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Design and fabrication of flexible glucose sensing platform toward
rapid battery-free detection of hyperglycaemia

Hajime Fuijita®, Kento Yamagishi®, Wenshen Zhou¢, Yu Tahara?, Shao Ying Huang®, Michinao
Hashimoto® ¢, Toshinori Fujie®*

The rapid detection of postprandial hyperglycaemia is imperative for the diagnosis of diabetes and the assessment of health
risks for nondiabetics. Battery-free flexible glucose sensors are a promising tool for glucose sensing with a relatively low
burden on biological tissues and living bodies because they are more lightweight and flexible than conventional battery-
driven glucose sensors. However, existing battery-free glucose sensors are unsuitable for the practical detection of
hyperglycaemia because of their long response time (> 1 h) and response fluctuation. In this research, we demonstrated a
unique combination of materials and device design—phenylboronic acid (PBA) hydrogel integrated with an inkjet-printed
interdigitated capacitor (IDC)—that enabled rapid response to the change in the glucose concentration. Specifically, the
following three essential capabilities have been demonstrated: 1) quick response time (< 5 min) to mouse serum under
hyperglycaemia in a battery-free setting, 2) conformability of soft PBA hydrogel suitable for the use on biological surfaces,
and 3) controlled design of the signal transducer enabled by digital fabrication. We believe these capabilities serve as core

technologies toward the development of tissue-interfaced battery-free glucose sensors with improved response time.

Introduction

Hyperglycaemia, caused by poorly regulated glucose
metabolism and insulin resistance, is a major characteristic of
diabetes. Excessive elevation of the postprandial glucose level
is a general risk factor for obesity, hypertension, prediabetes,
type 2 diabetes, and severe organ diseases!2. In general, the
postprandial glucose level reaches a peak at 30 to 60 min after
food intake3. Thus, postprandial hyperglycaemia (PPHG) must
be detected within 30 min. A flexible glucose sensor is the most
efficient tool for detecting PPHG with minimal physical burden
and preventing an increase in the risk of organ diseases, obesity,
and diabetes®.

Currently, battery-driven glucose sensors are widely used
mainly among diabetic patients. Battery-driven glucose sensors
instantly measure the glucose level and detect PPHG based on
the rapid electrochemical transition on electrodes that mainly
takes place between glucose and an enzyme such as flavin
adenine dinucleotide-dependent glucose dehydrogenase (FAD-
GDH)>6. However, users have to replace such sensors as often
as every two weeks due to a limited capacity of battery’. Also,
the mechanical mismatch between a sensor electrode and the
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skin induced an inflammatory response in the surrounding
tissued9. Battery-driven sensors have an advantage in the
instant response, but the problems of the sensor-tissue
integration are yet to be solved. To overcome this limitation, the
development of battery-free flexible glucose sensors has been
investigated. Battery-free devices designed to be lightweight
and flexible can reduce a burden on biological tissues and living
bodies.

Two types of battery-free glucose sensors have been
demonstrated to date: (1) capacitive sensor based on
phenylboronic acid (PBA) hydrogel19-12 and (2) resistive sensor
based on glucose oxidase (GOx)!3. The battery-free sensors
have a data transfer component coupled with a vector network
analyser (VNA) in common, but they fabricated different types
of signal transducers. Firstly, the existing battery-free capacitive
sensor has a dual component of capacitive transducer and data
transfer unit. The sensor consists of PBA hydrogel sandwiched
between a set of coils coupled with VNA12, A set of the coils
serves as both a capacitive detector of the PBA hydrogel and a
data transfer component. When the volumetric change of PBA
hydrogel takes place upon an elevated glucose level, the
distance between the coils changes, resulting in the shift in
resonant frequency on VNA. The capacitive sensors have a slow
response (> 1 h) because of the slow volumetric change of the
PBA hydrogel. On the other hand, the existing battery-free
resistive sensor integrates a GOx-immobilized electrode with a
data transfer component coupled with VNA13, In that study, the
response time was as high as 2 h for a sensor attached to the
eye of a rabbit that was fed to increase its glucose concentration
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Fig. 1 Battery-free flexible glucose sensor for rapid detection of hyperglycaemia. (a) Layered structure consisting of glucose-responsive polymer hydrogel and an IDC. (b) Photograph
of glucose sensor conforming to chicken muscle. The hydrogel layer was dyed yellow with fluorescein. (c) Scheme of battery-free detection of PPHG. The IDC detects the capacitive
response to glucose in the PBA hydrogel and transmits it to an external reader in the form of a resonant frequency.

to a hyperglycaemic level. Overall, existing battery-free glucose
sensors do not meet the requirements of the response time of
30 min for detecting PPHG3.

To address the current limitation of the battery-free glucose
sensors, we proposed and demonstrated the use of PBA
hydrogel uniquely combined with digitally fabricated electrodes
patterned on a flexible substrate. Specifically, we integrated
PBA hydrogel with a flexible, inkjet-printed interdigitated
capacitor (IDC) which can instantly detect a dielectric transition
in PBA hydrogel. The signal transducer of PBA hydrogel and IDC
is connected to a data transfer component coupled with VNA
for the battery-free signal readout. In this study, we presented
the following three capabilities that offer key advances in the
development of battery-free flexible glucose sensors. Firstly, a
quick response time (< 5 min) to mouse serum under
hyperglycaemia was demonstrated by optimizing the thickness
of PBA hydrogel (as thin as 200 um). This response time is
unprecedented and sufficient for detecting PPHG. Secondly, the
conformability of PBA hydrogel was ensured for the tissue-
interfaced sensing of glucose concentration. Lastly, controlled
design and fabrication of signal transducer was achieved by
inkjet printing and electromagnetic simulation, which enabled
rapid prototyping and alteration of the device design. These
capabilities serve as core technologies toward the development
of tissue-interfaced battery-free glucose sensors with improved
response time.

Results and discussion

Overview of this study

2| J. Name., 2012, 00, 1-3

A proof-of-concept design of the proposed battery-free flexible
glucose sensor (total thickness: 300 um) is illustrated (Fig. 1a).
The IDC served as a planar component that quickly detected the
dielectric transition in PBA hydrogel. The controlled design of
the signal transducer by inkjet printing and electromagnetic
simulation contributed to the rapid detection of PPHG (< 5 min).
In addition, the low flexural rigidity of the tissue-interfaced PBA
hydrogel and the lightweight properties without battery on
device ensured the conformability to biological tissues and
living bodies (Fig. 1b and Fig. S1a,b in ESI). The scheme of the
proposed battery-free detection of hyperglycaemia is
illustrated (Fig. 1c and Fig. S2 in ESI). To demonstrate the
capability of the battery-free sensor for tissue-interfaced
applications, we examined its response to a hyperglycaemic
level of glucose.

Design of battery-free flexible glucose sensor

We fabricated a thin-layer IDC on a flexible polyethylene
terephthalate (PET) substrate using inkjet printing with Au
nanoparticle ink (Fig. 2a). We selected an overhead projector
film, namely surface-treated PET film (thickness: 100 um), as the
printing substrate because of its ink absorption characteristics
and lower mechanical hysteresis than that of elastomer-based
substrates!4-16, We placed the IDC at the bottom of a silicone
rubber spacer, on which PBA hydrogel was crosslinked (Fig. 2b).
We added N-isopropylacrylamide (NIPAAm), which contains
hydrophilic amide bonds and hydrophobic isopropyl groups, to
the PBA hydrogel. The amphiphilicity of NIPAAm ensured a
reversible phase transition of the hydrogel driven by the
counterion osmotic pressure derived from negatively charged

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Design of flexible glucose sensor consisting of an IDC and PBA hydrogel. (a) Fabrication of an IDC conducted by inkjet printing Au nanoparticle ink on PET film. (b) Layering of
glucose-responsive hydrogel by photo-crosslinking. (c) Formation of layered structure. (d) Relationship between the number of inkjet-printed electrodes and actual measured
capacitance. The parallel capacitance was measured in D-PBS(-) at 10 kHz. (e) Relationship between width of electrode and simulated capacitance of IDC surrounded by air (first y-
axis), and ratio of surface area covered with PBA hydrogel (second y-axis) which is related to the stability of attachment between PET substrate and the hydrogel. (f) Relationship
between the ratio of NIPAAm to all monomers and concentration of PBA; this relationship affected the adhesion between the PBA hydrogel and PET film (closed square: composition
with successful gelation and sufficient adhesion as 5-mm-thick PBA hydrogel remained attached to PET film, open square: composition with successful gelation but poor adhesion
as 5-mm-thick PBA hydrogel fell down from PET film, closed triangle: composition with unsuccessful gelation due to excessive phase separation and poor adhesion). (g) Relationship
between curvature radius and change in capacitance and image and illustration of curved glucose sensor (left) and flat glucose sensor (right).

PBA when the glucose level became elevatedl”.18, After being
crosslinked, the PBA hydrogel was attached to the IDC (Fig. 2c).
The interconnection between the PBA hydrogel and the IDC was
physically secured due to the hydrophilicity of the PBA hydrogel
and the overhead projector film1920, This layered structure
served as the sensing element for battery-free glucose sensing.
We optimized the design of IDC in terms of (1) the total number
of electrodes, (2) the height of electrodes, and (3) the gap
between the electrodes. The following equation was used to
calculate capacitance C:

A
C= Eosra (€))

This journal is © The Royal Society of Chemistry 20xx

where g, &, A, and d are the dielectric constant in a vacuum,
the relative dielectric constant of the dielectric between
electrodes, the area of facing electrodes, and the inter-
electrode distance, respectively. We selected 10 electrodes
based on the comparative analysis of capacitance with different
number of electrodes in a fixed area (10 mm X 10 mm) (Fig. 2d).
We optimized the capacitance of the IDC based on simulations
conducted with several combinations of electrode width and
inter-electrode distance, where the sum of the width and
distance was fixed at 1000 um (Fig. 2e)21. According to equation
(1), the capacitance of the IDC can be increased by minimizing
the inter-electrode distance. The inter-electrode area
determines the mechanical stability of the interconnection
between the PET substrate and PBA hydrogel. Given these

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Characterization of chemical-to-electrical signal transduction in PBA hydrogel. (a) Shift in impedance upon an incrementally elevated glucose level. The interval of glucose
addition was 18 mg/dL per 15 min. Data are represented as mean * standard deviation (SD) (n = 3). (b) Relationship between PBA hydrogel thickness and change in impedance upon

an elevated glucose level (18 mg/dL) in 15 min. Mean + SD (n = 3).

considerations, we selected 600 um for the width of the
electrode and 400 um for the interelectrode distance based on
simulated capacitance and ratio of inter-electrode surface area
covered with PBA hydrogel which is related to the stability of
attachment between the PET substrate and the hydrogel. In the
simulation, the IDC design resulted in the capacitance of 1.7 pF
and a ratio of the inter-electrode area to the entire printable
area of 40%. We set the height of the electrode to 1 um to
ensure both sufficient simulated capacitance and flexural
rigidity (7.99%x10° N m) that is equivalent to the adjacent PBA
hydrogel (1.51x10-¢ N m) (Table 1, Fig. S3 and S4 in ESI). The
Young’s modulus and flexural rigidity of PBA hydrogel (1.79x104
Pa and 1.51x108 N m) facing biological surfaces were lower
than those of epidermis (1.02x108 Pa and 1.10x10> N m) and
dermis (1.02x107 Pa and 3.73X103 N m) (Table 1). This result
suggests that our sensor is mechanically conformable to the
skin.

Table 1 Young’s modulus, thickness, Poisson’s ratio, and flexural rigidity of skin-
interfaced PBA hydrogel and epidermis. The data are partially reproduced from ref. 22—
26 and Figure S4.

Y ’ Fl 1
. Thickness Poisson’s -e)-m-ra
modulus / mm?2 ratio® rigidity
/ Pa? /N m
PBA 4 -8
hvdrogel 1.79%10 0.2 0.46 1.51x10
ydroge
Epidermis 1.02x10% 0.1 0.48 1.10x10°
Dermis 1.02x107 1.5 0.48 3.73x10°

We also characterized the concentration of PBA and the
ratio of NIPAAm to all monomers (Fig. 2f and Fig. S5a,b in ESI).
We prioritized maximizing the concentration of PBA to ensure
both a capacitive response to glucose and a stable
interconnection between the PET substrate and PBA hydrogel.

4 | J. Name., 2012, 00, 1-3

We also set the appropriate ratio of NIPAAm to ensure a
dielectric transition17.18, PBA hydrogel indicated a slight
volumetric change (< 5%) when the temperature increased
from 25°C to 35°C, which is around skin or body temperature
(Fig. S6 in ESI). This result suggests that temperature change
would not affect the volume phase transition of PBA
hydrogel7.27.28_ Bjofluids show various ionic strengths from the
low level (0 mM in most beverages) to the high level (< 150 mM
in ISF or blood)1229, The previously demonstrated battery-free
capacitive sensor indicated that 250-um-thick PBA hydrogel
maintained the dielectric response when the ionic strength of
PBS changed from 150 mM to 35 mM and the pH changed from
7.4 to 6.5 and 8123031 When the flexible sensor was bent, the
capacitance value in PBS changed by at most 10%, and mostly
by far less than 10% (Fig. 2g). When the curvature radius is set
to 19 mm, the shift in capacitance is about -2%, which would
result in the shift in resonant frequency by about 1%. This result
indicates that the deformation of the sensing element did not
significantly affect the sensor responses in both in-vitro setting
(about -3% in 5 min) and ex-vivo setting (about -40% in 4 min).

Characterization of chemical-to-electrical signal transduction

Next, we evaluated the optimal thickness of the PBA hydrogel
for electrochemical transitions and the capacitive response of
the sensing element. We assessed the relationship between the
hydrogel thickness and the electrochemical response of the
sensing element to a glucose concentration increase from 0 to
18 mg/dL at pH 7.4 (Fig. 3a). The threshold thickness for the
response was between 400 um and 1.4 mm (Fig. 3b). The
electrochemical response increased with decreasing hydrogel
thickness. The diffusion time of glucose into 100-um-thick
planar hydrogel was estimated to be around 10 s32. A reduction
in thickness speeds up the dielectric transition in the hydrogell”.
Thus, a faster dielectric transition of the planar hydrogel in our
sensing element could be achieved by minimizing the thickness.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 10



ournal ofd

\aterialsiChemistry €

Journal Name

ARTICLE
a o b ! .
Normoglycaemia (144 mg/dL)
22 Hypoglycaemia (72 mg/dL)
N
2 Hyperglycaemia T ;
% 26 § El :
53
2 0 min @ 3 !
- L2
» 3 \n }
S % } -
32 g 3
34 o ” > }
Shift in resonant Initial resonant 4 V 4
36 Glucose/
frequency (Af.s) frequency (freso) D-PBS() souion] | Hyperglycaemia(216 mgi)
-38 o 5
15 12 125 13 135 14 145 01 2 3 4 5 6 7 8 9 10
Frequency / MHz Time / min
00 X .
Cc d \ e Under bending Without
o \ \ (Curvature radius: 25 mm) bending
\ \
\‘ \
® e \ T0mm
X A = \ \ mm
s P~y \ ‘ o
] I \ \
H o2 \ \
3 ‘L Voo
8 ug ‘l‘ ':' \ 2
2 < v \‘ u.! -2
3 N 15 \ !/ Glucose + \ ~
@, VY (216 mg/dL) \ 4 3
== u -
O Glucose - > o
4 2 -4
0 36 72 108 144 180 216 252 288 0 10 20 30 40 50
Glucose Concentration / mg/dL Time / min

@ Response time: 5 min

Fig. 4 In-vitro sensor response to changes in glucose concentration. (a) Response of sensor (shift in resonant frequency) to a hyperglycaemic level of glucose. Red spots on the graph
indicate the peaks, and red spots on the x-axis correspond to the resonant frequencies. (b) Shift in resonant frequency under in-vitro setting. Mean * SD (n = 3). The one-sided P
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addition of glucose. Mean  SD (n = 3). Hill’s equation was applied to the curve fitting. (d) Reversible shift of resonant frequency as a response to glucose concentration. (e) Comparison
of shift in resonant frequency between bent sensing element (curvature radius: 25 mm) and flat sensing element. The shifts were calculated based on the sensor responses in 5 min

A sensor with 100-um-thick PBA hydrogel indicated the highest

response of impedance, but the deviation was by far larger than
those with thicker PBA hydrogel. We selected 200 um for the
final thickness of the PBA hydrogel because this was the
smallest thickness at which a high yield ratio was retained. To
confirm the applicability of the proposed sensor to battery-free
glucose sensing, we evaluated the PBA hydrogel’s capacitive
response to a hyperglycaemic level of glucose (216 mg/dL) at
13.56 MHz, a standard frequency in near-field communication
(NFC). According to equation (1), the capacitance is linearly
proportional to the dielectric constant. Under a hyperglycaemic
state, the capacitance of the sensing capacitive response to
glucose was sufficiently fast to detect PPHG, for which the
glucose level reaches a peak at 30 to 60 min (Fig. S7)3. In general,
the dielectric transitions in PBA hydrogel take place based on
the following steps: (1) the diffusion of glucose molecules
throughout the hydrogel, (2) a reversible reaction between

Previous battery-free capacitive sensor followed steps (1)-(5),
resulting in the slow response (> 1 h)!2. Our sensing element
achieved the instant response (< 5 min) by following only steps
(1)-(3).

In-vitro sensor response to changes in glucose concentration

We evaluated the response of the sensor (in terms of its
resonant frequency) to three glycaemic levels,
hypoglycaemia (72 mg/dL), normoglycaemia (144 mg/dL), and
hyperglycaemia (216 mg/dL). We placed the sensing element at
the bottom of a closed chamber and added PBS supplemented
with glucose (final volume: 1 mL) into the chamber (Fig. S9a in
ESI). We applied inductive coupling to the sensing element to
transfer the capacitive response to the VNA in the form of a

namely

resonant frequency. The following equation was used to

calculate the resonant frequency f.qs:
glucose and negatively charged PBA derived from a hydroxide

ion adduct, (3) an increased fraction of charged PBA in the
hydrogel, (4) an increased counterion osmotic pressure
between the hydrogel and external solution, and (5) the entry
of external solution into the hydrogel (Fig. S8 in ESI)17.27.28,

1
P o @)

where L and C are the inductance and capacitance, respectively.
Before changing the glucose concentration,

fres =

we applied
This journal is © The Royal Society of Chemistry 20xx
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impedance matching to the circuit and set the initial resonant
frequency at around 13.56 MHz. We aimed to examine the
capability of detecting a hyperglycaemic state and a non-
hyperglycaemic state in the NFC range. Signals in this range can
be detected by a commercially available remote reader. In this
system, the resonant frequency shifts toward a lower frequency
under a hyperglycaemic state. An instant alert of PPHG can be
sent to the user after detecting the deviation of the resonant
frequency from the NFC range or by quantifying the shift. The
resonant frequency of the sensor shifted by about -3% (~ -400
kHz) in 5 min under a hyperglycaemic state (Fig. 4a and b). The
in-vitro response within 5 min is shorter than those of previous
battery-free glucose sensors based on PBA hydrogel (> 60
min)1L12 The inversion of the response between hypoglycaemia
and normoglycaemia is attributed to the fluctuation of the peak,
which can be observed in Fig. 4a. According to equation (2), the
decrease in resonant frequency is attributed to the increase in
the capacitance of the PBA hydrogel. The measurements under
the hypoglycaemic and normoglycaemic states showed lower
responses of only up to -2%. These results indicate that the
sensor selectively detected a hyperglycaemic level of glucose.
The relationship between glucose concentration and the shift in
resonant frequency exhibits positive cooperativity that
corresponds to a fitting curve obtained based on Hill’s equation
(Fig. 4c). Based on the sensing range of our sensor (0-252
mg/dL), we aimed to measure the glucose level in serum (88-
124 mg/dL for healthy patients’)’. We measured the shift in
resonant frequency when PBS solution and the PBS solution
(final in the
chamber: 216 mg/dL) were alternatively applied to the sensor
via a syringe pump every 10 min (Fig. S9b in ESI). The flow rate
was set to 2 mL/min so that the solution in the chamber could
reach the target concentration within 3 min. We confirmed the

supplemented with glucose concentration

sensor’s reversible response to glucose by tracking the shift of
the resonant frequency (Fig. 4d). The results from the in-vitro

6 | J. Name., 2012, 00, 1-3

evaluation of the sensor response indicate that the glucose
concentration can be tracked in the range of 0 to 216 mg/dL for
at least two cycles (one cycle: 20 min). The responses in 5 min
under bending (curvature radius: 25 mm) and without bending
were equivalent (Fig. 4e). This result indicates that the
deformation of the sensing element did not significantly affect
the shift in resonant frequency under hyperglycaemic state.

Ex-vivo sensor response to changes in glucose concentration

Finally, we evaluated the ex-vivo sensor response to PPHG using
a biological sample that contained foreign substances in
addition to glucose (Fig. S9c in ESI). We placed the sensing
element at the bottom of a closed chamber and added mouse
serum (final volume: 100 pL) into the chamber (Fig. S9d in ESI).
The resonant frequency decreased by ~60% 5 min after a
hyperglycaemic level of glucose was reached (Fig. 5a). The
resonant frequency shift under hypoglycaemic and
normoglycaemic states was within a few percent. A large
portion of the response to the hyperglycaemic state occurred
within 1 min. The sensor could detect hyperglycaemic and non-
hyperglycaemic levels of glucose in 10 s (Fig. 5b). Overall, the
response of the sensor in the ex-vivo setting was larger than
that in the in-vitro setting (PBS solution supplemented with
glucose). The difference in the composition of dielectric
compounds between in-vitro and ex-vivo specimens would
bring about the response
hyperglycaemic state. The serum contains foreign substances

enhanced sensor under
such as protein and the concentration of foreign substances in
mouse serum might have differed at each glycaemic level. In
order to normalize the effect of foreign substances on the
dielectric transition in the hydrogel, we evaluated the response
to fetal (FBS)  supplemented with
normoglycaemic and hyperglycaemic levels of glucose (Fig. S10
in ESI). Specifically, we analysed the increase in the response

bovine serum

from normoglycaemia to hyperglycaemia, and the increase in

This journal is © The Royal Society of Chemistry 20xx
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the response to FBS was equivalent to that of in-vitro response
to PBS. Therefore, our sensor can maintain the equivalent level
of response to glucose in the presence of foreign substances.
PBA reacts with not only glucose but also other compounds with
cis-diol groups3s. In serum, the concentration of compounds
with cis-diol groups such as fructose is much lower than that of
glucose3®. Therefore, interference from compounds with cis-
diol groups other than glucose is considered to be negligible.

Conclusions

In this research, we demonstrated important capabilities for the
development of flexible battery-free glucose sensors. Our
proof-of-concept prototype offered various properties superior
to reported glucose sensors, including the response speed (< 5
min), the sensing range (0-252 mg/dL), and battery-free utility
(Table 2).

Table 2 Sensor performance of reported battery-free and battery-driven glucose sensors.

The data are partially reproduced from ref. 11, 12, 17 and 37.

Response Sensing range
Type Example .
time (mg/dL)
This work <5 min 0-252
Battery-free  paygta er al. (2020)2 > 60 min 0-400
sensor
Lei et al. (2006)" > 60 min 0-360
Matsumoto et al. .
2009) <5 min 0-500
Battery- (
driven Freestyle Libre
sensor (Abbott <3 min 0-500
Laboratories)*’

The sensor rapidly identified hyperglycaemia in serum by
decreasing the thickness of the hydrogel embedded in it and
detecting dielectric transition inside the hydrogel 5 min after
the glucose level was elevated. The sensor consisted of a flexible
polymer and conductive materials, allowing it to conform to
biological tissues and living bodies. The sensor was small (< 10
mm X 10 mm) and thus applicable to the intermittent or
continuous glucose monitoring of small animal models. The
proposed design and fabrication process enhances response
speed and improves a tissue-interfaced utility of battery-free
glucose sensors.

We envisage the further development of the device as
tissue-interfaced, battery-free glucose sensors. The sensing
element of our sensor can be attached to the skin to detect the
glucose level in blood38 or ISF with microneedles for collecting

This journal is © The Royal Society of Chemistry 20xx
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specimen3?40, or to detect the glucose level in sweat®. In the
case of targeting the glucose level in sweat, the composition of
the PBA hydrogel should be such that the sensing element can
respond to the range of the target glucose level in sweat. The
addition of a selectively permeable membrane as the top layer
of the sensing element would prevent foreign substances such
as proteins from interfering with the hydrogel’s dielectric
transition and the elution of polymers in the hydrogelll. To
increase the biocompatibility, chitosan could be used in place of
NIPAAmM because of its responsivity based on the transitions in
cationic amino groups and good long-term implantation
outcomes?*142, Despite these challenges we are yet to address,
we believe the demonstrated capabilities will offer a new
paradigm for the design and prototyping of battery-free,
flexible glucose sensors.

Experimental
Materials

Au nanoparticle ink (Au-J 0410B) was purchased from C-INK.
Polyethylene terephthalate (PET) film (overhead projector film
for monochrome inkjet printing) was purchased from AS ONE.
N-isopropylacrylamide, acrylamide, 3-(acrylamide)-
phenylboronic acid, and methylene bisacrylamide were
purchased from Tokyo Chemical Industry. 2,2-Dimethoxy-2-
phenylacetophenone and D-(+)-glucose was purchased from
Sigma-Aldrich. Dimethylformamide and D-PBS(-) were
purchased from FUJIFILM Wako Pure Chemical. The capacitor
chip and inductor chip for impedance matching were purchased
from Murata Manufacturing.

Fabrication of interdigitated capacitors

The performance of interdigitated capacitors (IDCs) with
different designs was examined using simulation software
based on finite element method (Femtet, Murata Software Co.,
Ltd.). The IDCs were fabricated with an inkjet printer (DMP-2831,
FUJIFILM Dimatix). We selected inkjet printing for this
patterning because of the ease of depositing ductile thin-layer
electrodes and the customizability of electrode patterns43-45,
The pattern of the IDCs (length: 10 mm, width: 600 um, inter-
electrode distance: 400 um, number of layers: 3) was printed on
an overhead projector film (dot spacing: 20 um, plate
temperature: 60 °C, number of nozzles: 1, number of layers: 3).
We selected an overhead projector film, namely surface-
treated PET film (thickness: 100 um), as the printing substrate
because of its ink absorption characteristics and lower
mechanical hysteresis than that of elastomer-based
substrates4-16, The printed IDCs were annealed at 100 °C for 3
h in a convection oven.

Preparation of glucose-responsive hydrogel on IDC surface
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The monomers NIPAAm (0.6 M), AAm (0.6 M), 3-APBA (0.09 M),
and BIS (0.03 M) and the photosensitizer 2,2-dimethoxy-2-
phenylacetophenone (0.25 M) were dissolved in a mixed
solvent consisting of 20 vol% dimethylformamide and 80 vol%
deionized water. Silicone rubber spacer and coverslip were
placed onto the electrodes, and the monomer solution was
poured via a pipette into the space between the substrate and
the coverslip. Photopolymerization was conducted by
irradiating ultraviolet light (A = 254 nm, 100 J/cm?2) through the
coverslip. After the reaction, the coverslip was carefully
removed, and the device was immersed in D-PBS(-) for 1 day to
remove the dimethylformamide in the hydrogel.

Evaluation of flexural rigidity

The flexural rigidity (D) is defined by the following equation?3.46:

Et3

b=fa-w

3)
where E is the Young’s modulus, tis the thickness, and v is the
Poisson’s ratio.

Evaluation of the capacitance of IDC in PBS

We measured the capacitance for the different number of
electrodes at 10 kHz using a handheld LCR meter (U1733C,
Keysight Technologies). The sensing element was immersed in
D-PBS(-) during the measurement. Also, we measured the
change in capacitance for curvature radii of 19.1, 9.55, and 3.18
mm at 1 kHz using the handheld LCR meter. The sensing
element was immersed in D-PBS(-) during the measurement.

Evaluation of the relationship between PBA hydrogel thickness
and electrochemical response

To determine the relationship between PBA hydrogel thickness
and electrochemical response, we prepared sensing elements
with thicknesses of 100 um, 200 um, 400 um, 1.4 mm, and 4.9
mm. An IDC with a unique design for this measurement
(electrode length: 22 mm, electrode width: 1 mm, inter-
electrode distance: 500 um) was prepared. The sensing element
was immersed in 30 mL of D-PBS(-) and connected to an LCR
meter (IM3533, Hioki E.E.) via a four-port connection. We
changed the glucose concentration from 0 to 18 mg/dL and
measured the shift in impedance 15 min after the addition of
glucose.

Evaluation of capacitive response to the hyperglycaemic level of
glucose

The capacitance at 13.56 MHz was measured at room
temperature by connecting the device to a vector network
analyser (VNA) (E5063A, Keysight Technologies) via inductive
coupling (number of sweeps: 1401, frequency range: 13.553 to
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13.567 MHz, power:
bandwidth: 10 kHz).

-5 dBm, intermediate frequency

Battery-free detection of the in-vitro response to changes in
glucose concentration

The device was connected to a VNA via inductive coupling. We
added an LC circuit for impedance matching to set the resonant
frequency at around 13.56 MHz. The shift in resonant frequency
was measured at room temperature for various concentrations
of glucose in D-PBS(-). The sensor was placed at the bottom of
a cylindrical chamber filled with 500 pL of D-PBS(-). We mixed
glucose into the D-PBS(-) and then added and pipetted 500 uL
of the mixed solution to reach the final target concentration at
the same time that the measurement was initiated. Glucose
concentrations of 72, 144, and 216 mg/dL corresponded to the
hypoglycaemic, normoglycaemic, and hyperglycaemic levels of
blood glucose, respectively.

Evaluation of reversible response to changes in glucose
concentration

The developed device was placed at the bottom of a cylindrical
chamber and connected to a VNA via inductive coupling.
Impedance matching was applied as described above. D-PBS(-)
and a mixed solution of glucose and D-PBS(-) (glucose
concentration: 216 mg/dL) were alternately injected into the
chamber via a syringe pump (flow rate: 2 mL/min). The
temperature of the entire system was maintained at 18 °C using
a cool incubator.

Battery-free detection of ex-vivo response to changes in glucose
concentration

The developed device was connected to a VNA via inductive
coupling. The shift in resonant frequency was measured at
room temperature. We initially filled the chamber with 500 pL
of D-PBS(-) and replaced it with 100 pL of mouse serum. We
started the data logging as soon as adding the sample and
evaluated the shift in resonant frequency 1 min later. To
prepare mouse serum under three glycaemic levels, 8-week-old
mice were raised under identical conditions. Hypoglycaemic
mice were prepared by removing the feed overnight. Normal
mice were prepared by keeping the feed overnight.
Hyperglycaemic mice were prepared by administering glucose
via intraperitoneal injection at 2 g/kg body weight after feeding
overnight. We took a blood sample from each mouse and
measured the glucose concentration by blood glucose meter
(Gluco Card PRIME, ARKRAY, Inc.) as soon as the blood
collection. We centrifuged the blood samples and obtained
serum at different glucose levels. The mean values of the
hypoglycaemic, normoglycaemic, and hyperglycaemic levels
were 73.8, 158.2, and 231.8 mg/dL. We prepared FBS with
different glucose levels by simply mixing glucose to
commercially available FBS. Following the same procedure as

This journal is © The Royal Society of Chemistry 20xx
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mouse serum’s, we evaluated the response to FBS (original
glucose concentration: 110 mg/dL) and FBS supplemented with
glucose (final glucose concentration: 224 mg/dL).
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