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Abstract

Localized chemical delivery plays an essential role in the fundamental information
transfers within biological systems. Thus, the ability to mimic the natural chemical signal
modulation would provide significant contributions to understand the functional signaling
pathway of biological cells and develop new prosthetic devices for neurological disorders. In this
paper, we demonstrate a light-controlled hydrogel platform that can be used for localized
chemical delivery in a high spatial resolution. By utilizing the photothermal behavior of
graphene-hydrogel composites confined within micron-sized fluidic channels, patterned light
illumination creates the parallel and independent actuation of chemical release in a group of
fluidic ports. The new platform promises the feasibility of creating a novel synaptic interface
with large arrayed chemical stimulation capability toward biochemically controlled neural

prosthesis systems.
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1. Introduction

The information transfer at the synapses is mainly through the flux modulations of
specific neurotransmitters between neuron cells [1]. To bypass the damaged neurons, neural
prosthesis technologies are designed to create artificial interconnections for restoring their
functional losses. Traditionally, electrical stimulations that excite neuron cells are successfully
applied to restore different sensory functions in our body, including auditory [2] and visual
sensing [3, 4], autonomous movement control, and brain stimulation [5, 6]. At the same time,
there are also growing interests in mimicking the natural neuron signaling through artificial
synaptic interfaces by modulating specific chemical releases [7, 8]. It was reported that the
chemical stimulation approaches could overcome limitations of the current electrical stimulation
approaches and provide distinct advantages by following chemical-specific responses on a target
group of cells [9, 10]. However, typical microfluidics or fluidic transport systems applied to the
current chemical stimulations have not been reached at the level of biological complexities due
to their limitations in spatial and temporal resolutions. Moreover, typical two-dimensional
configuration or bulky setup of the chemical transport systems does not support exciting neuron
cells in high spatial resolution and has technological challenges to control large numbers of

chemical release in a parallel and independent way.

In this paper, we investigate graphene-hydrogel composites and combine light to control
chemical release from a unique three-dimensional (3D) configuration of fluidic release ports.
The results provide the feasibility of creating a novel synaptic interface to have a larger array of
chemical release control in a parallel and independent way using light. Through our
demonstrated approach, it would be possible that an individual or a group of fluidic ports on

different locations can release modulated chemicals corresponding to their light actuation.



Utilizing the microfabrication, this new platform can also be easily scalable to accommodate
different arrayed configurations without complicating physical interconnections of controlling

each port.

2. Design of arrayed fluidic control interface
A macroporous silicon membrane structure (MPS) was devised to form arrayed
microfluidic channels through its pores. By embedding graphene mixed temperature-sensitive

hydrogel within the pores, the light-actuated chemical release was demonstrated in this paper.

Figure 1(a) shows a schematic of our designed device with a periodic pixel-like array of
graphene-hydrogel columns embedded in the pores of an MPS membrane. Figure 1(b) shows a
scanning electron microscope image of a macroporous silicon membrane structure. The silicon
membrane structure creates an interface between the top chemical release and the bottom
chemical reservoir through its arrayed pore channels. The main operational element of the
designed interface is a temperature-sensitive hydrogel. Hydrogels are crosslinked polymer
networks that are able to absorb large amounts of liquid within their polymer chains,
simultaneously leading to matrix shrinkage and expansion without dissolution in liquid by
external stimuli actuations including light [11], temperature [12], pH [13], electric field [14], and
ultrasound [15]. These unique properties have attracted much attention in various applications in
biotechnology, specifically sensing and drug delivery [16-18]. Among different hydrogels, poly-
N-isopropyl acrylamide (p-NiPAAm), which is utilized in our structure, has a unique
temperature-responsive characteristic at the physiological temperature. When the temperature of
the hydrogel increases and passes its volume phase transition temperature (VPTT), the hydrogel

becomes hydrophobic and shrinks, leading to the push-out of its stored chemical. On the



contrary, when the temperature of the hydrogel decreases and passes its VPTT [19, 20], it
expands and restores its properties. To implement remote temperature actuation using light, we
used commercially available graphene nanoplatelets, which have been demonstrated as effective
media for converting light energy into heat [21-23]. By dispersing graphene nanoplatelets in p-
NiPAAm hydrogel and embedding the hydrogel composite within the pores of the membrane
structure, the designed interface structure can control chemical diffusion rate from the bottom
reservoir to the top releasing layer remotely by photothermal actuation. When the light-induced
temperature goes higher than VPTT, hydrogel inside the pore contracts, it pushes out the
chemical stored within hydrogel chains. Conversely, when the temperature falls below the VPTT
again, hydrogel columns swell and effectively limit the chemical release. This reversible
actuation allows changing the chemical release rate through the designed structure. In addition to
the locally controlled release through physically separated pores, the small volume of hydrogel
confined within the pore shows rapid actuation compared to other large-sized hydrogels with a

slow response time [24-26].

3. Experiments
3.1. Macroporous silicon membrane preparation

Macroporous silicon with 475 um of pore length was purchased from Smart Membranes,
Germany. The backside of a macroporous silicon was lapped using a lapping machine (Buehler
Minimet) until pores are open. The lapping process started with mounting the pore side of a
macroporous silicon sample on a lapping mount using wax. Next, the sample was lapped using a
slurry solution with 1 um size alumina powders until pores were visible from the bottom of the
sample. Then the backside of the sample was polished using slurry solutions with 0.25 um and

0.1 pm alumina powders respectively to obtain a smooth polished surface. After polishing, the



sample was detached from the lapping mount at 100 °C and cleaned with Opticlear solvent at 80
°C. To further clean all possible contamination inside the pores, 1-hour thermal oxidation was
performed at 1100 °C followed by an oxide removal process by buffered oxide etcher. The
sample went through additional thermal oxidation for 30 minutes to make a hydrophilic wall
inside the pores. The resulting macroporous silicon membrane has a 500 nm thick silicon dioxide
layer along the pore walls. The quality of the pore cleanness was checked by observing optical

transmission through the pores in a microscope.

3.2. Bulk p-NiPAAm hydrogel preparation

For obtaining about 1 ml thermo-responsive NiPAAm hydrogel solution, 0.2 g of
NiPAAm monomer and 0.01 g of BIS crosslinker and 10 pl Darocur 1173 were dissolved in 1
mL Dimethyl sulfoxide (DMSO). The NiPAAm hydrogel solution was cured in a Teflon mold
with 1 mm depth under 365nm ultraviolet (UV) illumination for 2 minutes. The polymerized

hydrogel was soaked in the deionized (DI) water for one day to replace DMSO with water.

3.3. Bulk graphene-p-NiPAAm hydrogel preparation

Graphene nanoplatelets aggregate was purchased from Alfa Aesar. It is important to
disperse graphene nanoplatelets uniformly in DMSO-based NiPAAm hydrogel solution in order
to obtain a reliable photothermal effect via graphene nanoplatelets embedded in p-NiPAAm
hydrogel. Hydrogel solution was initially prepared by dissolving 4 g of NiIPAAm monomer, 0.2
g of BIS crosslinker, and 400 ul Darocur 1173 in 20 mL DMSO. To make 0.01 wt./vol %
graphene/NiPAAm (G/NiPAAm) hydrogel solution, 1 mg of graphene nanoplatelets was mixed
with 10 mL of the hydrogel solution. To obtain well-dispersed graphene nanoplatelets in the
solution, 12 hours of sonication were applied. It was observed that the dispersion quality of the

graphene nanoplatelets in hydrogel was significantly improved by 12 hours of sonication as



shown in Figure 2. Different wt./vol % G/NiPAAm hydrogel solutions are prepared accordingly
by changing the amount of graphene nanoplatelets mixed in hydrogel solution. To ensure the
complete polymerization of G/NiPAAm hydrogel, the curing time was increased to 4 minutes.
G/NiPAAm hydrogel solution was UV cured in a circular Teflon mold with 1cm diameter and

Imm depth to form bulk graphene/p-NiPAAm (G/p-NiPAAm) hydrogel.

3.4. G/p-NiPAAm hydrogel in the macroporous silicon membrane

Before filling pores with G/NiPAAm hydrogel solution, the silicon membrane sample
was treated with a 3:1 mixture of concentrated sulfuric acid (H2SO4) with hydrogen peroxide
(H202) for 10 min to increase hydrophilicity on the surface of the pore walls. After rinsing with
DI water, the sample was dried on a 100 °C hot plate for 10 minutes. The sample was mounted in
a custom-built Teflon cell, and a few drops of the G/NiPAAm hydrogel solution were placed on
the backside of the sample, followed by 10 seconds of cyclic ON/OFF sonication. After the
solution filled the pores, it was cured under UV light for its polymerization. After curing
hydrogel inside the pores, the glass cover on the backside of the cell was added using four
screws. Then DI water was flushed on the sample for a few hours to replace DMSO with water

in the cured hydrogel.

4. Result and discussion

4.1. Thermo-responsive characteristics of p-NiPAAm hydrogel

To quantify thermo-responsive characteristics of pure p-NiPAAm hydrogel, bulk p-
NiPAAm hydrogel was prepared for optical transmission measurements. At the same time, to
facilitate the visualization of the volume change of transparent p-NiPAAm hydrogel, additional

hydrogels with 0.1 wt./vol % Sudan II were also prepared. The prepared hydrogel is placed in a



petri-dish with water on a hot plate. While the water temperature is monitored and controlled
from 22°C and 47°C, the temperature characteristics of the hydrogel were recorded by a camera.
To facilitate the measurement, grid lines of 2mm separation are positioned behind the hydrogel.
Figure 3(a) shows the consecutive images of the hydrogel with Sudan II at 22 °C, 35°C, and
47°C. During heating and cooling cycles, the change of the optical transmission through the
hydrogel and the size of the hydrogel were measured from consecutive images. Figure 3(b)
shows the normalized transmission characteristics of the hydrogel when the cyclic temperature is
changed. The measured images are converted to gray-scale images using Imagel. The
normalized optical transmission was extracted from the change of the gray value of the black
grid line behind the hydrogel. Figure 3(c) shows the normalized lateral length change of the
hydrogel when the cyclic temperature is changed. In addition to the transparency change, the
volume of hydrogel decreased when the hydrogel passed the VTPP. As the temperature
increased, the volume started to decrease at around 32°C and reached its minimum at 47°C. We
also observed that small water droplets appeared from the surface of the hydrogel as the
temperature increased at 35°C, which indicates the phase change of the hydrogel from

hydrophilic to hydrophobic states, resulting in pushing out the stored liquid from the hydrogel.

4.2. Photothermal response of a bulk G/p-NiPAAm hydrogel

To investigate the photothermal characteristic of G/p-NiPAAm hydrogel, G/p-NiPAAm
hydrogels with different graphene concentrations (0, 0.0025, 0.005 wt./vol %) were prepared.
Figure 4(a) shows representative images of the prepared hydrogels. All bulk G/p-NiPAAm
hydrogels have uniformly dispersed graphene nanoplatelets without aggregation. Figure 4(b)
shows the measured spectral absorption of G/p-NiPAAm hydrogel solution with different

graphene concentrations before their polymerization. Absorption coefficient (o) was calculated



from the optical transmission measurement by I = [,exp(—al), where I,is the incident light
intensity, I is the measured transmission intensity, and L is the light pass length. Fairly flat
absorption characteristics were measured in the spectral domain of 400 nm — 950 nm range.
Graphene nanoplatelets increase the absorption coefficient significantly from the base hydrogel

solution without them.

Figure 4(c) shows the temperature change of hydrogel as a function of laser illumination
time on the prepared hydrogels. For the measurement, a collimated 98mW of near-infrared
(NIR) laser at A=815nm was illuminated on the hydrogel. The beam diameter was measured at
around 5.6mm. FLIR 17 compact infrared (IR) thermal imaging camera (FLIR system, USA) was
used to measure the temperature at the illumination spot on the hydrogel. The pure p-NiPAAm
hydrogel without graphene showed no temperature change during the measurement time
window. For other bulk G/p-NiPAAm hydrogels, the temperature increased at the illumination
spot with increased illumination time. The temperature increase rate was faster in G/p-NiPAAm
hydrogels with a higher concentration of graphene. G/p-NiPAAm hydrogel with 0.0025 wt./vol
% graphene was chosen to consider the use of G/p-NiPAAm hydrogel in our macroporous
membrane structure. Figure 4(d) shows the photothermal response of 0.0025 wt./vol % G/p-
NiPAAm hydrogel as a function of time with different NIR optical power levels. As expected, as
the optical illumination power increased, the temperature increment was faster. From the
measured absorption as shown in Figure 4(b), 0.0025 wt./vol % graphene will expect to absorb
around 23.2% of the illuminated light at 808nm within Imm thick hydrogel. Based on the
measured temperature change per illuminated optical power shown in Figure 4(d), and the

absorbed optical power density estimated from the absorption measurement, the conversion



efficiency (AT/AP) is estimated to be around 2.87 °C per ImW/mm2 after 90 sec of the NIR

illumination.

4.3. Photothermal response of G/p-NiPAAm hydrogel columns in a macroporous silicon
membrane

To measure the photothermal response of the G/p-NiPAAm hydrogel embedded
membrane interface, a custom-built microscope was used with a schematic shown in Figure 5(a).
The microscope accommodates conventional fluorescent imaging of fluorescein dye and NIR
laser illumination at A=815nm on the membrane. An additional NIR filter was installed in front
of a microscope camera to ensure that NIR illumination is completely blocked on the measured
images. White light from the bottom allows measuring the transmission of light through the
membrane interface. To monitor the controlled liquid flow through the membrane interface, the
membrane was mounted on a 3D printed package. The schematic design and actual image of the
mounting package are shown in Figures 4(b) and 4(c). The package allows the membrane to be
mounted in a chamber such a way that the top surface of the membrane can be flushed by water,
and the bottom of the membrane is in direct contact to 0.2 % fluorescein dye solution in water as
a chemical reservoir. 500 pm thick water flushing channel is formed by the membrane surface
and a thin glass cover on the top of the package. One side of the channel was connected to an
external syringe pump using Tygon tubing to control the flow rate of the surface water flush. The
opposite side of the channel is connected to a waste outlet.  Figure 6 shows a conceptual

schematic of the chemical release by NIR light illumination on the membrane interface.

Figures 6(a) and 6(b) show optical transmission images of white light from the membrane
without and with localized NIR laser illumination (marked in the red circle area), respectively.

As expected from the photothermal response of G/p-NiPAAm hydrogel, the NIR laser



illumination induces localized temperature increase, where embedded hydrogel turns opaque and
blocks the light transmission through the pores, leaving the dark area shown in Figure 7(b). This
confirms that hydrogel was successfully embedded within the membrane structure. Figures 6(c)
and 6(d) show fluorescent images from the membrane surface without and with localized NIR
laser illumination (marked in the red circled area). For this measurement, the bottom white light
was turned off, and UV light was illuminated from the top to observe fluorescence from the
released fluorescein dye through pores. Since the fluorescein dye is continuously diffused out
from the pores of the membrane, the water flush rate on the membrane surface was adjusted to
keep track of the released fluorescein dyes without saturating the fluorescent signal in the
camera. We found that the water flush rate at 2 ml/min is an optimum condition for our
configuration. With this condition, the fluorescent signal on the membrane surface remains
constant with an array of visible green spots from the pores. We observed a rapid increase of
fluorescent signal in a local area where NIR laser light is illuminated. An example of a
photothermal actuation result is also found in a supporting video. This confirms that the

proposed design can control the release of chemicals through the membrane interface.

The dynamic control of the liquid release through the membrane interface was
investigated by pulsed NIR laser illumination. One set of experiments involved the NIR laser
illumination with different power density values tuned to have a series of ON-OFF cycles (one
second ON and two second OFF). The illuminated power density was varied from 18.2 mW/mm?
to 54.6 mW/mm? as the videos of fluorescent signals were recorded. The average brightness of
the fluorescent signal on the area of NIR illumination was calculated and subtracted from the
background signal on the area of no NIR illumination from each frame of the recorded video.

Figure 8(a) shows the consecutive fluorescent intensities in the NIR illuminated area,



representing the instant release of fluorescein dyes by a series of cyclic NIR actuation pulses.
Increasing the NIR power density demonstrated rapid heating on the hydrogel, which resulted in
more contraction of G/p-NiPAAm hydrogel. When the hydrogel contracted more, it is expected
that two mechanisms affect the fluorescent signal increase. One is contributed from fluorescein
dyes released from the hydrogel, and the other is from the opened channel in the pore, where the
contracted hydrogel creates leakage path between pore wall and hydrogel column. Both effects
affect the dye release and result in a brighter fluorescent signal. It was observed that the
measured fluorescent signal was increased as the laser power density was increased. However,
when the structure was modulated with higher optical power, the measured fluorescent signal
was gradually decreased as the pulsed actuation was continued. For example, at the power
density of 54.6 mW/mm?, we have observed a noticeable decrease of fluorescent peak intensities
compared to the initial pulse actuation. On the contrary, when the actuation was performed with
lower peak power, the measured fluorescent peak intensities were fairly consistent over the
cyclic pulse actuation. This might be due to the fact that the hydrogel remained contracted before
recovering when subsequent optical pulses with higher optical power were applied. Therefore,

fluorescein dyes released from the hydrogel are expected to be lower.

Figure 8(b) shows the fluorescent signal intensity for different pulse rates at a fixed NIR
optical power of 54.6 mW/mm?. For this experiment, the laser on-time was fixed, but the laser
off-time was varied. At the beginning of the actuations, fluorescent signals were increased during
the laser on-time and started to decrease when the laser was off. However, when the next laser
pulse was applied before the fluorescent signal was fully decreased, we observed that the
fluorescent signal responded to the laser on actuation and was getting brighter. The modulation

depth was much smaller for the shorter laser-off case. It is expected that the hydrogel does not



fully recover during this short cooling time and results in a smaller modulation depth. When the
laser-off time was increased, the fluorescent signal was gradually decreased and reached to its
minimum value with higher modulation depth. While the long-term stability of the hydrogel
platform was not studied, there were no physical degradations of the platform observed after the
repeated ON/OFF actuation. The hydrogel platform can be used for a prolonged time because the
porous silicon membrane is robust and only the functional part of the release system is the top

portion of the hydrogel columns which are embedded in pores.

5. Conclusion

We demonstrate the dynamic flow control of fluorescein release through a G/p-NiPAAm
hydrogel embedded in an MPS membrane. By dispersing graphene nanoplatelets in p-NiPAAm
hydrogel and embedding the hydrogel composite within the pores of the membrane structure, the
designed interface structure can control the chemical diffusion rate from the chemical reservoir
to the top releasing area remotely by photothermal actuation. Based on the arrayed channel
configuration with physical separation, the results show the feasibility of developing a chemical
stimulation interface, which requires high spatial resolution to apply target chemicals or drugs
with different dose rates. Without physical interconnection, different groups of channels can be
remotely and independently controlled by light. Considering the abrupt volume change of p-
NiPAAm hydrogel at the narrow temperature range near the VTPP, it is expected to further
optimize the release characteristics by adjusting optical absorption through graphene and
confining temperature distribution within the pores for higher spatial resolution. This new design
mechanism has the potential to create novel chemical-based stimulation devices, which are

required in neural prostheses with high spatial resolutions.
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List of Figures

Figure 1. (a) Schematic structure of a porous membrane device with G/p-NIPAAm hydrogel
composite and top release layer (b) Cross-sectional view from scanning electron microscopy

image of a macroporous silicon membrane.

Figure 2. Dispersion qualities of graphene nanoplatelets in cured hydrogels with different

concentrations and sonication durations.

Figure 3. (a) Consecutive images of a hydrogel to demonstrate its volume and transparency at 22
°C, 35 °C, and 47 °C, respectively. (The grid lines show its pitch equal to 2 mm) (b) The
transmission of the hydrogel during cyclic temperature change. (¢c) The volume change of the

hydrogel during the cyclic temperature change.

Figure 4. (a) Images of pure p-NiPAAm hydrogel and the G/p-NiPAAm hydrogels with 0.0025
wt./vol % and 0.005 wt./vol % graphene concentration (b) Spectral response of the G/p-NiPAAm
solution with different graphene concentrations. (c) Photothermal response of the bulk Gp-
NiPAAm hydrogels with different graphene concentrations. (d) Photothermal response of 0.0025

wt./vol % G/p-NiPAAm hydrogel with different illumination optical powers.



Figure 5. (a) Schematic configuration of the custom-built microscope setup. (b) Schematic
design of 3D printed experimental mounting cell. (c) Image of the actual experimental cell with a

membrane sample mounted for the measurement.

Figure 6. Conceptual operation of NIR light actuated G/p-NiPAAm hydrogel embedded in a
macroporous silicon membrane (a) without and (b) with NIR illumination (Green color particles

are fluorescein released from pores)

Figure 7. Comparison images of G/p-NiPAAm-membrane responses wihtout and with NIR
illumination. (a) Light transmission image without NIR illumination. (b) Light transmission
image with NIR illumination. (¢) Fluorescent image without NIR illumination. (d) Fluorescent

image with NIR illumination. NIR illuminated area is marked in red circle.

Figure 8. Photothermal responses of G/p-NiPAAm-membrane interface with different NIR on-
off cyclic illuminations. (a) Fluorescent signal intensity at the illuminated area vs. time for
different illuminated power values with on (1 sec)-off (2 sec) cycles. (b) Fluorescent signal
intensity at the illuminated area vs. time for different cyclic illumination at 54.6 mW/mm? of

optical power density.
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Figure 6.
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Figure 7.
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Figure 8.
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