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ABSTRACT

Precise and high-resolution coupling of functional proteins with micro-transducers is critical for the manufacture
of miniaturized bioelectronic devices. Moreover, electrochemistry on microelectrodes has had a major impact on
electrochemical analysis and sensor technologies, since the small size of microelectrode affects the radial
diffusion flux of the analyte to deliver enhanced mass transport and electrode kinetics. However, a large tech-
nology gap has existed between the process technology associated with such microelectronics and the conven-
tional bio-conjugation techniques that are generally used. Here, we report on a high-resolution and rapid
geometric protein self-patterning (GPS) method using solvent-assisted protein-micelle adsorption printing to
couple biomolecules onto microelectrodes with a minimum feature size of 5 pm and a printing time of about a
minute. The GPS method is versatile for micropatterning various biomolecules including enzymes, antibodies
and avidin-biotinylated proteins, delivering good geometric alignment and preserving biological functionality.
We further demonstrated that enzyme-coupled microelectrodes for glucose detection exhibited good electro-
chemical performance which benefited from the GPS method to maximize effective signal transduction at the
bio-interface. These microelectrode arrays maintained fast convergent analyte diffusion displaying typical
steady-state I-V characteristics, fast response times, good linear sensitivity (0.103 nA mm 2 mM !, R? = 0.995)
and an ultra-wide linear dynamic range (2-100 mM). Our findings provide a new technical solution for the
precise and accurate coupling of biomolecules to a microelectronic array with important implications for the
scaleup and manufacture of diagnostics, biofuel cells and bioelectronic devices that could not be realized
economically by other existing techniques.

1. Introduction

which have attracted tremendous attention for real-time healthcare
monitoring and maintenance of wellbeing (Koydemir and Ozcan, 2018).

High resolution micropatterning of functional proteins is an essential
tool in the design of many new diagnostic and therapeutic strategies. An
essential prerequisite for widespread application is the ability to swiftly
scale-up the procedure to make reproducible batches of devices or ma-
terials. Both high-throughput and point-of-care diagnostics demand
improved manufacturing methods to meet increasingly diverse de-
mands. Wearable and implantable biosensors are propitious examples
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Microelectronics plays a key role in the development of such biosensors
by facilitating the miniaturization necessary for in vivo sensing of
biochemical responses in both tissues and intact organisms (Wightman,
2006; Lee et al., 2016; Meng et al., 2020). Moreover, a microelectrode
with the dimension of tens of micrometers possesses a hemispherical or
cylindrical diffusion flux of analyte with enhanced mass transport rates,
which results in improved electrochemical kinetics and analytical
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performance, such as faster response, higher sensitivity and wider dy-
namic range, compared with a macroelectrode where planar diffusion
predominates (Matsui et al., 2017; Pemberton et al., 2011; Aoki et al.,
1987; Kovach et al., 1985; Streeter et al., 2007; Ito et al., 1972; Compton
et al., 2008). These superior characteristics are particularly important in
wearable and implantable biosensors for real-time monitoring. In
addition, an array of multiple microelectrodes (microelectrode array) is
often used to overcome the low electric current associated with a single
microelectrode (Li et al., 2019; Chen and White (2011); Hintsche et al.,
1994).

Realizing the many advantageous properties of biomolecular arrays,
however, is problematic due to the huge technology gap in process
technology between microelectronics and conventional biomolecule
immobilization techniques used in the manufacture of microelectronic
biosensors. The most common practices of bulk-phase biomolecule
immobilization onto microelectrodes using, for example, drop-casting of
an enzyme sol-gel matrix (Llaudet et al., 2005, 2016) and glutaralde-
hyde crosslinking of the enzyme (Lourenco et al., 2016; Quinto et al.,
2001), suffer from lack of precision and poor geometric alignment of
biomolecules with the microelectrodes. In addition, the bulk immobili-
zation matrix creates a planar diffusion layer that limits analyte diffu-
sion and largely negates the advantages of using the microelectrode
array. To develop high-performance microelectronic biosensors and
diagnostics, it is important to immobilize the biomolecules precisely and
specifically onto the microstructured transducer to maximize the
bio-electrochemical signal transduction on the sensing surface.

Micropatterning of biomolecules has been achieved using various
techniques such as photolithography, spotting (or inkjet printing),
microcontact printing, and focused ion-beam (FIB) milling. Photoli-
thography was established in the field of semiconductor processing and
uses a patterned photoresist as a lift-off mask, which allows patterning of
biomolecules with a submicron spatial resolution (Qiao et al., 2019;
Blawas and Reichert, 1998). Spotting involves ejecting ink droplets from
a nozzle onto a substrate, and therefore does not need masks or stamps
and enables flexible patterning of biomolecules on demand (Kargl et al.,
2015; Roth et al., 2004; Xu et al., 2005; Newman et al., 1992). Micro-
contact printing, a soft-lithography technique, uses a poly(dimethylsi-
loxane) (PDMS) stamp made by replicating a micro-structured silicon
master fabricated by a semiconductor manufacturing process. In this
method, the stamp is soaked with a biomolecule solution and is placed in
conformal contact with a substrate surface to transfer a biomolecule
layer from the stamp to the substrate surface (Nasseri et al., 2018; Kane
et al., 1999; Bernard et al., 2000). FIB milling irradiates a focused ion
beam to a pre-immobilized biomolecule layer to selectively remove the
biomolecules at the irradiated position, which allows micropatterning of
biomolecules with a few hundred nm spatial resolution (Jiang et al.,
2008). Although these methods have been commonly used for biomol-
ecule micropatterning, they need high precision alignment of a mask, a
stamp, a nozzle, or an ion beam with a pre-patterned microelectrode
array and multiple steps to immobilize biomolecules precisely aligned
onto the microelectrode array; this severely hinders the development
and scale-up of microelectronic biosensors. By contrast, wet/de-wet
micropatterning, based on the spontaneous alignment of deposited
materials guided by surface wettability of an underlying substrate, al-
lows an alignment-free, high-throughput and scalable approach for
biomolecule micropatterning. However, controlling the wet/de-wet
behavior of biomolecules remains challenging due to their complex
physio-chemical nature (Jachimska et al., 2016). For example, protein
molecules consist of both hydrophobic and hydrophilic domains,
causing water-soluble proteins to be strongly adsorbed on hydrophobic
surfaces (Sethuraman et al., 2004).

Here we report a high resolution and rapid manufacturing method
for microelectronic biosensors with a high-resolution and rapid geo-
metric protein self-patterning (GPS) method for precise positioning and
immobilization of proteins onto micro-transducers with a facile solvent-
assisted wet/de-wet mechanism. With the GPS method, protein
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molecules were spontaneously aligned and patterned onto a micro-
electrode array with 5 pm spatial resolution. The microelectrode array
was prepared by nanoparticle chemisorption printing which utilized an
unique chemisorption effect of alkylamine-capped silver nanoparticles
(AgNPs), enabling facile wet/dewet patterning of an ultrafine silver
pattern with a minimum line width of 0.8 pm (Hirakawa et al., 2019;
Aoshima et al., 2018; Kitahara et al., 2017; Yamada et al., 2016). The
combination of the GPS method and the nanoparticle chemisorption
printing enabled high-throughput manufacturing of microelectronic
biosensors. We demonstrated the versatility of the GPS methods for
high-resolution micro-patterning of various proteins including albumin,
enzyme, antibody and avidin, and achieved excellent spatial alignment
with the microelectrodes without significant loss of biomolecular ac-
tivity. As a more detailed model, we chose the example of the exten-
sively reported and characterized electrochemical glucose sensor
(Newman and Turner, 2005; Sekretaryova et al., 2016) and manufac-
tured microelectronic glucose biosensors by combining nanoparticle
chemisorption printing, followed by rapid and high-resolution protein
functionalization of the microelectrode via the GPS method, to produce
sensors with superior electrochemical kinetics and analytical perfor-
mance benefiting from the precise coupling of the bio-catalyst (i.e.
enzyme) with the microelectrodes to maximize signal transduction and
simultaneously to maintain the rapid convergent analyte diffusion
characteristic originated from the microelectrode transducer.

2. Materials and methods
2.1. Materials

Perfluoropolymer, CYTOP CTL-809M, was purchased from Asahi
Glass Co., Ltd., Japan. 50 wt% AgNP ink was synthesized by thermal
decomposition of oxalate-bridging silver alkyl-amine complexes
dispersed in 4:1 octane and butanol (Itoh et al., 2009). Bovine serum
albumin, horseradish peroxidase (HRP), glucose oxidase from Aspergillus
niger (GOx), biotinylation reagent, 3,3,5,5'-tetramethylbenzidine
(TMB) liquid substrate, and D-(+)-glucose were purchased from
Sigma-Aldrich Co. LLC. Mouse immunoglobulin G (mouse IgG) and goat
anti-mouse immunoglobulin G (anti-mouse IgG) were purchased from
Arista biologicals Inc., USA. Streptavidin was purchased from Life
technologies corporation, USA. Fluorescein-5-isothiocyanate (FITC) was
purchased from Molecular probes, USA. Alexa fluor™ 594 NHS ester
(Alexa) was purchased from Thermo Fisher Scientific Inc., USA.

2.2. Fluorescent protein labelling

FITC and Alexa were employed as fluorescent reagents. Dimethyl
sulfoxide solution of the fluorescent reagent (50 pL) was added to a
phosphate buffer solution of proteins (1 mL) with the molar ratio of
reagent/protein = 3 and incubated for 8 h at 278 K in the dark. Then
centrifugal filtration was performed to remove unreacted reagent, and
the concentrate, fluorescently labelled protein, was dissolved into the
desired solvents.

2.3. Biotinylation of HRP

Dimethyl sulfoxide solution of biotinylation reagent (30 pL) was
added to phosphate buffer solution of HRP (1 mL) with the molar ratio of
reagent/HRP = 13 and was incubated for 30 min at room temperature.
Then centrifugal filtration was performed to remove unreacted reagent,
and the concentrate, biotinylated HRP, was dissolved in the desired
solvents.

2.4. Fabrication of silver (Ag) microelectrode arrays

Ag microelectrode arrays were fabricated by nanoparticle chemi-
sorption printing (Yamada et al., 2016). Firstly, a perfluoropolymer
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layer with a thickness of 700 nm (CYTOP CTL-809M) was spun-coated
onto a glass substrate at 3000 rpm and then dried at 453 K for 30
min. The perfluoropolymer surface was then irradiated by vacuum ul-
traviolet light (A = 172 nm) using a Xe; excimer lamp (VUS-3150, ORC
manufacturing, Japan) through a photomask to prepare the patterned
reactive surface [step 1 in Fig. 1(A)]. Finally, 50 wt% AgNP ink was
blade-coated on the patterned reactive surface at 2 mm s ' [step 2 in
Fig. 1(A), Fig. S2 for more detail] and was annealed at 353 K for 30 min.
The blade-coating of AgNP ink was conducted twice to obtain conduc-
tivity as high as 10* S cm™! reproducibly, for the Ag microelectrode
array.

2.5. Geometric protein self-patterning on Ag microelectrode array

Protein self-alignment on an Ag microelectrode array was examined
for five kinds of proteins labelled by FITC; albumin, HRP, GOx, anti-
mouse IgG, and streptavidin, with the tested solvents including acetic
buffer solution (pH = 3.8, 4.8, 5.8; ionic strength = 15 mM), phosphate
buffer solution (pH = 6.2, 7.2, 8.2; ionic strength = 15 mM), and
acetone-buffer mixture 3:1 (v/v). For the preparation of acetone-buffer
mixture solution for protein micropatterning, proteins were firstly
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dissolved in phosphate buffer solution (pH = 7.2; ionic strength = 15
mM), followed by addition of cooled acetone (at 253 K). The protein
solutions were blade-coated on the Ag microelectrode array at 0.2 mm
s! [step 3 in Fig. 1(A), Fig. S3 for more detail] and were dried at
ambient temperature.

2.6. Catalytic activity test for self-patterned enzyme

The Ag microelectrode array immobilized with self-aligned FITC-
conjugated HRP was fabricated by blade coating of 5 mg mL~' HRP
solution (acetone-buffer mixture; 3:1 v/v). Then it was immersed in 70
uM H30, containing TMB liquid substrate and was incubated at ambient
temperature for 10 min. Subsequently, the blue color precipitate of
oxidized TMB was examined using an optical microscope.

2.7. Affinity test for self-patterned antibody

The Ag microelectrode array on which FITC-conjugated anti-mouse
IgG self-aligns was fabricated by blade coating of 20 mg mL™! anti-
mouse IgG solution (acetone-buffer mixture; 3:1 v/v). Then it was
immersed in 20 mg mL~! albumin solution (phosphate buffer solution;

B
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Fig. 1. Fabrication of Ag microelectrode arrays and protein self-patterning via blade coating. (A) High-resolution and rapid geometric protein self-patterning method
via controlled surface wettability for scalable manufacturing of microelectronic biosensors. (B) Optical and fluorescence micrographs of the Ag microelectrode array
with different repetition interval (R) and electrode width (W), which were coated by 5 mg mL~! FITC-conjugated albumin solution.
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pH =7.2; ionic strength = 15 mM) for 1 h and was rinsed with water five
times, which allowed an albumin blocking layer to form on the per-
fluoropolymer surface. The affinity test was carried out by immersing
the Ag microelectrode array in 0.1 mg mL™! Alexa-conjugated mouse
IgG solution (phosphate buffer solution; pH = 7.2; ionic strength = 15
mM) for 2 h. Binding of mouse IgG to anti-mouse IgG was visualized
using fluorescence microscopy where the FITC and Alexa were sepa-
rately imaged by using two different optical bandpass filters.

2.8. Biotin binding test for self-patterned avidin

The Ag microelectrode array on which FITC-conjugated streptavidin
self-aligns was fabricated by blade coating of 5 mg mL™! streptavidin
solution (acetone-buffer mixture; 3:1 v/v). Then it was immersed in 20
mg mL ™! albumin solution (phosphate buffer solution; pH = 7.2; ionic
strength = 15 mM) for 1 h and was rinsed with water five times. The
biotin binding test was conducted by immersing the Ag microelectrode
array in 10 pg mL~! biotinylated HRP solution (phosphate buffer solu-
tion; pH = 7.2; ionic strength = 15 mM) for 2 h. The resulting biotin
binding was visualized by an HRP colorimetric assay where the Ag
microelectrode array was immersed in 70 pM Hy0, containing TMB
liquid substrate for 10 min.

2.9. Fabrication of microelectronic glucose biosensors

Microelectronic glucose biosensors were fabricated by a combination
of nanoparticle chemisorption printing and the protein micro-patterning
technique [Step 1-3 in Fig. 1(A)]. Firstly, a Ag microelectrode array (5
x 5 mm?), composed of 500 microelectrodes (W = 5 pm, R = 10 pm;
Fig. S1(A)), was fabricated as a working electrode platform by nano-
particle chemisorption printing. A few droplets of Ag nanoparticle ink
(total volume = 6 pL) were applied onto a perfluoropolymer-coated
glass substrate whose surface was photoactivated by vacuum ultravio-
let light through a photomask, followed by printing of the Ag nano-
particle ink onto the glass substrate with a blade at a coating speed of 2
mm s, controlled by a stepping motor (Fig. S2). Then GOx was
immobilized onto the Ag microelectrode array by the protein micro-
patterning technique. An aliquot of 20 pL GOx solution (10 mg mL 1)
in an acetone-buffer mixture (3:1 v/v) was applied onto the Ag micro-
electrode, followed by printing of the GOx onto the Ag microelectrode
with a blade at a coating speed of 0.2 mm s, controlled by a motorized
stage (Fig. S3).

2.10. Electrochemical measurements

Electrochemical measurements were performed using an electro-
chemical workstation (CompactStat, Ivium Technologies B.V.,
Netherlands) with a three-electrode system consisting of a Ag micro-
electrode array as the working electrode, a platinum wire as the counter
electrode, and an Ag/AgCl electrode as the reference electrode. Mea-
surements were carried out using 15 mM LiClO4 electrolyte containing
H507 or D-(+)-glucose. Amperometric measurement of HyOy with the
Ag microelectrode was performed by successively injecting aliquots of
H202 and measuring at -0.05 V vs. Ag/AgCl under stirred condition.
Amperometric measurement of glucose with the GOx immobilized Ag
microelectrode was performed by applying 100 pL of glucose solution
(2-100 mM) and measured at —0.05 V vs. Ag/AgCl under unstirred
condition.

3. Results and discussion
3.1. Nanoparticle chemisorption printing of microelectrode array
Ag microelectrode arrays were fabricated by the nanoparticle

chemisorption printing, as illustrated in Steps 1 and 2 of Fig. 1(A). A
patterned photoactivated surface was prepared by irradiating a
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perfluoropolymer surface with vacuum-ultraviolet light and then
exposed to AgNP ink by blade-coating. A thin solid silver layer eventu-
ally formed on the irradiated surface after a coating blade was swept
across it, while the unirradiated surface remained bare (Figs. S1 and S2).
The chemisorption printing process is fast that takes only ~6.75 s to
create a fully patterned microelectrode array (i.e. a microelectrode array
with a dimension of 13.5 x 5.0 mm with a blade-coating speed of 2 mm
s71), while the process is possible to scale up with high-throughput
parallel printing. Ag microelectrode arrays composed of high density
and fine microband electrodes were obtained as shown in the optical
micrographs of Fig. 1(B). The highest resolution obtained was an indi-
vidual microband electrode width (W) of 1 pm with a repetition interval
(R) of 5 pm, which is comparable to that obtained in our previous work
(Yamada et al., 2016). Conductivity of the microelectrode as high as 6 x
10* S cm™! was obtained after annealing at 353 K for 30 min.

3.2. GPS method for precise protein micropatterning on microelectrode
arrays

The obtained microelectrode arrays were bio-functionalized by the
GPS method via blade coating of protein solutions at a coating speed of
0.2 mm s~ ! [step 3 in Fig. 1(A)]. The protein blade coating procedure
takes ~1 min to create a well-aligned protein patterned onto a micro-
electrode array. Fig. 2(A) shows a fluorescence image of the micro-
electrode array after the deposition of FITC-conjugated albumin solution
(phosphate buffer solution, pH 7.2). Fluorescence signal was observed
over the entire substrate area, indicating that the albumin adsorbs on
both the perfluoropolymer and Ag microelectrodes. Similar results were
obtained over the solvent pH range of 5.8 to 8.2. In contrast, when the
solvent pH was adjusted close to the isoelectric point (pI) of albumin (pH
3.8-4.8, pI albumin = 4.9), self-alignment of albumin on the Ag mi-
croelectrodes was observed [Fig. 2(B)]. It is generally known that pro-
teins self-assemble into micelles at the pI since the intermolecular
electrostatic repulsion is interrupted due to zero net charge of protein
molecules (Shirahama and Suzawa, 1985). It is therefore postulated that
the observed self-alignment is related to the self-assembly of protein
molecules. To further investigate this hypothesis, we performed similar
experiments by changing the solvent to acetone-buffer mixture, where
acetone worked as a poor solvent to induce the protein self-assembly

A B C

400 pm

Protein micelles

D Protein molecules E

Buffer Acetope-buffer

P*

) { Solvent Solvent ) \
e Ag ~ flow flow S— Ag —
Perfluoropolymer Perfluoropolymer

Fig. 2. Geometric protein self-patterning on an Ag microelectrode array.
Fluorescence micrographs of the Ag microelectrode array coated by 5 mg mL™!
FITC-conjugated albumin with different solvents; (A) phosphate buffer solution
(pH = 7.2), (B) phosphate buffer solution (pH3.8), and (C) acetone-buffer
mixture (3:1 v/v). Schematic of (D) non-specific adsorption of protein ‘mole-
cules’ in water and (E) specific adsorption of protein ‘micelles’ in acetone-
buffer mixture.
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(Myerson, 2002; Thorat and Dalvi, 2012). Fig. 2(C) shows the fluores-
cence image of the microelectrode array after deposition of
FITC-conjugated albumin (acetone-buffer mixture; 3:1 v/v). As can be
seen, self-alignment of albumin on the Ag microelectrode array was
clearly observed, thus supporting our hypothesis. It is noteworthy that
homogeneity of the self-aligned albumin was higher than that in the case
where the pH value was adjusted.

Controlling the wet/de-wet behavior of proteins remains challenging
due to their complex physio-chemical properties. Proteins consist of
both hydrophobic and hydrophilic domains that cause non-selective
adsorption onto both hydrophilic and hydrophobic surface. Even using
a strongly hydrophobic perfluoropolymer surface with very low surface
energy does not circumvent this problem unless the protein concentra-
tion is extremely low (<1 pg mL_l) (Lee et al., 2003, 2004). The geo-
metric protein self-patterning mechanism observed can be explained by
considering the interface between the protein solution and the hydro-
phobic substrate of the microelectrode array. At the interface, a network
of water hydrogen bonds is disrupted, which causes an increase of
interfacial energy. To decrease the interfacial energy, ‘amphiphilic’
protein molecules spontaneously form the layer at the interface as
shown in Fig. 2(D), which is a driving force for protein adsorption on a
hydrophobic surface, i.e. the so-called hydrophobic interaction. In
general, hydrophobic interaction is strengthened by protein
self-assembly because it makes the proteins more insoluble (Wang and
Christopher, 2010). This trend is apparently contradicted by the result
obtained in this work. In this regard, however, we should consider the
fact that the hydrophobic interaction works only in an aqueous envi-
ronment. In the blade coating process, a substrate surface is exposed to
the air immediately after sweeping the blade [step 3 in Fig. 1(A)], which
is much different from conventional protein deposition involving rela-
tively long incubation times, such as drop-casting. Therefore, weak van
der Waals force dominates as the adsorption force of proteins onto a
hydrophobic substrate surface. Since the van der Waals force is a
short-range force whose energy is one order smaller than that of the
hydrophobic interaction (Israelachvili, 1992), sparse contact of protein
micelles may cause easier desorption from the hydrophobic surface than
close contact of protein molecules [Fig. 2(D)(E)]. The desorbed protein
micelles would be transported by the solvent flow generated in the blade
coating process. At the substrate region where the blade passes through,
the solvent rapidly shrinks onto the hydrophilic microelectrodes away
from the hydrophobic perfluoropolymer surface. Solvent flow generated
by this shrink drives protein micelles from the hydrophobic region to the
hydrophilic region [Fig. 2(E)]. Acetone-buffer mixture may have the
effect of enhancing the solvent flow due to its fast evaporation, as
associated with the homogeneous self-alignment observed [Fig. 2(C)].

The spatial resolution of the GPS technique was examined by sys-
tematically changing the repetition interval (R) and the electrode width
(W) of the microelectrode array. Fig. 1(B) shows the results for the al-
bumin solution. As can be seen in the fluorescence micrographs, line
collapse was observed at R < 5 pm, and a decrease of protein coverage
on the microelectrodes was observed at W < 1 pm. From these results,
the maximum resolution was estimated at R = 10 pm and W =5 pm. The
immobilization stability of proteins self-aligned on a microelectrode
array was examined by monitoring fluorescence decay resulting from
desorption of the FITC-conjugated albumin upon immersion in Milli-Q
water. Fig. 3 shows fluorescence images taken at different time in-
tervals. As can be seen, the fluorescence intensity decreases after
immersing the microelectrode array in Milli-Q water, retaining 95.1%
and 88.6% of the fluorescence intensity after 0.2 h and 2 h incubation,
respectively. The decreases in fluorescence intensity likely results from
protein desorption or decay of the fluorescence label. As discussed
above, geometric protein self-patterning can be realized under two
different conditions, i.e. adjusting solvent pH to the protein pl or using a
poor solvent. However, proteins with different pI require fine tuning of
solvent pH depending on the physiochemical nature of the protein ma-
terials. In contrast, micropatterning using the acetone-buffer mixture
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200 pm

Fig. 3. Protein immobilization stability onto an Ag microelectrode array.
Fluorescence micrographs of FITC-conjugated albumin self-aligned on an Ag
microelectrode array following immersion in Milli-Q water. The micrographs
were taken at 0 h, 0.2 h and 2 h after immersing in water.

can be universally applied for various proteins without any additional
procedures. Therefore, the acetone-buffer method was chosen for
further studies on micropatterning of enzymes, antibodies, and strep-
tavidin onto microelectrodes.

3.3. Versatility of the GPS method for protein micropatterning

The versatility of the GPS technique was examined for various pro-
teins. Fig. 4(A)(C)(E) show the results for self-patterning of HRP
(enzyme), anti-mouse IgG (antibodies), and streptavidin (tetrameric
biotin-binding protein) with acetone-buffer mixture as the solvent. For
all the cases, it was clearly observed that the fluorescence signal of the
FITC-conjugated proteins was well-aligned with the Ag microelectrode
array, indicating that the GPS technique is universally applicable to
these proteins. The applicability to streptavidin is particularly important
because it allows the introduction of various biotinylated biomolecules
through avidin-biotin binding. This feature widens the applications of
this technique for the fabrication of various affinity biosensors and
immunodiagnostic devices.

We further examined the influence of the GPS process on the bio-
functionalities of proteins. The catalytic activity of the enzyme, HRP,
was routinely visualized using a TMB substrate, which yielded a char-
acteristic blue-colored enzymatic product as a result of the reaction
catalyzed by HRP. Fig. 4(A) shows the self-patterned HRP on micro-
electrodes and Fig. 4(B) shows the result of the corresponding colori-
metric assay. It was clearly observed that the footprint of the blue
colored enzymatic product was well aligned with the HRP-
functionalized microelectrodes, indicating that the self-patterned HRP
preserves its catalytic activity. More importantly, the localization of the
enzymatic product at the microelectrodes maximized the signal trans-
duction at the transducer interface.

The affinity function of the antibody, anti-mouse IgG, was examined
by immunoassay using mouse IgG. Fig. 4(C) shows the self-patterned
anti-mouse IgG onto the microelectrodes, and Fig. 4(D) shows the
result of the corresponding fluorescence affinity immunoassay. It was
observed that the fluorescence image of Alexa-conjugated mouse IgG
coincided well with that of FITC-conjugated anti-mouse IgG. The result
indicates that the self-patterned anti-mouse IgG preserves its specific
affinity with respect to mouse IgG. Moreover, it is significantly impor-
tant for affinity biosensing to obtain a good geometric alignment of the
capture antibodies onto transducer, in order to ensure the binding of the
antigen and formation of the immunocomplex is localized solely at the
microelectrode region to maximize the signal transduction.

The biotin binding capability of streptavidin was examined by af-
finity capture of biotinylated-HRP, followed by colorimetric assay to
visualize the biotinylated-HRP captured by streptavidin. Fig. 4(E) shows
the self-patterned streptavidin on the microelectrodes, and Fig. 4(F)(G)
show the result of the corresponding affinity captured biotinylated-HRP.
By comparing the optical images taken before [Fig. 4(F)] and after the
HRP catalyzed colorimetric assay [Fig. 4(G)], it was shown that the blue
colored precipitate of oxidized TMB, resulting from the catalytic
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Fig. 4. The versatility of GPS method for precise
protein micro-patterning. Schematic, fluorescence
micrograph, and optical micrographs of FITC-
conjugated HRP self-aligned on a Ag microelectrode
array (A) before and (B) after colorimetric assay.
Schematic and fluorescence micrograph of FITC-
conjugated anti-mouse IgG self-aligned on a Ag
microelectrode array (C) before and (D) after affinity
assay using Alexa-conjugated mouse IgG. Schematic,
fluorescence and optical micrograph of FITC-
conjugated avidin self-aligned on a Ag microelec-
trode array (E) before avidin-biotin complex forma-
tion, (F) after avidin-biotin complex formation, and
(G) after colorimetric assay.
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reaction of HRP, was well aligned with the microelectrodes pattern. The
results indicate that the biotin binding capability of self-aligned strep-
tavidin is preserved, as well as the catalytic activity of the biotinylated-
HRP introduced by the biotin-avidin binding precisely onto the micro-
electrode array.

3.4. Fabrication of microelectronic glucose biosensors

To demonstrate the GPS technique for manufacturing bioelectronic
devices and performing bioelectrochemistry on microelectrodes, a mi-
croelectronic glucose biosensor was fabricated by the nanoparticle
chemisorption printing of an Ag microelectrode array [step 1,2 in Fig. 1

Il

N
o|
=
3

Optical micrograph

(A)] followed by self-patterning of GOx onto the microelectrodes [step 3
in Fig. 1(A)]. Fig. 5(A)(B) shows optical and fluorescence micrographs
taken of the microelectronic glucose biosensor where GOx self-patterned
and well-aligned on the microelectrode array (W = 5 pm, R = 10 pm).
The fluorescence intensity is uniform over most of the area of the mi-
croelectrodes, although small fluctuations are found in several spots
[Fig. 5(C)]. These spots were also observed in SEM and AFM images
[Fig. 5(E)(G)], and their size estimated from the AFM height profile
[Fig. 5(H)] was about 100 nm, which was much larger than the size of
the GOx molecule (6 nm) (Libertino et al., 2008; Wilson and Turner,
1992). Except for these spots, the height profile over most of the area of
the microelectrodes was quite uniform. The thickness of the GOx layer in
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Fig. 5. Surface characterization of the microelectronic glucose biosensor. (A)
Optical and (B) fluorescence micrographs of the Ag microelectrode array on
which FITC-conjugated GOx self-aligns. (C) Intensity profile along the white
line shown in (B). SEM images of the Ag microelectrode array (D) without and
(E) with self-aligned GOx. AFM images of the Ag microelectrode array (F)
without and (G) with self-aligned GOx. (H) Height profiles along the white lines
shown in (F) and (G).

the uniform area was estimated to be 20 nm (~3 molecular layers) from
the comparison of the height profiles between the GOx-coated and bare
microelectrodes [Fig. 5(H)]. These results imply that the GOx micelles
reassemble into a fairly uniform film structure when they adsorb onto
the microelectrodes. The highest spots are most probably due to excess
GOx micelles adsorbing onto the uniform GOx layer.

The glucose sensing capability of the fabricated microelectronic
glucose biosensor was examined, to show proof-of-principle, according
to the following catalytic reaction:

Glucose + O, +2HZOGgXGluc0nic acid + 2H,0,

The glucose concentration is proportional to the product of the above

Biosensors and Bioelectronics 177 (2021) 112968

reaction, HyO,, which can be detected by the Ag microelectrode array
through the electrocatalytic activity of Ag toward electro-reduction of
Hy0, (Wen et al., 2013). To confirm this, we firstly measured cyclic
voltammograms and amperometric responses of HyOy by using the
printed Ag microelectrode array as the working electrode. As shown in
Fig. 6(A), the result measured for 1.5 mM Hy0, shows a typical
steady-state [-V characteristic featured by a constant current at the
voltage range between —0.2 and 0.0 V, which originates from conver-
gent analyte diffusion with enhanced mass transport (Bond et al., 1988).
Control experiments performed by the addition of 100 mM glucose to
the bare Ag microelectrode array did not show any significant response
[Fig. 6(A)]. Amperometric responses toward successive injections of
H,0, exhibited good linearity and sensitivity (0.569 nA mm 2 mM !, R?
0.997) [Fig. 6(B)].

We further examined the performance of the microelectronic glucose
biosensor composed of the printed Ag microelectrode array with self-
patterned GOx. As seen in Fig. 6(C), the cyclic voltammogram ob-
tained by the microelectronic glucose sensor in response to 100 mM
glucose retained steady-state I-V characteristics of the microelectrodes
after functionalization with GOx by the GPS method. Fig. 6(D)(E) shows
amperometric responses to 2-10 mM and 20-100 mM glucose, respec-
tively. The current plotted was measured immediately after applying a
voltage of —0.05 V vs. Ag/AgCl, so that the observed current decay
originates from a decrease of the HyO, concentration at the electrode
interface resulting from electro-reduction. In Fig. 6(F), the current re-
sponses measured at different time intervals [20,40, 60 s in Fig. 6(D)(E)]
were plotted as a function of glucose concentration. As can be seen, a
linear relationship was obtained for the range of 2-20 mM, 2-60 mM
and 2-100 mM, for the measurements taken at 20, 40, and 60 s with
sensitivity of 0.178, 0.120 and 0.103 nA mm 2 mM ' and correspond-
ing R? of 0.999, 0.997 and 0.995, respectively. Moreover, the micro-
electronic glucose biosensors exhibited an ultra-wide linear range
between 2 to 100 mM. Such wide-range linearity and rapid current
response are likely benefits from the precise immobilization of GOx onto
the microelectrodes that retain convergent analyte diffusion, with the
consequent enhanced diffusion of glucose analyte at the microelectrode
interface.

We further compared the GPS immobilization of GOx onto a micro-
electrode with a conventional bulk drop-cast immobilization with chi-
tosan for the preparation of the glucose biosensors and compared the
analytical performance. The drop-cast GOx immobilization was per-
formed by dropping 10 pL of GOx solution (10 mg mL™) onto the
microelectrode, covered with a glass slide and incubated for 30 min.
Then, 2 pL of chitosan solution (0.1%) was dropped onto the GOx
electrode as the encapsulation layer and allows drying for 1 h at 4 °C
(Zhang et al., 2014). The amperometric response of the drop-casted
chitosan/GOx biosensor for the detection of 2-100 mM glucose was
shown in the Fig. S4(A) and the corresponding calibration curve
measured at 50s was shown in Fig. S4(B). The current response of the
drop-casted chitosan/GOx biosensor was lower (~2.14 times lower)
compared with the GPS immobilized GOx biosensor (Fig. 6(D-E)), likely
caused by the chitosan matrix that affects the glucose response. More-
over, the drop-casted chitosan/GOx biosensor had a narrow linear range
from 2-10 mM (compared with 2-100 mM for the GPS GOx biosensor)
which is likely due to a diffusion limitation from the chitosan/enzyme
matrix that hindered the rapid analyte diffusion properties of the
microelectrode (Compton et al., 2008). Interestingly, we further
compared the literature reports of microelectrode-based glucose bio-
sensors prepared by conventional drop-cast enzyme immobilization and
found that they show narrow linear ranges only up to about 10 mM
glucose or as low as 2 mM glucose (Hughes et al., 2018; Ju et al., 1998;
Pemberton et al., 2009; Pemberton et al. 2009a; Pemberton et al. 2011).
This result indicates the GPS method facilitates the diffusion kinetics of
microelectrode for biosensing with an ultra-wide linear range. The main
focus of this work is on precise geometric protein patterning with a
submicron spatial resolution for the immobilization of biomolecules
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onto micro-scale transducer. The overall sensitivity of the biosensors is
determined by the electrode materials and requires further
investigation.

The proof-of-concept microelectronic glucose biosensor fabricated in
this work is based on electrochemical detection of enzymatically
generated HyO, by glucose oxidase (also known as the 1% generation
non-mediated biosensor). For this configuration, we suffered a similar
limitation on interferences caused by other redox-active substances.
However, the main focus of this work is on the precise and rapid geo-
metric self-patterning of protein with a submicron spatial resolution for
the immobilization of biomolecules onto micro-scale transducer, and we
demonstrated this by the fabrication of a microelectronic glucose
biosensor using the GPS method. In future, it would be possible to
introduce mediators or inorganic catalysts (e.g. Prussian blue) to mini-
mize the effect from interferences for catalytic biosensors (Deng et al.,
2014; Ricci and Palleschi, 2005). Moreover, it is important to note that
the GPS immobilization method is versatile for micropatterning various
biomolecules  including enzymes, antibodies and  other
avidin-biotinylated proteins as demonstrated. Thus, the method could
potentially be applicable broadly to other non-catalytic electrochemical
biosensors (e.g. acoustic or impedimetric biosensors), as well as optical

20 40 60 80 100
Glucose / mM

biosensors and microarrays.
4. Conclusion

In summary, we demonstrate a rapid and high-resolution GPS
method for effective immobilization of protein molecules onto a
microelectrode array supported by a hydrophobic perfluoropolymer
surface for the fabrication of microelectronic biosensors. This GPS
technique enabled high-resolution protein micropatterning applicable
to various proteins such as albumin, enzyme, antibody, and avidin,
without loss of their bio-functionalities. By combining it with nano-
particle chemisorption printing, which allowed high-throughput wet/
dewet patterning of microelectrode arrays by the unique chemisorption
effect of AgNPs, the GPS technique enabled a facile fabrication of a
microelectronic glucose sensor with good sensitivity, fast response and
surprisingly wide-range linearity. This proof-of-principle demonstrated
a general approach that could be the key to realizing the on-demand
mass production of bioelectronics to satisfy the growing demand for
an “Internet of things (IoT)” sensor market as well as providing a
generally scalable approach for biomolecular patterning and the fabri-
cation of bioelectronic devices such as fuel cells and biocomputers.
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