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Introduction

Multi-functional neural probes™

Neural probes with multi-drug delivery capability

Hyogeun Shin,2° Hyunjoo J. Lee, 1 Uikyu Chae,?® Huiyoung Kim,?®
Jeongyeon Kim," Nakwon Choi,® Jiwan Woo," Yakdol Cho," C. Justin Lee,
Eui-Sung Yoon®® and Il-Joo Cho*®®

Multi-functional neural probes are promising platforms to conduct efficient and effective in-depth studies
of brain by recording neural signals as well as modulating the signals with various stimuli. Here we present
a neural probe with an embedded microfluidic channel (chemtrode) with multi-drug delivery capability
suitable for small animal experiments. We integrated a staggered herringbone mixer (SHM) in a 3-inlet
microfluidic chip directly into our chemtrode. This chip, which also serves as a compact interface for the
chemtrode, allows for efficient delivery of small volumes of multiple or concentration-modulated drugs via
chaotic mixing. We demonstrated the successful infusion of combinatorial inputs of three chemicals with a
low flow rate (170 nl min™}). By sequentially delivering red, green, and blue inks from each inlet and
conducting visual inspections at the tip of the chemtrode, we measured a short residence time of 14 s
which corresponds to a small swept volume of 66 nl. Finally, we demonstrated the potential of our pro-
posed chemtrode as an enabling tool through extensive in vivo mice experiments. Through simultaneous
infusions of a chemical (pilocarpine or tetrodotoxin (TTX) at inlet 1), a buffer solution (saline at inlet 2), and
4',6-diamidino-2-phenylindole (DAPI at inlet 3) locally into a mouse brain, we not only modulated the neu-
ral activities by varying the concentration of the chemical but also locally stained the cells at our target
region (CAL in hippocampus). More specifically, infusion of pilocarpine with a higher concentration resulted
in an increase in neural activities while infusion of TTX with a higher concentration resulted in a distinctive
reduction. For each chemical, we acquired multiple sets of data using only one mouse through a single
implantation of the chemtrode. Our proposed chemtrode offers 1) multiplexed delivery of three drugs
through a compact packaging with a small swept volume and 2) simultaneous recording to monitor near
real-time effects on neural signals, which allows for more versatile in vivo experiments with a minimum
number of animals to be sacrificed.

studies of the brain, such as investigation of functional con-
nectivities and brain disorders. By applying various stimula-

*> are promising implantable  tion modalities (e.g. electrical, optical,>® and chemical®®)

neuroscience tools for small animals that enable in-depth  and simultaneously recording neural signals in a single plat-
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form, multi-functional neural probes provide an effective and
efficient means to observe the effect of stimulation in real
time with minimal damage to brain tissue.

Among these multi-functional neural probes, neural
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pharmaceutical drugs and to investigate the roles of various
neurotransmitters. Compared to other methods such as sys-
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drugs due to the presence of blood-brain barrier (BBB)."
Thus, chemtrodes enable not only targeted drug delivery with
an accurate estimation of concentration and quantity of drugs
applied on targeted neurons, but also allows near real-time
monitoring of changes in neural signals during drug delivery.

This journal is © The Royal Society of Chemistry 2015 Lab Chip
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However, currently available implantable chemtrodes are
limited to the delivery of a single drug at each implant unless
an additional system, such as an external manifold, is
used.”® More specifically, once implanted, neither concen-
trations nor types of drugs can be altered. The only method
to deliver more than one drug at a single implant without an
additional platform is to load multiple drugs of fixed
amounts in a tube at a desired sequence. The drugs are
either separated by a small volume of air or placed in direct
contact if injection of air is not desired, which inevitably
results in undesired mixing at the interfaces of the series of
drugs (i.e. dispersion). Using this method, a buffer solution
can be loaded prior to the drug under test to prevent poten-
tial leakage of the drug at the outlet during probe insertion
into the brain tissue. However, the serial loading method
lacks the multiplexing capability to change the concentration
and quantity in situ once implanted. If administration of
multiple drugs (as separate drugs or a mixture of drugs in
situ) with fast switching time is possible without the need to
remove the inserted neural probe, more effective and effi-
cient animal experiments are possible with a minimum num-
ber of animals to be sacrificed. For example, by loading artifi-
cial cerebrospinal fluid (aCSF) as a buffer solution, a new
pharmaceutical agent, and a dye solution in a multi-drug
delivery system, we can examine the pharmacokinetics of the
new drug at different concentrations (through mixing the
drug with the buffer solution), compare the effects to that of
a control, and perform immunostaining, all in a single
implantation using one animal. Furthermore, since the dye
solution is administrated separately through a different inlet,
the quantity of the dye is independently controlled and does
not depend on the total amount of the infused drug.

A common method to achieve multi-drug delivery through
multiplexing in a single implant is to use an external mani-
fold. A manifold is a mechanical adaptor that consists of
multiple inlets and a single outlet placed between an
implantable device and a flow control system. By loading dif-
ferent drugs at each inlet, the manifold allows for freedom of
combinatorial choices of drugs and freedom to control the
quantity and concentration in situ. However, this method suf-
fers from a large swept volume when changing drugs because
of the relatively large size of the merging reservoir and fluidic
channels in the manifold compared with the typical size of
microchannels in implantable devices. The swept volume,
which is defined as the volume of intended fluids along the
flow paths in a microfluidic system, is also an undesired vol-
ume during the transitions between multiplexed infusions.
Hence, the swept volume determines the switching time of
the multiplexed infusion (ie. residence time of drugs
between inlets and an outlet to a targeted delivery site). More-
over, the maximum recommended volume for direct brain
infusion is relatively small (less than a few microliters for a
mouse). Therefore, achieving small swept volumes is critical
especially for small animal experiments. Furthermore, simul-
taneous infusion of multiple drugs via the fluidic channels in
the manifold typically results in negligible mixing between
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laminar flow streams. Due to this incomplete mixing, a well-
controlled infusion of various concentrations of drugs in situ
still remains a challenge.

To overcome these problems, miniaturized microfluidic
chips have been recently proposed for transdermal drug
delivery and microdialysis systems.'®'® However, no
chemtrode with multi-drug delivery capability has been dem-
onstrated for in vivo small animal experiments due to the
difficulty of achieving a compact packaging. Here we
implemented a staggered herringbone mixer (SHM)*° in a
3-inlet microfluidic chip as a fluidic interface and integrated
it into our silicon chemtrode in a compact package (Fig. 1).
The presented multi-drug delivery system offers three advan-
tages compared with other existing systems: 1) small swept
volume, 2) ability to control the concentration in situ, and 3)
compact packaging suitable for small animal experiments.
We verified the functionality of our chemtrode with multi-
drug delivery capability through fluidic characterization using
color dyes and extensive in vivo mice experiments. Specifi-
cally, using our chemtrode with a 3-inlet SHM, we demon-
strated the successful modulation of neural activities at dif-
ferent concentrations of two different drugs (pilocarpine and
tetrodotoxin (TTX)) and staining of cell nuclei near the injec-
tion site, all performed during a single implantation for each
drug.

Materials and methods
Fabrication of chemtrode

The silicon-based chemtrode with the embedded microfluidic
channels (Fig. 1) was fabricated based on four major steps: 1)
etching the cavities and creating a glass cover to form the
embedded microfluidic channels in the silicon substrate, 2)
patterning of a microelectrode array on top, 3) patterning an
inlet and an outlet to provide an interface to the microfluidic
channels, and 4) releasing the structure from the backside to
create the final shape. The most important aspect of this
chemtrode fabrication is the creation of the embedded
microfluidic channel; the thin cover is formed by bonding a
glass wafer on top of the cavities followed by glass reflow. To
improve the process yield during this step, multiple narrow
cavities are first created to prevent the glass from completely
filling the cavities (see the cross-section of the chemtrode
shank in Fig. 2). These sealed channels are then connected
in parallel through the inlet and the outlet. The details of the
design and fabrication of the chemtrode were previously
reported.”

Design, fabrication, and packaging of 3-inlet SHM

To achieve multi-drug delivery with our chemtrode, we
designed and fabricated a SHM in a 3-inlet polydimethylsilox-
ane (PDMS) microfluidic chip (Fig. 2). Three inlet channels,
connected to three 300 pm-wide, 10 pm-tall cylindrical reser-
voirs, were twisted to form a serpentine structure, 10 um in
width and 10 pm in height with a total length of 3.3 mm. We
designed the serpentine structure with four turns so that the

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) Conceptual diagram of each component (tubing, 3-inlet SHM chip, and chemtrode) of the proposed neural probe system for multi-drug
delivery before and after assembly. (b) Close-in conceptual diagram of the chemtrode shank tip showing the integrated microelectrode array and
the outlet. (c) Fabrication process of the SHM chip using the two-layer SU-8 process and the standard PDMS molding process. (d) Cross-section of
the chemtrode shank (A-A’) and the probe body (B-B’) showing that the outlet of the SHM chip is aligned to the inlet of the chemtrode.

hydraulic resistance of each inlet channel (R;) was approxi-
mately half the hydraulic resistance of the silicon-glass
microchannels in the chemtrode (Rehemerode)- The ratio of R;
and Rchemtrode 1S @n important design parameter to prevent
undesired backflows to inlets and to control the mixing ratios
precisely with differential input pressures (see the ESLi Fig.
S1). Thus, in our design, the dimensions of the SHM micro-
channel were minimized. The estimated hydraulic resistances
at different pathways in our system show that Rchemtrode and
R; were designed to be in the same orders of magnitude (see
the ESL;} Fig. S2).

These inlets were merged into a wider microchannel (60
um in width) with a total length of 7.3 mm. Sixteen half
cycles of a staggered herringbone pattern, which was com-
posed of six 15 pm-wide chevron-shaped ridges with a center-
to-center spacing of 60 um, were placed in the PDMS micro-
channel. The height of the ridge (6 um) was determined by
the optimal ratio of the height of the ridge to that of the
microchannel (~0.375) in order to achieve a faster mixing.*!
The microchannel with the SHM was then connected directly
to the inlet of the chemtrode. The chemtrode consisted of a 1
mm-wide, 40 pm-tall cylindrical inlet and multiple 9 pm-
wide, 7.5 um-tall, and 9.15 mm-long rectangular microfluidic

This journal is © The Royal Society of Chemistry 2015

channels connected in parallel (Fig. 1, inset). The estimated
resistance Rehemtrode Was 21.6 mPa s pum™ for water.

This microfluidic chip, which was also used as the fluidic
interface for the chemtrode, was fabricated through a stan-
dard fabrication process of PDMS using a SU-8 master. First,
the SU-8 master was fabricated on a 4 inch silicon wafer
using standard photolithography with two masks. The 3-inlet
microfluidic channel was first patterned on a 10 um-thick
SU-8 (SU-8 3010; MicroChem Corp.) layer and then the her-
ringbone ridges were patterned on a 6 pm-thick SU-8 layer
(SU-8 3010; MicroChem Corp.) additionally spun on the first
layer. Here we used relatively thin SU-8 layers to maximize R;.
The two SU-8 layers were simultaneously developed to pro-
duce the patterned microstructures.

After the microfabrication and dicing, the SU-8 master
was placed on the bottom of a custom-designed duralumin
mold (5 mm x 5 mm x 2 mm). By pouring PDMS (Sylgard
184; Dow Corning) with the curing agent at a mass ratio of
10:1 onto this metal mold, degassing in a desiccator, and
curing at 85 °C for 2 hr, the SHM pattern on the SU-8 master
was transferred to a PDMS replica. The three inlet holes were
punctured using a customized punch (inner diameter (ID):
0.3 mm, outer diameter (OD): 0.7 mm). Finally, the
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Fig. 2 (a) Optical image of our packaged multi-drug delivery system,
showing the 3-inlet SHM chip bonded to our chemtrode. Blue, green,
and red dyes loaded at the inputs are mixed in the SHM chip and deliv-
ered to the outlet placed at the tip of the chemtrode. (b) Optical image
of top view of our 3-inlet SHM chip showing the clear mixing of three
dyes. (c) SEM image of the herringbone structure in the PDMS micro-
fluidic chip (upside down). (d) SEM image of the cross-section of the
chemtrode shank showing multiple microfluidic channels and signal
lines.

micropatterned PDMS replica was manually aligned and
bonded to a body portion of the chemtrode by plasma treat-
ment (100 W for 40 s at 50 mTorr; Covance-MP; Femto Sci-
ence). In addition, to provide electrical connections between
the chemtrode and a digital acquisition system (Digital Lynx
4SX; Neuralynx), the chemtrode was glued on a custom-
designed printed circuit board (PCB) and electric pads were
connected through wire-bonding using gold wires (Fig. 2).

Flow characterization of 3-inlet SHM

We chose a pressure-driven over a displacement-driven deliv-
ery method (e.g. using a syringe pump) because of the faster
response time.”> Three mass flow controllers (MFC; cDAQ-
9171; National Instruments) were connected to an air tank to
provide the desired input pressure at each inlet. Multiplexed
delivery of multiple drugs was achieved by independently
controlling the input voltage of each MFC (see the ESL;} Table
S1). A 23 gauge needle was used as an adaptor between Tygon
medical tubing (ID: 0.05 cm, OD: 0.15 c¢m; S-54-HL) and the
PDMS microfluidic chip bonded to the chemtrode.

Using our pressure-driven drug delivery system, we first
characterized the flow rate. Then, to evaluate the mixer per-
formance, the mixing index (M) was computed for two 2-inlet
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microfluidic chips with and without SHM (Fig. 3(a)). The
mixing index, which is an indicator of the homogeneity of
composition in a mixture, is defined in eqn (1) as the vari-
ance of the normalized fluorescence intensity,>*

w=113(1,~(1)) )

nizo

where n is the number of pixels across the microchannel at a
point of interest, I,, is the normalized fluorescence intensity
of the nth pixel, and <I> is the mean normalized fluores-
cence intensity of all the pixels. A mixing index of 0.5 indi-
cates no mixing while a mixing index of 0 represents com-
plete mixing. After applying a fixed pressure (100, 150, and
200 kPa) at two inlets, the fluorescence micrographs at 9 dif-
ferent fluidic path lengths for each microchannel were
acquired using an inverted microscope (Axio Observer Al;
Zeiss) and a complementary metal oxide semiconductor
(CMOS) camera (optiMOS™ sCMOS camera; QImaging).
Then, the mixing indices (n: 80 pixels) were computed from
the acquired images at every 1 mm along the PDMS micro-
channels. In addition, to evaluate the mixer performance, we
characterized the residence time by injecting red, blue, and
green inks at each inlet and recording the color changes at
the outlet located on the shank tip of the chemtrode
immersed in water.

In vivo experimental procedure

One of the main advantages of our chemtrode is the ability
to change the concentration of drugs in situ. Thus, to demon-
strate the functionality, we performed two sets of in vivo mice
experiments using two different chemicals: pilocarpine and
TTX. While pilocarpine, which is often used to develop ani-
mal models for epilepsy, is known to increase the firing rate
of neural spike signals and to eventually cause epilepsy, TTX
is a neurotoxin which inhibits neural firings. By mixing pilo-
carpine or TTX with a saline solution through our SHM inte-
grated into the chemtrode, we injected different concentra-
tions of these two chemicals and recorded the changes in the
firing rate of the neural signals from microelectrodes near
the outlet of our chemtrode. At the end of each in vivo experi-
ment, we injected 4',6-diamidino-2-phenylindole (DAPI)
through the third inlet to stain the target region and thus to
confirm the successful brain infusion using our chemtrode.
All mice experiments were approved by the Korea Institute
of Science and Technology (KIST, Seoul, Korea) and
performed in accordance with the ethical standards stated in
the Animal Care and Use Guidelines of KIST. Adult male
mice (C57BL/6, age of 8-12 weeks) were anesthetized through
intraperitoneal injection of urethane (1 g kg™') and mounted
on a stereotaxic frame (David Kopf Instruments). After inci-
sions of skins from the surfaces of the skull, stereotaxic coor-
dinates were established based on Franklin and Paxinos,
1997.>* Then, we drilled two holes through the skull for
insertion of a stainless steel bone screw to provide an animal

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Characterization of mixer performance. (a) Top view schematic of the 2-inlet SHM chip with boxed numbers indicating the fluidic path
length from the inlet. Optical microscope images of the microchannels at every 1 mm of the fluidic path length (b) with SHM and (c) without SHM.
(d) Plot of the mixing index over the fluidic path length from the inlet for the microchannels with and without SHM at three different input pres-
sures. (e) Plot of normalized RGB values at the tip of the shank over time. Green, red, and blue dyes were sequentially infused through the pack-
aged chemtrode in water. Inset shows the optical pictures of the tip of the shank when each dye was infused through different inlets.

ground and for insertion of the neural probe at the target
region.

We targeted the CA1 region in hippocampus for both sets
of experiments (anterior-posterior (AP): -1.6 mm, medial-
lateral (ML): 1.7 mm, dorsal-ventral (DV): 1.48 mm from
bregma). For each experiment, we loaded a saline solution as
a control buffer, a chemical (100 mM pilocarpine hydrochlo-
ride and 100 nM TTX; Sigma-Aldrich) as an active drug, and
a dye solution (DAPI mounting medium H-1400; Vectashield;
Vector Laboratories, Inc.) in our microfluidic chip and
applied enough pressure (100 kPa) to load the solutions at
each inlet. Prior to inserting the chemtrode into the target
brain region, we ensured that the microchannels were pre-
filled with the saline solution while the drug and dye solu-
tions remained in inlet 2 and 3, respectively. This operation,
serving as one of the key advantages of our proposed system,
allows for spatiotemporally controlled delivery of small vol-
umes of the active drug to the targeted site; we ensure that
the other brain regions near the insertion path of the
chemtrode are not exposed to the drug.

After lowering the chemtrode to the target area slowly to
minimize the insertion damage, we waited for 30 min for the
stabilization of spontaneous neural signals. Then, we injected

This journal is © The Royal Society of Chemistry 2015

five different concentrations (0, 25, 50, 75, and 100% of stock
concentration of each drug) by adjusting the input pressures
for the saline (inlet 1) and the active drug (inlet 2). For each
experiment, we injected 125 nl of the solution for 30 s at a
flow rate of 250 nl min™" and monitored the changes in the
neural signals after the injection for 10 min. After monitoring
the neural activities at five different concentrations of each
drug, we injected 2 pl of the DAPI solution through inlet 3 to
stain the cell nuclei near the injection site.

We used the digital recording system to record the local
field potential (LFP) and individual neural spike signals from
16 microelectrodes integrated into our chemtrode at a sam-
pling rate of 32 kHz. Individual neural spikes were obtained
by applying a bandpass filter with cutoff frequencies of 300
and 6000 Hz. We performed spike sorting and data analysis
on the recorded data for each microelectrode using our cus-
tom code implemented in MATLAB (MathWorks).

Results and discussion
SHM-integrated chemtrode

Prior to assessing the performance of the SHM, we first mea-
sured the flow rates through our chemtrode integrated with

Lab Chip


http://dx.doi.org/10.1039/c5lc00582e

Published on 20 July 2015. Downloaded by Korea Institute of Science and Technology / KIST on 11/08/2015 09:40:27.

Paper

the 3-inlet SHM by applying the same input pressure at inlets
1 and 2 (P, and P,, see Fig. 1). We applied a lower pressure at
inlet 3 (P;: 40 kPa) to prevent backflows during this charac-
terization. By varying P; and P, from 50 to 200 kPa, we con-
firmed a linear increase in flow rates ranging from 110 to 660
nl min™" (see the ESL} Fig. S3). A potential explanation for
the slight decrease in flow rate at low input pressure (e.g. 50
kPa) is the increased frictional resistance in the micro-
channels (most likely due to the surface roughness of the
silicon-etched microchannels in the chemtrode).”® These flow
rates are suitable for small animal experiments which often
involve delivery of small volumes of chemicals (<2 pl) at low
flow rates. Given that the sum of the input pressures at 3
inlets (i.e. P; + P, + P3) is constant, the overall flow rates of
our system are the same even when we use a different num-
ber of inputs (i.e. 1, 2, and 3) (see the ESL} Fig. S1).

We implemented the SHM between multiple inlets and
the chemtrode to achieve faster mixing of various solutions
through chaotic advection.””*! To evaluate the mixing perfor-
mance, we used two different 2-inlet microfluidic chips with
and without the SHM (Fig. 3(a)). For each 2-inlet microfluidic
chip, we injected deionized (DI) water and a 10 uM fluores-
cein solution as a fluorescent tracer via microchannels and
computed the mixing indices at every 1 mm. As predicted, for
the same applied input pressure, we observed complete
mixing (M < 0.1) after three herringbone half cycles (~approx-
imately 2 mm from the inlets) whereas significantly slow
mixing through only lateral diffusion was observed in the
microchannel without the mixer (Fig. 3(b)-(d)). These results
indicate that despite the relatively small size of our SHM
channel compared to other works,*”*' successful mixing was
achieved. Furthermore, these results suggest that the length
of the microchannel and thus the swept volume can be fur-
ther minimized in a next design by utilizing the SHM.
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Another important performance metric for a mixer with a
multiplexing capability is the swept volume, which is the
total volume of a chemical passing in a microfluidic system.
Since the goal of our direct brain infusion system is to infuse
multiple chemicals at a single implantation, the swept vol-
ume, which is an unnecessary yet inevitable volume infused
during multiplexing, must be minimized. To estimate the
swept volume, we measured the residence time of color inks
as model solutions in our 3-inlet microfluidic chip. Note that
the residence time is defined as the time required to
completely flush out the previously delivered solution.

Green, red, and blue inks were loaded at inlet 1, 2, and 3,
respectively, and inlet 1 was driven first. After confirming
the successful infusion of the green ink at the chemtrode
tip, the red and blue inks were delivered sequentially at
13 and 46 s, respectively, at a flow rate of 170 nl min™'
(Fig. 3(e)). If we define that a drop to 15% of normalized
color intensity indicates complete wash out of the previous
solution, the residence times are estimated to be approxi-
mately 18 and 14 s for changing from green to red and red
to blue, respectively. These measured values agree well with
our estimation for the residence time of ~14 s based on the
total internal volume (~40 nl) of the microfluidic chip and
the flow rate (170 nl min™"). To deliver the next solution at
input concentration to the outlet of our chemtrode, an addi-
tional transition time of ~9 s was required. This transition
time was attributed to dispersion between two distinct solu-
tions along the fluidic path length from the inlets of the
microfluidic chip to the outlet of our chemtrode. This data
indicates that infusion of additional 26 nl was required to
reach the target region when changing drugs. Nevertheless,
the total volume required for the complete input transition
(~66 nl) is smaller than typical volumes infused directly in
brain (~1 pl).
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Fig. 4 In vivo recording results from direct injection of pilocarpine. The inset on the left shows the spatial distribution of the channels (Ch) and
numbering of the microelectrode array. (a) Transient plots of individual neural spikes from Ch 1 over 5 min at different concentrations. ‘Before’
indicates the state when no solution was infused. Raster plots for 25 and 100 mM are shown below the transient plots. (b) Two sorted neural
signals at 25 and 100 mM are shown at a smaller time scale. (c) Normalized firing rates of four sorted neurons at 5 different concentrations of

pilocarpine.
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Fig. 5 In vivo recording results from direct injection of TTX. The inset on the left shows the spatial distribution of the channels (Ch) and
numbering of the microelectrode array. (a) Transient plots of individual neural spikes from Ch 9 over 5 min at different concentrations. ‘Before’
indicates the state when no solution was infused. Raster plots for 0 and 50 nM are shown. (b) Two sorted neural signals at 0 and 50 nM are shown
at a smaller time scale. (c) Normalized firing rates of four sorted neurons at 5 different concentrations of TTX.

In vivo neural modulation through direct brain infusion of
various concentrations of drugs

For both in vivo mice experiments, spontaneous neural activi-
ties were detected on all microelectrodes on the chemtrode
as we lowered the shank of the chemtrode towards the CA1
region in hippocampus using the stereotaxic stage. During
the direct brain infusion, almost no spontaneous neural
activities were detected. One potential explanation for the dis-
appearance of the neural signals is that the infused
chemicals resulted in temporal swelling at the target region
and neurons near the chemtrode consequently receded from
the microelectrode array. After approximately 45 s from the
direct brain infusion, neural spike signals from the same
neurons re-appeared. This reappearance confirmed through
neural sorting indicates that damage due to the infusion was
minimal on the neurons under analysis. Considering this
temporal disappearance and reappearance of the neural
spikes, we recorded the neural signals over a relatively long
period of time (10 min) after the completion of the infusion.
Since the response time of neurons to the injected drugs
appears to be larger than the recovery time of the neural
spike activity, the inability to record the neural activity during
drug injection is not a major concern in our current system.
However, a delivery method that allows simultaneous moni-
toring of neural activities during drug delivery would be
useful.

The last five minutes of the recorded neural spike signals
after the infusion of different concentrations of pilocarpine
showed a continuous increase in the number of neural spike
signals (Fig. 4(a)). As an example, we illustrate the spike sig-
nals from two distinct neurons detected on one of the micro-
electrodes (Ch 1) for two concentrations of pilocarpine
(Fig. 4(b)). For the analysis, we examined the firing rates of
four neurons from two different neural spike signals detected
on two microelectrodes (Ch 1 and Ch 2) (see the ESL;j Fig.
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S4). As expected®®”” the number of detected neural signals

for all four neurons increased as the concentration of pilocar-
pine increased (Fig. 4(c)).

An opposite trend of neural modulation was observed for
the second in vivo experiment (Fig. 5). When infusing various
concentrations of TTX, we observed a decrease in the firing
rates of the four sorted neural spike signals.”® Similar to the
analysis performed on the previous pilocarpine in vivo data,
we estimated the firing rates of two neurons detected on two
microelectrodes (Ch 9 and Ch 10) at five different concentra-
tions (see the ESLf Fig. S5). These in vivo results illustrate
that multi-drug delivery with multiplexing capability was suc-
cessfully implemented in a microfluidic chip with a size com-
parable to that of our previous chemtrode system."' In addi-
tion, since neural probe systems are implanted directly above
mouse heads, the size of the total system is critical for long-

probe
insertion
track

\ infused

DAPI

Fig. 6 Confocal fluorescence micrograph of the brain slice with post-
staining of neurons using NeuN (shown in red). Successful infusion of
DAPI using the chemtrode is shown in green.
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term chronic in vivo experiments. Thus, our chemtrode with
the compact SHM chip is also a promising candidate for
chronic applications, which is part of our future work. Fur-
thermore, these in vivo results demonstrate that our
chemtrode with multi-drug delivery capability would be an
effective tool to study the pharmacokinetics of drugs and to
investigate the fundamental mechanisms behind brain disor-
ders by modulating neural circuits by delivering neurotrans-
mitters through a single implant.

We also performed immunohistology on the brain of the
sacrificed mouse to confirm the infused areas of the DAPI
solution near the CA1 region (Fig. 6). A representative confo-
cal fluorescence micrograph of brain slices reveals that we
targeted our chemtrode correctly in the CA1 region. In addi-
tion, cell nuclei, stained by DAPI in situ (dotted region in
Fig. 6), clearly indicate the spread of directly infused solu-
tions at the target region. (Note that we post-stained neurons
on the brain slice with a neuronal biomarker, NeuN.)

Conclusions

We proposed and presented a chemtrode with multi-drug
capability by using a SHM in a 3-inlet microfluidic chip as a
microfluidic interface for the chemtrode. Our SHM allows for
rapid mixing of drugs in a small microfluidic chip that is
integrated into the chemtrode body. In addition, by offering
multiplexing capability and controllability of drug concentra-
tions with a low swept volume for direct brain infusion, our
chemtrode enables new designs of in vivo experiments not
only to elucidate the brain circuitry more effectively, but also
to reduce the number of required animals to study the phar-
macokinetics of drugs by allowing the modulation of doses
(i.e. concentration) in situ.
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