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Microcontact Printing of Choline Oxidase using a Polycation-
Functionalized Zwitterionic Polymer as Enzyme Immobilization
Matrix

Ming Zhao™#,

Yan Cao¥,

l-wen Huang#,

Harold G. Monbouquette

Chemical and Biomolecular Engineering Department, University of California, Los Angeles, Los
Angeles, CA 90095, USA.

Abstract

Highly sensitive and selective choline microbiosensors were constructed by microcontact printing
(LCP) of choline oxidase (ChOXx) in a crosslinked, polyamine-functionalized zwitterionic polymer
matrix on microelectrode arrays (MEAS). UCP has emerged as a potential means to create
implantable, multiplexed sensor microprobes, which requires the targeted deposition of different
sensor materials to specific microelectrode sites on a MEA. However, the less than sufficient
enzyme loading and inadequate spatial resolution achieved with current uCP approaches has
limited adoption of the method for electroenzymatic microsensors. A novel polymer, poly(2-
methacryloyloxyethyl phosphorylcholine)-g-poly(allylamine hydrochloride) (PMPC-g-PAH), has
been developed to address this challenge. PMPC-g-PAH contributes to a higher viscosity

“ink” that enables thicker immobilized ChOx deposits of high spatial resolution while also
providing a hydrophilic, biocompatible microenvironment for the enzyme. Electroenzymatic
choline microbiosensors with sensitivity of 639 + 96 nA uM~1 cm=2 (pH 7.4; n= 4) were
constructed that also are selective against both ascorbic acid and dopamine, which are potential
electroactive interfering compounds in the mammalian brain. The high sensitivities achieved can
lead to smaller MEA microprobes that minimize tissue damage and make possible the monitoring
of multiple neurochemicals simultaneously 77 vivo with high spatial resolution.
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Microcontact printing of choline oxidase on an implantable, microelectrode array probe using an
“ink” based on the novel polymer, PMPC-g-PAH, to create high-performance choline biosensors

Introduction

The capability to monitor simultaneously multiple neurochemicals /77 vivo in near-real-time
with high selectivity and spatial resolution has triggered interest from neuroscientists, as
behaviors and physiological disorders are controlled by neuronal networks influenced by the
complex interplay among various neurotransmitters.l: 2 While conventional microdialysis
enables the monitoring of multiple analytes simultaneously and has provided important
insight into the regulation of neurotransmissions, this technique is constrained by its
generally low temporal resolution in the range of minutes.3-% In contrast, electrochemical
techniques based on implantable microprobes with an array of electroenzymatic sensing
sites offers a means for multianalyte sensing at high temporal as well as spatial resolution
and has developed rapidly into a robust analytical technique for neurotransmitters over the
past few years.”~11 Electroenzymatic sensors typically rely on specific oxidase enzymes

to catalyze oxidations of the target analyte to produce hydrogen peroxide (Ho05) that is
oxidized or reduced at an underlying electrode at moderate potential to give a current signal.
Development of microelectrode array (MEA) microprobes for multiple neurotransmitter
detection consequently requires a method to selectively deposit multiple different enzymes
onto specific microelectrode sites of a MEA microprobe.

Enzyme deposition and immobilization on microelectrode surfaces is achieved most
commonly by manually loading a mixture of enzyme, bovine serum albumin (BSA), and
glutaraldehyde (GAH) as crosslinker on the electrode surface.11-13 However, the manual
approach becomes problematic when the MEA feature size is in the micrometer range.

In previous work, we demonstrated the use of microcontact printing (UCP) for creation

of multianalyte sensing microprobes by patterning two different enzyme/BSA mixtures
onto selected, distinct sites on a MEA and subsequent crosslinking with GAH vapor.14: 15
Although this accomplishment demonstrates the potential of MEAs for recordings of
multiple neurochemicals simultaneously /n vivo with high spatiotemporal resolution, the
use of enzyme/BSA mixtures in agueous solution as the “ink” has important disadvantages.
Since the BSA protein behaves as a globular particle in solution that contributes little to
the viscosity of the “ink”, imprinted enzyme patterns tend to be so thin that low sensitivity
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results or problematic surface spreading and low spatial-resolution deposits occur when
higher enzyme loading is attempted. For the application described in this work, excessive
spreading of “ink” deposits is highly undesirable as it can lead to contamination of adjacent
microelectrodes less than 100 um away resulting in sensor crosstalk. As these problems

are inherently related to ink properties, there has been a need for a new formulation that
provides high adhesion to substrate and stronger intermolecular forces for higher viscosity,
yet surface functionality similar to BSA to enable enzyme immobilization through covalent
crosslinking.

While great strides have been made in modifying “ink” properties to achieve high

resolution patterns, the focus has been on creating very thinly layered patterns of

molecules, including proteins, on substrates via microstamping.16-18 In this report, we
describe design of a novel graft polymer, poly(2-methacryloyloxyethyl phosphorylcholine)-
g-poly(allylamine hydrochloride) (PMPC-g-PAH) (Fig. 1), which serves as an alternative
enzyme immobilization matrix to BSA that enhances the capability and efficiency of
enzyme transfer to microelectrode surfaces via uCP. The zwitterionic polyphosphorylcholine
moieties of the graft polymer, MPC, serve to enhance surface hydrophilicity and
biocompatibility,1%: 20 while the free amine groups of the PAH backbone provide functional
groups for crosslinking with GAH vapor thereby entrapping enzyme on the microelectrode
surface. The polymer itself provides the added benefit of increased solution viscosity so as
to curtail undesirable ink spreading beyond the microelectrode targeted with the microstamp.
The minimization of ink surface spreading also enables longer stamp alignment times and
enhanced control of enzyme loading for better sensor performance, while the PMPC-g-PAH
polymer also minimizes the immune response thereby potentially improving long-term
stability in vivo.2!

Experimental

Materials

Nafion (5 wt% in lower aliphatic alcohols and 15-20% water), m-phenylenediamine

(PD), BSA lyophilized powder, choline oxidase (ChOx) from Alcaligenes sp.,

choline chloride (Ch), L-ascorbic acid (AA), 3-hydroxytyramine (dopamine, DA),

chitosan (from crab shells, minimum 85% deacetylated), GAH (25% in water),

sodium phosphate dibasic, sodium chloride, hydrochloric acid (HCI, 36.5-38%), H,O»

(30 wt% aqueous solution), polyallylamine hydrochloride (PAH, MW 17,500), 2-
methacryloyloxyethyl phosphorylcholine (MPC), dimethyl sulfoxide (DMSQO), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid, and poly(A-(3-aminopropyl)methacrylamide)
were purchased from Sigma-Aldrich (St. Louis, MO). 1-Ethyl-3-(-3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), A-hydroxysuccinimide (NHS), 2,2’-azobis[2-(2-
imidazolin-2-yl)propane] dihydrochloride (\VA-044), and isopropyl alcohol (IPA) were
purchased from Thermo Fisher Scientific (Waltham, MA). Solvents were used as received.
Ag/AgCI glass-bodied reference electrodes with NaCl electrolyte (3M) and 0.5-mm-
diameter platinum (Pt) wire auxiliary electrodes were obtained from BASi (West Lafayette,
IN). Sodium phosphate buffer (PBS, pH 7.4) used for sensor calibration was composed

of 50 mM sodium phosphate dibasic and 100 mM sodium chloride. Four-inch silicon
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(Si) wafers (p-type boron doped; thickness 150 pum) were purchased from Silicon Valley
Microelectronics (Santa Clara, CA). SU-8 2075 and SU-8 developer were obtained from
MicroChem (Westborough, MA). The Sylgard® 184 silicone elastomer kit was purchased
from Dow Corning (Auburn, MI).

Instrumentation

Electrochemical preparations and /7 vitro calibrations were performed using a \Versatile
Multichannel Potentiostat (VMP3, Bio-Logic) equipped with the ‘p’ low-current option and
low-current N stat box. A standard three-electrode system consisting of a separate Pt-wire

as counter electrode, a separate Ag/AgCl reference electrode and modified Pt microelectrode
sites on our MEA microprobe as the working electrodes was used in a Faraday cage. The
film thicknesses on microelectrodes were measured using a SEM (Nova 600 SEM/FIB
system).

Synthesis of PMPC conjugated PAH via RAFT polymerization (PMPC-g-PAH)

The PAH macroCTA was synthesized by conjugating the chain transfer agent (CTA) to the
amino groups of PAH. Briefly, 3 mg of 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid
was dissolved in 400 uL. DMSO. The DMSO solution was mixed with 10.5 mg EDC and
2.5mg NHS in 50 pL 2-(A-morpholino)ethanesulfonic acid (MES) buffer (pH 5.0), followed
by incubation at 4 °C for 1 h. Next, 20 mg of PAH in 100 uL of MES buffer was added.

The mixture was stirred at room temperature for 24 h. Afterwards, the reaction mixture was
dialyzed against acetate buffer (pH 5.0) for 4 h to remove EDC, NHS, DMSO and unreacted
CTA. The conjugation ratio was determined from UV-vis spectra. The final product was
obtained by freeze-drying as a pink solid.

The PMPC-g-PAH graft polymer was synthesized via reversible addition-fragmentation
chain-transfer (RAFT) polymerization (Fig. 1). First, 10 mg of PAH macroCTA (0.0054
mmol), 80 mg MPC (0.27 mmol), and 8.7 mg VA-044 (0.027 mmol) were dissolved in 500
uL of acetate buffer at pH 5.0 and added to a Schlenk flask. The mixture was deoxygenated
through three, freeze-pump-thaw processes. Next, the flask was placed in a water bath

at 25 °C and stirred for 6 h. The polymerization was stopped by immersing the flask in
liquid nitrogen. Finally, the reaction solution was dialyzed against DI water to remove the
unreacted initiator and monomer. The final product was obtained by freeze drying. The
successful synthesis of PMPC-g-PAH was verified from the HINMR spectrum (Fig. 2),
which showed each side chain contains about 50 MPC units per pendant PMPC chain and
the average molecular weight was approximately 16.6K per polymer chain.

Fabrication of mold and polydimethylsiloxane (PDMS) stamps

SU-8 2075 was spin-coated at 2000 rpm for 30 seconds on a four-inch Si wafer to give a
~100 um thick layer. Next soft bakes were conducted at 65 °C for 5 min and then at 95

°C for 40 min followed by 27 s of UV exposure using a Karl Suss MAG contact aligner
with 8 mJ/cm? sec setting through a chromium mask for microstamp mold patterning (total
exposure 216 mJ/cm? at 365 nm). After UV exposure, the spin-coated SU-8 layer was
baked once again at 65 °C for 5 min and then at 95 °C for 10 min. The mold pattern was
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developed in SU-8 developer for 20 min, followed by IPA cleaning and drying in air at room
temperature.

PDMS microstamps were fabricated using the Sylgard® 184 silicone elastomer kit. Six
grams of monomer were mixed with 0.6 g of curing agent (10: 1; monomer: curing agent)
and then centrifuged at 15,000 rpm for 5 min to remove air bubbles and degassed under
vacuum. After pouring into the SU-8 mold, the PDMS was degassed under vacuum to
remove any remaining air bubbles followed by curing at 60 °C for 4 h. The molded PDMS
subsequently was detached from the SU-8 mold and cut into 1 cm x 1 cm pieces. The size
of the microstamp surface (50 um x 160 um) was designed to be slightly larger than the size
of a microelectrode to ensure complete coverage. The PDMS stamps were cleaned in 7.5%
H»0, and sonicated before each use.

Sensor preparation

The silicon-based MEA probes were manufactured from 4-in, 150-um-thick Si wafers in-
house using previously described microelectromechanical system (MEMS) techniques.11
The processes included the physical vapor deposition of Pt as electrode material, and the
chemical vapor deposition of silicon oxide/nitride as insulation. Shaping was done by deep
reactive ion etching from the front side. Each probe was 150 pm thick, 140 pm wide and

9 mm long, with four Pt recording sites (40 um x 150 um) at the tip arranged in pairs
separated by 40 um (Fig. 3).

The choline sensor design is shown in Fig. 4. A polyphenylenediamine (PPD) film first
was electrodeposited on the Pt microelectrodes from a 5 mM PD solution in PBS (0.1 M)
by holding the voltage constant at 0.85 V vs. Ag/AgCI for 20 mins. Afterward, a Nafion
layer was dip-coated from a 2% Nafion solution (diluted from stock with 4:1 IPA:water and
annealed at 115 °C for 20 min). Next, a 0.1% wi/v aqueous chitosan solution for subsequent
chitosan deposition was prepared by mixing chitosan into water and adjusting the pH to

3 using HCI (0.1 M) followed by stirring for over 48 h to ensure complete dissolution of
chitosan flakes. Subsequently, the solution was filtered using a 0.2 um syringe filter, and the
pH was adjusted to 5 with NaOH solution (0.5 M). The MEA probe coated with PPD and
Nafion then was immersed in the aqueous chitosan preparation, and a constant potential of
-0.7 V vs. Ag/AgCl was applied at the Pt microelectrode surfaces for 1 min, and repeated
twice more for 1 min each, to electrodeposit the chitosan film.22: 23

The enzyme “ink” was prepared by mixing 4 uL ChOx (0.5 U/uL) with either 1 uL PMPC-
g-PAH polymer solution (20 mg/ml) or 2 pL BSA solution (60 mg/ml). A droplet (~3 uL) of
the prepared enzyme “ink” was deposited on the PDMS microstamp and after ~20 mins in
air at room temperature, the inked stamp was aligned carefully to the target microelectrode
surface under a microscope fitted with a custom-built, manually adjustable stage to position
the stamp.14 (Note that a substantially longer drying time may be necessary in a very humid
environment, while a shorter drying time may be appropriate at very low ambient humidity.)
Deposition on the desired microelectrode surface was performed by adjusting the stage to
achieve gentle contact of the PDMS stamp coated with viscous enzyme “ink” with the
electrode surface for a few seconds. A wet enzyme layer remained after removal of the
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PDMS stamp as illustrated in Fig. 5.14 Finally, the printed enzyme layer was exposed to
vapor from a 5% GAH aqueous solution for 1 min to effect crosslinking.

Sensor calibration

Constant potential amperometric measurements were conducted in stirred PBS buffer at 0.7
V vs. Ag/AgCl and ambient temperature. The sensors were permitted to equilibrate in PBS
buffer for approximately 30 mins before adding analytes. Solutions of AA, DA, Ch or H,0,
were added individually to the stirred buffer solution to give final concentrations of 250 pM
AA, 10 uM DA, 20-60 pM Ch and 20 pM H»O, to assess sensitivity and selectivity. The
sensitivity was calculated from the slope of the linear portion of the calibration curve divided
by the area of the electrode.

Results and discussion

BSA-ChOx ink

Unlike many applications of uCP for deposition of monolayer-thick patterns of protein,

the goal here was to deposit a ~4-5-um-thick film corresponding to many equivalent
enzyme layers on a well-defined microelectrode substrate in order to give optimal sensor
performance.?* The printing of a thick pattern with micron-scale, lateral spatial resolution
is challenging; as it requires a good combination of surface wettability of the ink and ink
viscosity (Fig. 6), since the chitosan film on the microelectrodes presents a hydrophilic
surface for a water-based ink to wet and spread. If a conventional enzyme ink composed of
ChOx and BSA in water is permitted to dry for ~35-45 mins on the PDMS stamp before
transfer in an effort to increase ink viscosity and reduce spread, the resulting pattern was
limited to the microelectrode surface but was too thin (in the few hundred nm range) and
showed incomplete coverage (Fig. 6a). In contrast, if the ChOx/BSA ink is permitted to
dry <10 mins on the PDMS surface before stamping, this wet ink also was not preferred

as it spread laterally, well beyond the edges of the microelectrode (Fig. 6b). Adequate
spatial resolution was achieved after pre-drying the ink on the stamp for 15-20 mins,
which presumably resulted in an ink state with sufficiently reduced water content (Fig.

6¢). However, the deposit was only 2-um-thick, which is less than half optimal. In our
prior work with the BSA-based ink, at least two stamping cycles were required to obtain

a high performance choline sensor.14 Also, subsequent unacceptable surface spreading was
observed during the crosslinking step with humid GAH vapor (Fig. 7). It was hypothesized
that these problems were related to the inherent ink properties, as both BSA and ChOx
behave as globular particles that provide relatively weak intermolecular forces within the
ink thereby resulting in ink viscosity that is too low to control spreading on a chitosan-
coated microelectrode surface. Finally, the narrow drying time window during which nearly
acceptable stamping can be achieved made manual alignment of the microstamp and

the targeted microelectrode a challenging process. These issues prompted formulation of
alternative ChOx-containing inks that could be used to deposit sufficiently thick enzyme
layers with good spatial resolution that also could be crosslinked effectively.
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PMPC-g-PAH-ChOX ink

It is known that the physical properties of the polymer incorporated in enzyme ink are
particularly important in determining enzyme transfer efficiency during pCP.2° The key to
enable high enzyme loading without surface spreading on a hydrophilic surface is to add a
hydrophilic polymer with sufficiently strong intermolecular interactions, due to for example,
entanglements, hydrogen bonding and van der Waals forces. Initially, experiments were
conducted with poly(A-(3-aminopropyl)methacrylamide) (PAPM), a polymer of easily tuned
length through free-radical polymerization that also provides free amine-groups for GAH
crosslinking (data not shown). Although higher molecular weight PAPM provided better
control of ink spreading, the preparation was too viscous to provide the flexibility needed

to control the thickness of printed patterns. However, these initial PAPM trials provided
valuable insight into the influence of polymer characteristics on enzyme uCP and led to the
choice of commercially available PAH (MW = 17,500 g/mol) as a promising alternative for
future work due to its well-defined structure, convenient chemistry for modifications, and
low price.

To further enhance PAH-based ink hydrophilicity and to improve biocompatibility of printed
enzyme patterns, the zwitterionic monomer, MPC, was conjugated to PAH to synthesize

the polymer, PMPC-g-PAH. Zwitterionic polymers have been used widely as ultralow
fouling coatings on biomedical devices due to their super hydrophilic nature that forms

a surrounding shell of water molecules to inhibit protein adsorption.2%: 26 In addition,

it is known that water-soluble enzymes tend to keep their active conformation in more
hydrophilic environments. The hydrophilicity of PMPC-g-PAH was assessed and confirmed
by measuring the contact angle on a hydrophobic PDMS stamp that showed a large angle of
over 90° (Fig. 8). Therefore, PMPC-g-PAH showed clear promise as a key component of an
enzyme ink formulation.

Subsequent tests were conducted to assess the performance of the PMPC-g-PAH-based

ink for LCP of ChOx onto coated Pt microelectrodes. As shown in Fig 9, the thickness

of the printed ChOx layer with PMPC-g-PAH-based ink was measured at ~4 um without
observable surface spreading after exposure to GAH/water vapor. This layer thickness was
~2-fold thicker than that obtained with the BSA-ChOx and close to the predicted optimal
thickness for electroenzymatic choline sensors.24 Moreover, use of the PMPC-g-PAH-ChOXx
ink greatly improved the uCP success rate by enabling a much longer stamp alignment time
with gentle contact between stamp and microprobe. This could be attributed to the stronger
hydrogen bonding of water to the zwitterionic PMPC side chains, which slow the water
evaporation rate from the ink.

Stamped choline microsensor performance

To demonstrate that enzyme function was retained after HCP and crosslinking, all
microsensors were tested with choline in solution at 0 to 60 pM and at a constant operating
potential of 0.7 V vs. Ag/AgCI (Fig. 10a). The choline sensor selectivity was also tested
against two common electrooxidizable interferents, AA and DA at 250 M and 10 uM
respectively, which are found in brain extracellular fluid at 200-400 pM for AA and 10 nM
to 1 uM for DA.27: 28 As expected, the data showed an increase in sensitivity with increased

Analyst. Author manuscript; available in PMC 2024 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al.

Page 8

thickness of the immobilized ChOx deposit up to a maximum of ~4 um. Compared to our
previous work where BSA-ChOx ink was used to create a thin immobilized ChOx deposit
(estimated at <1 pm) that resulted in a sensitivity of 286 + 63 nA pM~1 cm=2,14 a ~1.5-fold
improvement in Ch sensitivity was achieved simply by creating a thicker BSA-ChOXx deposit
here of ~2 um (with some compromise in spatial resolution) that resulted in a sensitivity

of 444 + 133 nA pM~1 cm=2 (n=5) (Fig. 10b). A further increase in ChOx loading
corresponding to a high spatial resolution deposit of ~4 um in thickness when PMPC-g-PAH
was used as enzyme matrix, led to another 1.5-fold improvement in sensitivity to 639 + 96
nA uM~1 cm=2 (n= 4). Importantly, these highly sensitive devices showed no discernible
response to AA or DA (Fig. 10a). Also, as these improvements in sensitivity were achieved
without sacrificing background noise, the limit of detection (at signal-to-noise ratio of 3)

of printed PMPC-g-PAH-ChOx sensors relative to printed BSA-ChOx sensors was also
improved, 0.31 + 0.06 pM (7= 4) versus 0.45 + 0.17 uM (7= 5), respectively (Fig.

10c). The response time was estimated to be around 0.57 s £ 0.39 s (n = 9) despite

thicker immobilized ChOx deposits. The high sensitivity obtained with PMPC-g-PAH-ChOx
stamped microsensors exceeds that of most other published choline sensors, including those
that employed manual, non-stamping enzyme deposition methods in their construction and
is statistically the same as the highest recorded sensitivity that was achieved by manually
spreading and crosslinking 12-15 layers of BSA-ChOx solution on a microelectrode in order
to achieve a ~4-pum-thick deposit.14 24, 29-33

Apparent immobilized ChOx kinetics

The apparent Michaelis-Menten parameters, 1,... and K;” (Eq. 1) were estimated for the
choline biosensors to provide insight into factors affecting the sensitivity measurements
presented above. Here, the concentration of co-substrate O, is assumed constant, and K’ is
defined as the Ch concentration at half the corresponding 1.,...

_ LlCh]
~ K" +[Ch]

@)

As shown in Fig. 11, a ~1.5-fold increase in I, achieved with PMPC-g-PAH-ChOx stamped
microsensors compared to those stamped with BSA-ChOx indicated greater enzyme activity
and/or improved mass transfer characteristics of the PMPC-g-PAH-ChOX layer transferred
onto the electrode surface.3* However, one would expect a greater K value with the

2-fold thicker PMPC-g-PAH-ChOXx layer, yet it was essentially the same as that for the
BSA-ChOx biosensor, 110 + 18 pM (n = 4) versus 101 + 27 uM (n = 5), respectively.
Zwitterionic polymers such as PMPC have the unique property of retaining or improving
binding affinity through enhanced protein-substrate hydrophobic interactions.3® Unlike BSA
(pl: 4.7) that provides a net negatively charged matrix at neutral pH, the PMPC-g-PAH
polymer is positively charged, thereby counterbalancing the net negatively charged ChOx
(pl: ~4.5) and enabling more effective loading of the enzyme on the microelectrode.36 This
possibility is consistent with a report describing a large decrease in K;”” when Pt electrodes
are pre-coated with a polycationic species.3” The positively charged PMPC-g-PAH polymer
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also may improve partitioning of negatively charged Ch into the immobilized enzyme
layer resulting in a locally higher concentration in the layer as opposed to the solution. In
addition, choline and/or H,0,, effective diffusivity in the PMPC-g-PAH-ChOx layer may
be improved, a possibility that would require further experimentation to determine the
mass transfer characteristics of the immobilized enzyme layer.38 Nevertheless, these results
demonstrate improved choline sensor performance using the GAH crosslinked PMPC-g-
PAH matrix for the immobilized enzyme layer rather than the conventional immobilization
medium based on crosslinked BSA.

Conclusions

The PMPC-g-PAH polymer has proven to be a far more effective UCP matrix than BSA

both for deposition of thicker immobilized ChOx layers on microelectrodes with high spatial
resolution and for creation of highly sensitive choline biosensors. Choline biosensors created
with the PMPC-g-PAH “ink” exhibited among the highest reported sensitivities, 639 + 96
nA uM~1 cm=2 (n = 4); a sub-second response time; and a very low limit of detection,

0.31 £ 0.06 uM (n = 4). Apparent biosensor kinetic data suggest that ChOx is more active

in this new matrix. Further, the use of PMPC-g-PAH greatly improved the uCP success

rate by lengthening drying time thereby enabling more careful alignment of the stamp

with the target microelectrode. Therefore, uCP with PMPC-g-PAH serving as “ink” and

as oxidase immobilization matrix is expected to enable construction of MEA microprobes
for simultaneous detection of multiple analytes in close proximity, as well as combined
neurochemical monitoring and electrical recordings. The higher sensitivity exhibited with
the electroenzymatic sensors also will make possible the shrinking of microelectrode and
MEA microprobe size so as to minimize tissue damage. Finally, the use of PMPC-g-PAH
has the potential to improve stability in vivo, as zwitterionic MPC has been widely reported
to minimize the immune response.17. 21, 22
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Fig. 1.
Synthesis route to the PAH-g-PMPC polymer
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Fig. 2.
Proton NMR of PAH macroCTA and PAH-g-PMPC
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Fig. 3.
Scanning electron microscopy (SEM) image of the MEA probe.
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Fig. 4.

Schematic diagram showing the construction of the choline sensors (not to scale) as well

as the sensing mechanism. The chitosan layer serves as an adhesive for the immobilized
enzyme layer. Nafion acts primarily to reject negatively charged interfering species found in
brain extracellular fluid such as ascorbic acid (AA), while the PPD layer acts primarily to
reject dopamine (DA). ChOx catalyzes the oxidation of choline to produce H,O,, which is
electrooxidized at the Pt electrode surface to produce H*, O, and the electrons that give rise

to a current signal.
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Fig. 5.

Di%gram illustrating the enzyme PCP process. (a) The PDMS stamp is wetted with enzyme
“ink™. (b) The inked stamp is aligned carefully to the target microelectrode surface(s) under
a microscope fitted with a custom-built adjustable stage. (c) Gentle pressure is maintained
for a few seconds. (d) The stamp is removed leaving an enzyme layer patterned on the
targeted microelectrodes of the microprobe (d).
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Fig. 6.

Diitinct ChOx pattern on chitosan-coated substrate with various wettabilities after PDMS
stamping of BSA-ChOX ink. (a) shows insufficient enzyme transfer with ~35-45 mins of
incubation time. The PDMS stamp was partially dried, and stamping nearly dry BSA-ChOx
ink gave an insufficient enzyme coverage pattern. (b) shows the stamping pattern with less
than 10 mins of incubation time. The high mobility of molecules due to excessive wettability
caused a severe spreading problem. (c) shows proper wettability with 15 to 20 mins of
incubation time. A thick enzyme layer was transferred with an appropriate enzyme coverage
pattern.
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Fig. 7.
Optical microscope image of BSA-ChOx ink pattern stamped on the top microsensor in the

micrograph after exposure to humid GAH vapor for crosslinking. The inset shows an SEM
image of the ~2-um-thick deposit cross-section.
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98 deg (b)

PMPC-g-PAH

Fig. 8.
Contact angle measurements on PDMS for (a) PMPC-g-PAH (10 mg/ml) and (b) DI water.
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Fig. 9.
Optical microscopy image of PMPC-g-PAH-ChOXx ink stamped and GAH crosslinked on a

microelectrode (top site). The inset shows the corresponding cross-sectional SEM image.
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Performance of stamped electroenzymatic sensors for choline. (a) Representative current
response of stamped BSA-ChOx (blue trace) and stamped PMPC-g-PAH-ChOX (red trace)

Ch sensors to interferents, 250 pM AA and 5 pM DA, followed by three 20 pM step

increases in Ch concentration and a 20 uM increase in H,O,. (b) Ch sensitivities achieved

in our previous work with a thin coat of BSA-ChOXx ink,# this work with a thicker coat of
BSA-ChOx ink, and this work with the PMPC-g-PAH-ChOXx ink (see text). (c) Ch limits of
detection achieved in our previous work with a thin coat of BSA-ChOXx ink,1* this work with
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a thicker coat of BSA-ChOXx ink, and this work with the PMPC-g-PAH-ChOXx ink (see text).
Error bars give 95% confident intervals.
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Fig. 11.
Plots of sensor current, /, versus choline concentration obtained with sensors stamped

with PMPC-g-PAH-ChOXx (blue curve: K;”” = 110+18 uM, I,,.. = 7.9+£0.6 nA, n = 4) and
BSA-ChOx (orange curve: K"’ = 101427 M, I,,.. = 5.8+1.7 nA, n = 5) with error bars
indicating 95% confident intervals.
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