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Abstract

A multifunctional chemical neural probe fabrication process exploiting PDMS thin-film transfer to 

incorporate a microfluidic channel onto a silicon-based microelectrode array (MEA) platform, and 

enzyme microstamping to provide multi-analyte detection is described. The Si/PDMS hybrid 

chemtrode, modified with a nano-based on-probe IrOx reference electrode, was validated in brain 

phantoms and in rat brain.
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PDMS thin-film transfer and enzyme microstamping enabled 3-in-1 Si/PDMS hybrid chemtrode 

for multi-analyte sensing and chemical Delivery in vivo

Implantable neural microprobes are widely used in neuroscience studies for chemical and 

electrophysiological recordings of neural activities in deep brain regions.1–5 The probes are 

often used in conjunction with local chemical delivery systems to manipulate neural circuits. 

Conventionally, in order to achieve simultaneous electrochemical recording of multiple 

analytes (e.g., dopamine, glutamate, and acetylcholine), which work together to control 

complex behaviors, and chemical modulation, multiple implants are required, including (1) 

multiple electrochemical sensors for different analytes; (2) counter electrode (CE) and 

reference electrode (RE), or RE also acting as CE; and (3) an independent microinjector 

separated from or glued manually onto the shank of the sensing electrodes6–8 for chemical 

delivery (Figure 1a, left). Such an approach requires prolonged surgical implantation 

procedures and results in significant damage to the brain. Moreover, the relative distance 

between separated chemical delivery devices, sensing electrodes, and RE can be hard to 

control, hampering experimental reproducibility and introducing variability in baseline 

noise9. Therefore, the development of a multifunctional probe that integrates these 

individual components into a single implantable device is highly desirable (Figure 1a, right).

To this end, advances in MEMS technology have been harnessed to create silicon 

microelectrode array (MEA) microprobes with integrated microfluidic channels on the same 

shank using bulk or surface micromachining10. Compared to conventional approaches such 

as gluing glass pipettes to the probes, sophisticated microfluidic functions such as multi-

channel delivery and on-probe mixing can be achieved with minimal increase in probe 

dimension11, 12. In bulk micromachining, the channel is formed by etching the silicon 

substrate, which is sealed by either depositing materials isotropically, such as by plasma 

enhanced chemical vapor deposition (PECVD) of silicon dioxide13, 14, or by wafer 

bonding11, 15. In surface micromachining, the channel is formed by removal of sacrificial 

film deposited on top of the silicon substrate16, 17. Such silicon-based chemtrodes are batch 

fabricated with high precision; however, the process for fabricating the microfluidic channels 

requires multiple additional MEMS fabrication steps such as wafer bonding, polishing, film 

deposition and etching, which is often complicated, costly and may not be readily 

accessible.

Here, we describe the development of a customized PDMS thin-film transfer process based 

on soft lithography that enables integration of microfluidic channels on silicon microprobes. 

In this highly flexible process, free-standing ultra-thin PDMS microfluidic channels can be 

fabricated in batch mode5, 18 with minimal increase in dimensions, or can be used to modify 

pre-fabricated MEAs since PDMS channels are transferred as the last step of the process. It 

is very convenient and cost-effective for building prototypes to iterate microfluidic channel 

design or to validate other functionalities on the probe (biosensing in this work) without 
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designing and fabricating a new batch of MEAs each time. Second, we incorporated a 

platinum (Pt) nanoparticle-modified IrOx reference electrode, replacing the conventional 

unstable Ag/AgCl film, by electrodeposition on the microprobe as previously 

described3, 5, 9. Finally, we adapted our recently developed PDMS microstamping 

technique19, 20 to selectively transfer glutamate and choline oxidases onto individual 

electrodes of the MEA, thereby demonstrating the potential for manipulation and detection 

of multiple non-electroactive analytes, in this case of glutamate and of choline, a metabolite 

of acetylcholine, with a single implantable device. This results in a 3-in-1 multifunctional 

neural probe that integrates multi-analyte sensing, on-probe reference electrode and local 

chemical delivery.

Results and Discussion

The fabrication procedure was optimized to be compatible with our existing silicon-based 

neural probe design (150 μm thick, 144 μm width, and 9 mm long)3, 21. Here, for proof of 

concept, a chemtrode is demonstrated (Figure 1b-e) incorporating a Pt microelectrode array 

(2 × 2) at the tip, which consists of a nano-based IrOx reference electrode, a glutamate 

sensing electrode, a choline sensing electrode, a control electrode, and a back-sided 

microfluidic channel. The fabrication process (Figure 2a) is described in the Supplementary 

Information in detail and can be summarized as (1) integration of an ultra-thin, free-standing 

microfluidic channel via a customized PDMS thin-film transfer process (Figure 2a i-ii), (2) 

construction of a nano-based IrOx reference microelectrode via electrodeposition (Figure 2a 

iii-v); (3) deposition of enzyme mixture onto two closely juxtaposed permselective 

membrane-modified working electrodes for the detection of glutamate and choline via 
PDMS microstamping (Figure 2a vi, Supplementary Figures S1-S4).

In our thin-film transfer process, it is important to keep the top surface of the mold flat. To 

this end, we fabricated the mold from a polished flat top silicon wafer. Through two steps of 

time-controlled DRIE etching, a silicon mold with two different depths is formed to enable 

the transfer of free-standing ultra-thin PDMS channels in one step (Figure 2b). Specifically, 

one layer of PDMS thin-film with channel, cured against the silicon mold with two different 

depths, was transferred directly to the back side of the probe SiO2 surface by oxygen plasma 

bonding to form an enclosed channel, with the silicon probe itself as the channel bottom 

surface and PDMS as the cover. To avoid probe fracture during the transfer process, silicon 

probes were temporarily fixed on a glass slide with photoresist (PR, AZ 5214/non-exposed 

SU-8), which was subsequently dissolved in acetone. Thanks to the rigid glass backing used 

to pick up the PDMS, the features are dimensionally stable. An alignment accuracy of < 5 

μm can be achieved using a contact mask aligner (Neutronix Quintel 7000). This produced a 

PDMS microfluidic channel, with a length of 9 mm, a total thickness of 15 μm, and a 

channel dimension of 10 × 20 μm (thickness × width) that enables precise chemical delivery 

at flow rates ranging from 0.25 to 1.75 μL/min with pumping pressure from 5 to 20 psi. The 

tested flow rates are similar to other chemtrodes10. While higher flow rates could be 

achieved by increasing the pumping pressure up to 60 psi without PDMS delamination, such 

high rates increase the risk of tissue deformation and liquid backflow along the probe shank. 

A 40 μm-diameter fluid outlet (Figure 2c), formed in the same molding process, was placed 

on top of the PDMS membrane such that fluid is ejected perpendicular to the probe surface 
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instead of towards the probe tip to avoid channel occlusion22 during the probe insertion 

process. Local injection of chemical solution (Figure 2d) with nanoliter precision can be 

controlled by the pumping pressure and duration. Flow rates were measured in triplicate at 4 

different pumping pressures (5–20 psi) to demonstrate the expected linear relationship 

between pressure and flow rate (R2 = 0.996) and low variability across replicate measures 

(Figure 2e).

In this proof of concept design, the microfluidic channel is integrated onto the back side of 

the existing Si probe. The ejected chemicals diffuse from the fluid outlet to the sensors on 

the front, separated by the thickness of the probe (150 μm). The advantage of this approach 

is that the sensors are less impacted by dilution effects than they would otherwise be if the 

fluid outlet was on the front of the probe. Nevertheless, the current setup may not be suitable 

for certain applications where a more localized delivery in the immediate vicinity of the 

electrodes is desired. In such cases, fluidic outlets can be easily fabricated on the front by 

either (1) transferring PDMS channels to the probe front after allocating sufficient space for 

the fluidic interface; or (2) creating vias in the probe shank to connect the fluidic channels 

on the back. Further, more sophisticated PDMS structures, with multi-channels or multi-

shanks, can be molded and transferred to the corresponding Si probes in one step5, 18. Our 

prior work has demonstrated that PDMS channels with a spacing of 20 μm can be achieved 

providing stable, leak-free operation at 60 psi23, such that it should be possible to 

accommodate 3 microfluidic channels on the current platform. In addition, the thickness of 

the probe can be further reduced simply by starting with a thinner silicon substrate without 

changing the fabrication process - silicon probes with 50 μm thickness have been fabricated 

in our lab. We do not anticipate problems with probe fracture during the transfer process 

since the probes are temporarily fixed to a glass substrate using photoresist. Further, we do 

not expect the long-term stability of the probes to be impacted by addition of the ultra-thin 

(15 μm) PDMS channel due to its extremely low stiffness (1 MPa vs. 100 GPa, PDMS vs. 
Si).

To construct an on-probe reference electrode, one microelectrode of the MEA was first 

deposited with Pt nanoparticles (PtNP) to enhance the surface area using a previously 

described non-cytotoxic electrodeposition procedure3, 24, 25, followed by IrOx 

electrodeposition (0.0 – 0.6 V, 100 cycles). A typical cyclic voltammogram of IrOx 

electrodeposition on a PtNP/Pt microelectrode is shown in Supplementary Figure. S6). The 

IrOx film has been shown to be mechanically stable and biocompatible26–29. Although the 

potential of IrOx film shows strong pH dependence, the small dynamic range of normal 

brain pH (7.15–7.4) makes this issue unimportant in most cases30. Recently, we9 and 

others30–32 validated that the open circuit potential of the IrOx film remained stable over a 

two-week period. Although electrophysiological recording and electrical stimulation with 

IrOx electrode were not performed in this study, the impedance of the nano-based IrOx 

electrodes, 4.48 ± 0.25 kΩ (n = 5) at 1 kHz, was found to be significantly lower than 

unmodified Pt microelectrodes (~20 kΩ at 1 kHz)5. After the deposition of the Nafion layer, 

the impedance of the IrOx electrode increased to 15.21 ± 1.18 kΩ (n = 5) at 1 kHz. Here, the 

performance of the IrOx, as a reference electrode (RE), was verified by amperometric 

detection of H2O2, which is the byproduct of the oxidase-based enzymatic reactions, at Pt 

microelectrodes (0.6 V vs. IrOx), employing H2O2 concentration step changes (0 – 80 μM; 
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Sensitivity: 2516.1 ± 20.1 μA•mM−1•cm−2; Limit of Detection: 0.13 ± 0.01 μM), showing 

high stability and repeatability (Figure 3a). The nano-based IrOx RE was further tested in 

the context of glucose sensors, where crosslinked enzyme layers were applied on top of 

permselective membrane (poly-m-phenylenediamine (PPD) and Nafion)-modified Pt 

electrodes (See Supplementary Materials for details of permselective layer and enzyme 

deposition). The deposited PPD and Nafion layers acted as size and charge exclusion 

membranes, allowing hydrogen peroxide molecules to pass through to the Pt electrode 

surface but excluding common interferents (e.g., negatively-charged ascorbic acid (AA) and 

positively-charged dopamine (DA)) present in the brain extracellular fluid.18, 20, 33 The 

performance of a representative glucose sensor in stirred phosphate-buffered saline (PBS) 

solution is shown in Figure 3b showing a linear concentration-response from 0–360 uM 

glucose and response time of ~2 s. Further data from multiple probes is provided in 

Supplementary Figure S5 demonstrating a sensitivity of 52.2 ± 5.5 μA•mM−1•cm−2 and a 

calculated detection limit of 1.5 ± 0.8 μM (n = 6). Selectivity is demonstrated by the lack of 

response to the physiological interferents, AA and DA, at physiologically relevant 

concentrations34, 35 (Figure 3c).

To achieve simultaneous sensing of more than one non-electroactive analyte, PDMS 

stamping11, 12 was adapted to selectively and sequentially transfer each of the two different 

enzyme/BSA mixtures - glutamate oxidase/BSA and choline oxidase/BSA - onto two 

distinct, juxtaposed microelectrodes (~100 μm separation, Figure 3d) previously coated with 

permselective layers as described in Supplementary Materials, followed by crosslinking via 

glutaraldehyde vapor (see Supplementary Materials for full details of the stamping 

procedure and Figures S1-S4). For dual sensing, one of the 4 microelectrodes remained free 

of enzyme and served as a control electrode, and another (top left) was converted to an on-

probe reference electrode as described above. A schematic of the various permselective and 

enzyme layers of the constructed dual sensor and the sensing mechanism is shown in Figure 

3e. The choline and glutamate sensors were first characterized in stirred PBS solution, 

separately (i.e. on probes with only one of the two enzymes applied, see Supplementary 

Materials for methods). Figure 3f and 3g show linear responses of representative electrodes 

to serial additions of choline and glutamate, respectively, each with a response time of ~2 s. 

Sensitivities for choline and glutamate of 74.8 ± 4 μA•mM−1•cm−2 (n = 4) and 84.7 ± 15 

μA•mM−1•cm−2 (n = 3), were obtained with calculated detection limits of 4.1 ± 1.4 μM and 

3.8 ± 1.9 μM, respectively (Supplementary Figure S5). Subsequently, the performance of the 

dual sensor platform was assessed and shown to display zero crosstalk among glutamate, 

choline and control sites at the concentrations tested, and to exclude interfering species 

(Figure 3h).

The integrated functions of electrochemical sensing and chemical delivery were initially 

tested in brain phantoms (0.6% w/v agarose in artificial cerebrospinal fluid, aCSF). Figure 

4a shows the reproducibility of glucose detection following repeated local injection of a 

glucose solution (800 μM in aCSF) at 20 psi for pumping durations of 2 s and 0.2 s. 

Selectivity of glutamate and choline detection by the dual sensor is shown in Figure 4b. (See 

Supplementary Materials for further methodological details).
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Validation of the integrated microbiosensor/chemical delivery platform in vivo was 

conducted with microprobes acutely inserted into the dorsal striatum of the rat brain. Figure 

4c shows glucose detection following repeated local injection of 4 mM glucose at 20 psi 

with increasing injection durations. The more transient nature of the signals compared to 

injections into brain phantoms is likely due to active uptake of glucose. Interestingly, the 

amplitude of the signal reached a plateau at an injection duration of 1.2 s, but the area under 

the curve continued to increase. This may be due to acute activation of glucose transport, a 

possibility supported by the overshooting below baseline after injection, but this requires 

further investigation. Preliminary validation of the glutamate/choline dual sensor is shown in 

Figure 4d demonstrating detection of both glutamate and choline following injections of a 

mixture of the two compounds. The need for higher concentrations of analytes when 

delivered to live brain tissue compared to static agar phantoms is likely due to the presence 

of both active cellular uptake mechanisms and diffusion into circulating blood in the former 

condition, reducing the concentration attained at the electrode surface. We observed the 

same phenomenon in our previous studies5. Post-calibration of the sensors upon removal 

from the brain demonstrated a less than 20% reduction in signal amplitude for the three 

analytes, compared with pre-calibration data. Such decreases are commonly reported for all 

types of implantable electrochemical sensors and is attributed to biofouling (e.g., protein 

aggregation on the sensor surface). The shelf life of the fabricated sensors is limited by the 

stability of both the on-probe IrOx reference electrode and enzymes on the electrode 

surfaces. For the IrOx reference electrode, we9 previously demonstrated that the 

performance was stable for at least 2 weeks and preferred to use them within a day or two of 

their preparation. Similarly, we have not tested the probes beyond two weeks in vivo. The 

long-term stability and biocompatibility of the sensors will be a subject for future 

investigation and may include incorporation of anti-fouling biopolymers such as 2-

methacryloyloxethylphosporylcholine (MPC)36–38.

Conclusion

We present an approach to the fabrication of multi-functional neural microprobes using a 

novel PDMS thin-film transfer process to transfer microfluidic channels to silicon-based 

neural probes. Incorporation of PDMS enzyme stamping and an integrated on-probe 

reference electrode permits simultaneous detection of multiple analytes together with local 

delivery of agents that can both validate biosensor function and manipulate neuronal activity. 

Although a single microfluidic channel was employed here, the approach can be readily 

scaled up with additional channels for multiple chemical delivery. The integration of these 

multiple functions on a single platform removes the need for implanting multiple probes, 

with the dual benefits of reducing brain damage and surgical complexity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Schematic diagram showing conventional chemical sensing and agent delivery system vs. 
our single multifunctional neural probe. (b-e) Conceptual diagram of the proposed multi-

functional neural probe with chemical delivery and multi-sensing capabilities. (b) Front side 

of the microprobe; (c) Back side of the microprobe; (d) Chemtrode shank tip (front side) 

showing the functionalized microelectrode array; (e) Microprobe shank tip (back side) 

showing the outlet of the microfluidic channel.
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Figure 2. 
a) Multi-functional neural probe fabrication process. i) An exploded-view drawing of the 

microfluidic channel on the back of the microprobe; ii) Back side of the microprobe; iii) 

Front side of the microprobe; iv) Microprobe shank tip showing Pt microelectrode array 

(Yellow); v) Reference electrode (Black) and permselective membrane coating (Light Blue); 

vi) PDMS stamping to transfer two different enzymes to designated microelectrodes (Red 

and Green). b) Customized thin-film transfer process for microfluidic channel fabrication. c) 

Optical image showing the outlet of the microfluidic channel at the back of the probe tip. d) 
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Optical image showing the delivery of dye solution to the outlet of the microfluidic channel 

at the back of the probe tip. e) Demonstration of a linear relationship between flow rate and 

pumping pressure (R2 = 0.996) and high repeatability of the measure (n = 3 per pressure 

point for a representative microprobe). Error bar: standard error.
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Figure 3. 
a) A representative current-time response of the microelectrode array to increasing 

concentrations of H2O2 with IrOx as an on-probe reference electrode (0.6 V vs. IrOx). 

Insert: plot of current vs. H2O2 concentration. b) A representative current-time response of 

the microelectrode array to increasing concentrations of glucose with IrOx as an on-probe 

reference electrode (0.6 V vs. IrOx). Insert: plot of current vs. glucose concentration. c) A 

representative current-time response to glucose and electroactive interferents. The sensor 

response at a constant potential of 0.6 V (vs. IrOx) was monitored upon sequential injections 

to give 250 μM AA, 5 μM DA, 160 μM glucose, and 320 μM glucose. d) Schematics of a 

microelectrode array showing the location of the IrOx reference electrode, control electrode, 

and enzyme stamped glutamate and choline sensors. e) Schematic of the final dual 

glutamate/choline sensor configuration. f) A representative current-time response of a 

choline oxidase-stamped electrode (of an MEA limited to such coated electrodes) to 

increasing concentrations of choline (0.6 V vs. IrOx). Insert: plot of current vs. choline 

concentration. g) A representative current-time response of a glutamate oxidase-stamped 

electrode (of an MEA limited to such coated electrodes) to increasing concentrations of 

glutamate (0.6 V vs. IrOx). Insert: plot of current vs. glutamate concentration. h) Combined 
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sensing of glutamate and choline on a representative MEA at a constant potential of 0.6 V 

(vs. Ag/AgCl). The individual sensor responses of the MEA were monitored upon sequential 

injections to give stepwise final concentrations as follows: 60 μM choline, 120 μM 

choline,180 μM choline (blue), 180 μM choline/60 μM glutamate, 180 μM choline/120 μM 

glutamate, 180 μM choline/180 μM glutamate (pink), 180 μM choline/180 μM 

glutamate/250 μM AA (purple), 180 μM choline/180 μM glutamate/250 μM AA/5 μM DA 

(yellow), and 180 μM choline/180 μM glutamate/250 μM AA/5 μM DA/20 μM H2O2 (grey).
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Figure 4. 
Sensor validation in brain phantoms and in vivo. a) In vitro testing of 800 μM glucose 

injection and detection in 0.6% agarose gel. The slow decrease in the glucose concentration 

is due to pure diffusion in this un-mixed medium. Pumping pressure: 20 psi. Insert: Optical 

image demonstrating delivery of liquid (aqueous solution with red dye) into a brain phantom 

(0.6% agarose gel). b) Selectivity of glutamate (Glut) and choline (Ch) dual sensor. From 

left to right: local injection of choline or glutamate alone (800 μM in aCSF) and a choline/

glutamate mixture (800 μM in aCSF). Pumping pressure: 10 psi. c) In vivo glucose (4 mM) 

injection and sensing in rat striatum. Injection pressure was kept at 20 psi with increasing 

injection duration. d) Dual detection of glutamate and choline in rat striatum following 

injection of a choline/glutamate mixture in aCSF (50 mM for each analyte). Pumping 

pressure 20 psi.
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