with DI water. Next,



the sample was baked in the furnace at 70°C. The hydrogel precursor solution was prepared by mixing 1.112 g
NIPAAm, 55.6 mg BIS, 22.21 mg of ACVA, and 1mL of THF (for 10 vol% THF in water) in 10 mL of water. For
preparing hydrogel compositions with 2.5 vol% and 5 vol% THF in water, the amount of THF was varied accordingly,
keeping similar chemical compositions. The hydrogel precursor solutions were mixed with PVP-coated GNR and
degassed for 1 hr before UV exposure. The GNR is synthesized following the seed-mediated method discussed

previously in [22].

Degassed hydrogel precursor solution with GNR was added to a cubic silicone mold containing the
TMSPMA-treated membrane sample. An FDTS-treated glass substrate was then placed on the membrane sample as
a weight. The silicone mold was then transferred to a desiccator, and pressure was reduced to ~ -1 Bar. As a result,
the polymerization solution could fill up the pores of the MPS sample. Then, the sample was placed in an ice bath and
cured with 365nm UV light using Hypercure-200, Hologenix for 7 min. After the UV Curing, the sample was kept in
clean DI water and the FDTS-treated glass substrate could easily be detached from the membrane sample with a
tweezer. Excess hydrogel attached to the sample from the sides was removed with a razor blade. All the samples were

fabricated following the same procedure.



3. Result and discussion

3.1 Characterization of photothermal conversion

Fig. 4(a) shows the normalized Vis-IR transmission of the GNR measured with an AQ-4303B white light
source and a Filmmetrics spectrometer. Spectral dips around 500 nm and 800 nm in the optical transmission spectra
of the synthesized GNR. Due to the localized surface plasmon resonance (LSPR), absorption is dominant in these
wavelengths. The most dominant absorption is around the NIR region at 800 nm. Since the NIR light can penetrate
deeper into the biological tissue and incur low absorption loss, the microvalve can be remotely controlled when
implanted for in vivo application [27].

A bulk hydrogel sample was placed on a glass slide and irradiated with collimated laser beam at A=815 nm
in continuous wave mode. The corresponding temperature was measured with an FLIR 17 (FLIR system, USA) camera
with a 5s interval. Fig. 4(b) shows the temperature increase of the PNIPAAm hydrogel samples with time when
irradiated with 350 mW laser power. The temperature increases rapidly in the beginning but saturates over time.
Moreover, the temperature response of hydrogel samples is also observed as shown in Fig. 4(c). Hydrogel precursor
solutions containing 2.5 vol%, 5 vol%, and 10 vol% THF in polymerization solution were mixed with equal amounts
of GNR. In all the cases, the temperature starts to increase rapidly from room temperature and gradually saturates after
40s. The rates of the temperature increase in the hydrogel with different pore sizes show a negligible variation. Since
only GNR contributes to the temperature, pore size variation is not expected to bring any significant difference in the

time-temperature response of the PNIPAAm hydrogel.

3. 2 Thermo-responsive operation of arrayed microvalve

The optical light transmission through the arrayed microvalve sample was analyzed to confirm successful
PNIPAAm confinement inside the pores. The sample was placed in an aluminum block and the intensity of the light
transmitted through the sample was recorded with a digital microscope camera. The backside of the aluminum block
had a window to allow light to pass through the sample as shown in Fig.5 (a). The block was filled with water and
placed under a microscope, and the temperature of it was controlled with a digital temperature controller. Fig. 5(b)

and (c) show the image of the sample before and after the PNIPAAm microvalve. Since PNIPAAm is optically



transparent at room temperature, light can still pass through the pores of the sample. However, the intensity of the
transmitted light through the membrane has decreased compared to a sample without PNIPAAm microvalve. When
the temperature is increased to 40°C, which is higher than the typical LCST temperature of PNIPAAm, the integrated
microvalve turns completely opaque blocking the light completely. As a result, only a dark window can be seen in

Fig. 5(d).

Fig. 6 illustrates the change of intensity of the transmitted light through the arrayed microvalves as a function
of temperature. The same experimental setup, as shown in Fig. 5(a), was used to record this measurement. With a
digital temperature controller, the temperature was increased from 25°Cto 42°C. Data was recorded 5 min after reaching
the set point temperature so that the PNIPAAm had enough time to respond to the change. It can be seen in Fig. 6 that
the intensity of light transmitted through the sample is almost constant from 26°Cto 34°C. Since this temperature range
is lower than LCST, the microvalve remains in the “closed” state in this temperature range. As the temperature reaches
the LCST of the hydrogel, the intensity of the light transmission drops sharply at 34°C. This is because hydrogel starts
to become opaque at a temperature higher than LCST temperature. The hydrogel in this state starts to shrink and the
pore size increases. In this case, the microvalve transitions from the “closed” to the “open” state. But no more
significant variation in the intensity of the transmitted light is observed at ~ 37°C. This implies that the microvalves
have gone through complete phase transformation, and the pores inside the PNIPAAm matrix attain maximum size.
Beyond this temperature, the microvalve will remain completely in the “open” state. Fig. 6 also shows that the thermal
response of the arrayed microvalves with different THF contents does not show any significant variation. Since THF
content determines the pore sizes inside the hydrogel matrix, the thermo-responsive optical property of the PNIPAAm
might not be affected significantly. By copolymerizing its monomer with different distinct monomers, the phase
transition temperature required to stimulate the PNIPAAm hydrogel action can be adjusted to closely match the
physiological temperature of cells [21]. It can also be actuated within 4°C of its temperature variation [20], [22]. As
seen in Figure 6, our proposed microvalve actually requires about 2°C to fully open. The required heat to regulate our
valve operation can be safe for stimulating neurons as it has been reported that neuron cells can be damaged when the

temperature is increased to 60°C with a pulsed infrared laser [23].



3.3 NIR light-actuated operation of arrayed microvalve

The sample is placed in the aluminum block mentioned in section 3.2 under a custom-modified microscope,
as shown in Fig. 7(a). An 815 nm laser source was used to remotely actuate the valve operation. The red circle in Fig.
7(a) represents the sample region illuminated with the NIR light. Fig. 8(a) and 8(b) show the sample with and without
NIR light illumination, respectively. The region of the sample where the laser is illuminated turns dark as the
temperature in that region increases beyond LCST, and the corresponding PNIPAAm microvalves of that region

become oblique.

The normalized intensity of light through the sample can be observed in Fig. 7(b) when irradiated with the
laser pulse of 5s ON-5s OFF time. During the ON cycle, the temperature in the irradiated area goes beyond LCST. As
a result, the intensity of the light through the arrayed microvalve starts to decrease, indicating the valve begins to open.
Again, during the OFF state, the arrayed microvalves become transparent, indicating the valve is closed. Intensity
decreases comparatively slowly in the ON cycle as it takes some time to build up temperature. However, the
temperature quickly dissipates to the surrounding water during the OFF cycle. Moreover, when the laser power is
increased from 110 mW to 150 mW, light intensity is reduced more rapidly. However, when laser power is increased
to 190 mW, no significant difference in the intensity compared to 150 mw response can be seen. Once the temperature
of the arrayed microvalve rises beyond ~ 37°C the intensity change through the arrayed microvalves saturates, as
observed in Fig.6. This indicates that when the sample is illuminated with 110 mW optical power, the microvalve is
not partially opened. But when illuminated with 150 mW and 190 mW laser power, the valve inside the pore can be

completely opened.

Fig. 8(a) shows the schematic of the experimental setup used for monitoring localized chemical release
through the MPS membrane. Fluorescein dye has been used as a model chemical to understand the chemical release
property of the arrayed microvalve. To prevent dye accumulation in the laser-irradiated area, the front side of the
membrane is constantly flushed with DI water at a flow speed of 77 pL/min. The reservoir consists of a 0.2M
Fluorescent solution prepared by dissolving fluorescein sodium salt in DI water. As shown in Fig. 8 (d), when the NIR
is off, no variation in the dye intensity can be observed. But when the NIR is illuminated, the valve opens, and

consequently, dye is released. As a result, the fluorescent intensity increases in that local area, as shown in Fig. 8 (e).



The dynamic dye response when the microvalve is actuated by 5s ON-7s OFF laser pulse can be observed in

supplementary video 1.

The dynamic dye release through the arrayed microvalve is illustrated in Fig. 9 where the pulse of 5s ON-5s
OFF time is applied. During ON cycles, the dye intensity increases as the microvalves open in the illuminated area.
During the OFF cycle, the dye intensity decreases as the valve is closed. When laser power increases to 150 mW from
110 mW, more rapid dye intensity change is observed, suggesting an increase in the amount of released dye through
the valve. As stated in section 3.2, the microvalve is partially opened with 110 mW and fully opened with 150 mW.
Thus, the amount of chemical release can be controlled with laser power. But once the valve is completely opened the
amount of released chemical cannot be further increased by increasing the laser power. Due to this reason, the dye

release behavior with 150 mW and 190 mW pulses do not show significant variation.

3.4 Effect of pore size variation on chemical release behavior

Fig. 10 illustrates the variation in dye release through the microvalve as the pore size in the PNIPAAm
matrix is enlarged. As mentioned, the pore size in the hydrogel matrix has been tuned by varying the THF content in
the hydrogel composition. The higher the THF content, the larger the pore size of the PNIPAAm matrix. Fig. 9 (a)
and (b) illustrate that the change in normalized intensity of the dye is more rapid when illuminated with NIR light as
THF content is increased during the polymerization of the PNIPAAm matrix. This result implies that the amount of
dye flowing through the porous PNIPAAm matrix is a function of the pore size inside the matrix. Because of the
enlarged pore, a higher amount of dye can pass through the opened microvalve compared to the one with a smaller
pore size. So, the modulation amplitude of the dye intensity is highest for the arrayed microvalve having 10 vol% THF
concentration in the polymerization solution. As the THF content is decreased in the polymerization solution, the

modulation amplitude of fluorescent intensity decreases.

However, during the OFF cycle, it takes more time for the actuated region’s fluorescent intensity to go back
to the initial condition if the THF content is higher. This is because diffusion through pores in the PNIPAAm hydrogel
matrix might be higher when the valve is OFF (or naturally closed). To evaluate the diffusion through the microvalve,
we have observed the natural dye diffusion through the arrayed microvalve. The same experimental setup and

condition as stated in Fig.8 (a) is used, but the laser was kept off during this experiment. The flushing water was also



turned off to capture the diffused dye amount through the closed microvalve. The change in the normalized dye
intensity was recorded using the microscope camera. The natural diffusion of the dye through the arrayed microvalve
in the closed state is illustrated in Fig. 11. Moreover, to observe how dye would diffuse if no microvalve is present,
diffusion through a porous silicon sample without any PNIPAAm microvalve is also shown in Fig. 11. When no
microvalve is present, dye is diffused rapidly, and the diffusion saturates within 15s. For samples with microvalve,
the dye diffusion rate is much smaller than the sample with no microvalve. The dye, in small quantities, can pass
through the pores of the hydrogel matrix when the microvalve is in the OFF (naturally closed) state. The presence of
THEF regulates the pore size of the hydrogel matrix during polymerization. The diffusion of dye is highest through the
hydrogel microvalve composed of 10% THF because of its largest pore size and lowest through the hydrogel matrix
pore formed by 2.5% THF. This property of the PNIPAAm microvalve can help regulate the neurotransmitter release
rate as a chemical prosthetic for the retina. Since the release behavior affects the efficacy of the chemical stimulation,
having control over the release property of the microvalve could be a powerful tool to achieve optimum stimulation

of neuron cells.

4. Conclusion

We demonstrate the effect of the PNIPAAm microvalve property on the chemical release behavior of
remotely controlled multi-site chemical prosthetics. The proposed platform is a MPS membrane with a pore diameter
of 9um, channel length of 400um, and pitch length of 12 um. Each pore acts as a stimulation site, and the release of
neurotransmitters from the pore can be remotely controlled by NIR light. To control the chemical flow, each pore has
an integrated PNIPA Am hydrogel that acts as a valve. GNR is incorporated inside the PNIPAAm microvalve to control
the flow with NIR light remotely. The valve is covalently bonded with the inner side wall of the porous silicon
membrane. So, the flow of chemical-contained liquid is possible only through the microvalve. The microvalve has a
porous network that remains expanded when the NIR light is off i.e., the valve is OFF. When the NIR light is ON, the
PNIPAAm network collapses and liquid can flow freely. The pore size can be increased by increasing the THF content
in PNIPA Am precursor during the polymerization. The increased pore size results in a more rapid release of chemicals
during actuation. Such control on liquid release behavior can pave the way for designing PNIPAAm arrayed

microvalve having the most efficient release behavior of neurotransmitter during localized chemical stimulation.
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Figure Captions

Figure 1. Schematic of the arrayed PNIPAAM microvalve proposed in this study.

Figure 2. (a) Scanning Electron Microscope image of the sample taken at 45° angle (100 um scale bar). Optical

microscope image of the (b) frontside and (c) backside of the sample. The scale bar is 50 pm for (b) and (c).

Figure 3. Schematic fabrication processes of arrayed PNIPAAm microvalve.

Figure 4. (a) Normalized Vis-IR transmission spectra of as-synthesized gold nanorod. (b) Time-temperature
response of a bulk PNIPAAm sample when irradiated with an 815 nm laser source. (C) Time-temperature response

of PNIPAAm hydrogel compositions with varying pore sizes irradiated with a 350 mW/cm? collimated laser beam.

Figure 5. (a) Schematic of the experimental setup to observe the light transmitted through the membrane sample. (b)
Optical image of the membrane sample without PNIPAAm microvalve (c) Optical image of the membrane sample
with arrayed microvalve at room temperature. (d) Optical image of the membrane sample with arrayed microvalve at

40°C

Figure 6. Normalized light transmission through the membrane pore with different THF contents in PNIPAAm

microvalves.

Figure 7. (a) Schematic of the experimental setup for photothermal actuation of transmitted light through the
membrane sample. (b) The normalized light intensity as a function of time when actuated with varying laser power

of 5s ON cycle and 5s OFF cycle.

Figure 8(a) Schematic of the experimental setup for observing dye transport through arrayed microvalve. Optical
microscope image of light transmitted through the membrane when the laser is in (b) OFF cycle and (c) ON cycle
(taken with experimental setup of 7(a)). Optical microscope image of the membrane under UV illumination when

the laser is in (d) OFF cycle and (e) ON cycle.

Figure 9 Normalized dye intensity of the fluorescent dye released through the arrayed microvalve with varying laser

power when irradiated with laser pulse of 5s ON time and 5s OFF time.



Figure 10 Normalized intensity of the fluorescent dye released through the arrayed microvalve when porosity in
hydrogel matrix is varied with the addition of THF. The microvalve is actuated with the laser pulse of (a) 5s ON-5s

OFF cycle at 110 mW and (b) 5s ON-7s OFF cycle at 150 mW.

Figure 11 Natural diffusion of dye through the PNIPAAm microvalve as a function of time.



Figure 1

Valve OFF Valve ON

r=======7=71
r=====1

! I
i 1 I i
[ X [
TopView e e e e e e e e s s = TopView

Side View

B rPNIPAAM [ ] Pore B Porous Silicon



Figure 2

® i



Figure 3

uv
[ Polymerization ~Polymerization
Solution with Solution with
GNR
I — MY — || — |y S
Oxygen Plasma Treated with
Treated TMSPMA Solution

Desiccator Ice Bath



Figure 4

— 1.0

3

5%, 0.8 1

c

2 0.6 1

?

' 0.4 1
0.2 1

c
©
-
-

@
0.0

400 500 600 700 800

Wavelength (nm)

Temperature (°C)

40

35 1
30
25

20

0 10 20 30 40 50 60
Time (s)

Temperature (°C)

60 -

40 -

20 1

2.5 Vol% THF
w5 Vol% THF
m=== 10 Vol% THF

0 10 20 30 40 50 60
Time (s)




Figure 5
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Figure 6
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Figure 7
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Figure 10
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Figure 11
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Supplementary Video:

Video 1. Dynamic dye response of the membrane sample with PNIPAAm microvalve when irradiated with 110 mW

NIR pulse of 5s ON-7s OFF cycle.



