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electrode modified with a 3D nanostructure for implantable =
continuous glucose monitoring

A novel cylindrical flexible enzyme-electrode sensor was
fabricated with a big working electrode surface for implantable
continuous glucose monitoring. A rotated inkjet printing method
was proposed to fabricate the electrodes and construct a 3D
nanostructure on the micro cylindrical substrate.
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Introduction

A flexible enzyme-electrode sensor with
cylindrical working electrode modified with a 3D
nanostructure for implantable continuous glucose
monitoring

Zhihua Pu, @2 Jiaan Tu,? Ruixue Han,® Xingguo Zhang,? Jianwei Wu,? Chao Fang,?
Hao Wu,? Xiaoli Zhang,? Haixia Yu*® and Dachao Li*®

A novel cylindrical flexible enzyme-electrode sensor was fabricated with a bigger working electrode (WE)
surface than the traditional pin-like one for implantable continuous glucose monitoring. On the WE sur-
face, a 3D nanostructure consisting of graphene and platinum nanoparticles was constructed to enhance
the sensitivity; in conjunction with the bigger WE, this nanostructure enabled hypoglycemia detection,
which is still a big challenge in clinics. The cylindrical sensor was fabricated by rotated inkjet printing which
enabled direct patterning of microstructures on a curved surface, thus overcoming the restriction of the
traditional planar micromachining by photolithography. Specifically, the cylindrical substrate (poly-
etheretherketone, PEEK) was modified by (3-aminopropyl) trimethoxysilane and (3-mercaptopropyl) tri-
methoxysilane to facilitate surface wettability, which discourages the coalescence of adjacent droplets, and
to facilitate the adhesion of metals to PEEK in order to construct robust electrodes. A synchronous heating
method was used to evaporate the solvent of the droplets quickly to prevent them from running along the
cylindrical surface, which affects the formation of the printed electrode significantly. In vitro experimental
results showed that the proposed sensor was able to detect the glucose concentration ranging from O to
570 mg dL™* which demonstrated its capability for physiological glucose detection. In vivo experiments
were conducted with rats, and the measurement results recorded using the implanted cylindrical sensor
showed great compliance to those recorded using a commercial glucometer which exhibited the viability
of the proposed sensor for implantable continuous glucose monitoring, even under the hypoglycemic
conditions.

method for clinical continuous glucose monitoring.” Unfortu-
nately, the rigid pin-like structure (needle-type and coil-type)

Diabetes mellitus and its complications have become great
health risks to humans.”* Continuous blood glucose monitor-
ing is considered the best method to reveal the illness state of
diabetics in order to help effectively control diabetes and its
complications.® However, continuous and direct monitoring
of glucose in the blood still has many difficulties.* Thus, con-
tinuous blood glucose prediction based on interstitial fluid
(ISF) analysis has attracted much attention because the glu-
cose concentrations in the ISF are closely related to those in
the blood.”® To date, the use of implantable enzyme-
electrode sensors is still the most frequently used ISF analysis
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of traditional enzyme-electrode sensors cannot make stable
contact with the subcutaneous tissue, which may lead to sig-
nal drift.® Moreover, this kind of implantable sensor requires
a minute diameter so that the area of the effective working
electrode (WE) is very small because it is usually
manufactured on the cylindrical end face. The small WE area
leads to a low sensitivity of the sensor. Therefore, it is hard
for traditional enzyme-electrode sensors to realize hypoglyce-
mia detection, which is as yet a significant challenge for clini-
cal continuous glucose monitoring.” In this paper, a novel cy-
lindrical flexible enzyme-electrode sensor with a bigger WE
surface is proposed for implantable continuous glucose moni-
toring to avoid signal drift and enable hypoglycemia detec-
tion. A cylindrical substrate is selected because it holds the
biggest surface compared with the other shapes for a certain
volume, and a bigger cylindrical surface produces a bigger
WE surface. And on a cylindrical surface, the WE not only can
be fabricated along the radius but also along the axis of the

This journal is © The Royal Society of Chemistry 2018
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cylindrical substrate breaking through the limit of the diame-
ter which exists for traditional pin-like enzyme-electrode
Sensors.

Nowadays, patterning on a micro cylindrical substrate still
has many difficulties.'® The traditional lithography micro-
machining method exhibits excellent performance for pattern-
ing on an a plane but not for a curved surface; and this limita-
tion hinders its application to cylindrical substrates. Choi et al.
employed a soft mask of polydimethylsiloxane film to fit the
surface to enable the fabrication of submicron patterns on
curved substrates.'* However, the difficulties involved in uni-
formly coating a photoresist on a curved surface are yet to be
overcome to meet the requirements of photolithography.
Petruczok et al. proposed a soft-lithography method based on
initiated chemical vapor deposition to enable the patterning of
functional organic surfaces and metal microstructures on cylin-
drical substrates."> Wang et al. used a reusable, flexible and
low cost parylene-C/Cr shadow mask to enable the fabrication
of diverse micro patterns on arbitrary surfaces."® The two
methods enable patterning on a curved surface while the diffi-
cult mask manipulation (former method) and the hard transfer
operation (latter one) make them only suitable for structure
patterning on a side of a micro cylindrical substrate, leading to
the insufficient use of the whole surface area. A higher surface
utilization rate facilitates the miniaturization of devices which
holds great significance for implantable devices. In addition,
multilayer microstructure fabrication is hard to achieve based
on the two methods due to the difficulty of alignment. Sun
et al. used a confined evaporative self-assembly method to fab-
ricate tubular structures containing conductive stripe patterns
on flexible polyimide films which could be rolled up to make
3D tubular cell complexes.'* This method enables patterning
on a curved surface but it is restricted to cycle's manufacturing
and it is difficult to control the shape of the patterning. All of
the aforementioned methods have difficulty fabricating multi-
layer microstructures on a whole micro cylindrical substrate.

Inkjet printing is an additive manufacturing technique
that has been used in various fields such as wearable
electronics,””  optoelectronics,'®  transducers,'””  micro-
fluidics,'® and energy devices'® owing to its inherent advan-
tages. This method poses no limit over the shape of the sub-
strate, which exhibits the possibility of fabrication on
cylindrical substrates.”® Furthermore, this technology enables
maskless direct writing which avoids difficult mask manipu-
lation for curved surfaces and enables multilayer structure
patterning especially for in situ fabrication and modification
on a whole micro cylindrical substrate.>® The maskless
method also avoids the development process and saves time
and materials which results in a low cost.>” Additionally, this
technique enables low temperature fabrication which is bene-
ficial in maintaining the bioactivity of graphically deposited
biomaterials, which is of importance to biosensors.>* There-
fore, in this paper, a novel rotated inkjet printing method is
proposed to enable facile micromanufacturing of multilayer
microstructures on a whole micro cylindrical substrate to
form flexible glucose sensors.

This journal is © The Royal Society of Chemistry 2018
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Experimental
Chemicals and materials

The cylindrical flexible substrate (polyetheretherketone,
PEEK, diameter: 1 mm, the length of the fabricated sensor: 5
mm, stiffness: 62.5 kN m™') was purchased from Shenzhen
Xiangping Insulating Materials Co., Ltd., Shenzhen, China.
(3-Aminopropyl) trimethoxysilane (APTES), (3-mercaptopropyl)
trimethoxysilane (MPTMS), glucose oxidase (GOx), silver ink,
graphene ink and Nafion were all bought from Sigma-Aldrich
LLC., Shanghai, China. Gold ink was obtained from Ptdots,
Inc., USA. Platinum nanoparticle (PtNP) ink was obtained
from Changchun Institute of Applied Chemistry Chinese
Academy of Sciences, China. Ferric chloride (FeCl;), glucose,
potassium ferricyanide, hydrogen peroxide (H,O,, 30 wt%),
0.1 M phosphate buffered saline (PBS) solution (pH = 7.4)
and absolute ethyl alcohol were all bought from Tianjin
Jiangtian Huagong Co., China. Urethane and glucose injec-
tion were supported by the Animal Experiment Center of the
Chinese Academy of Medical Sciences & Peking Union Medi-
cal College Institute of Biomedical Engineering, Tianjin,
China. All of the chemicals were used as received without any
purification.

Surface modification of the PEEK rod

The commercial solutions of APTES and MPTMS were respec-
tively diluted in ethanol by 10% and 1% per volume, and
then the two diluted solutions were mixed 1:1 (v/v). Before
decorating with APTES and MPTMS, the cylindrical PEEK rod
was pretreated using O, plasma for 1 min to obtain an acti-
vated surface which was beneficial for the modification.
Then, the PEEK rods were immersed into the mixture for 2 h
to accomplish surface functionalization, followed by rinsing
with ethanol and drying in the nitrogen stream.

Fabrication of the cylindrical flexible enzyme-electrode
sensor

The cylindrical flexible enzyme-electrode glucose micro sensor
was fabricated via rotated inkjet printing. This rotated inkjet
printing system is shown in Fig. S1.j The cylindrical flexible
PEEK rod substrate was clutched by a tripod chuck on a rotary
motor after surface modification. Subsequently, the displace-
ment stage and the rotary motor were maneuvered according
to the predefined printing tracks. And the heater worked simul-
taneously (~200 °C, ~2 mm to the rod surface) during all print-
ing processes except for GOx. For the electrode printed mate-
rials, gold ink, graphene ink, and PtNP ink were utilized for the
WE; silver ink was utilized for the CE and RE. After each
electrode layer was fabricated, they were annealed (350 °C for
30 min for Au and graphene, 350 °C for 10 min for Ag, ~2 mm
between the heater and the rod surface) to enhance the con-
ductivity of the printed microelectrodes. After heating, the
electrodes were immersed in 50 mM FeCl; aqueous solution
for 50 s to obtain a stable Ag/AgCl CE and RE, then 10 pL
Nafion solution was dropped onto the electrode surface to
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produce a covering layer in order to make them more biocom-
patible and more stable in an interstitial environment.>* After
that, PtNPs were ejected onto the annealed graphene layer,
GOx was printed onto the WE surface at room temperature and
immobilized with Nafion, and a cylindrical flexible enzyme-
electrode glucose sensor was obtained.

Characterization of the fabricated cylindrical flexible sensor

All of the electrochemical measurements were performed on
an electrochemical workstation (CHI 660E, CH Instruments,
Ins., USA). In vitro experiments were conducted to character-
ize the printed cylindrical flexible electrochemical sensor
using cyclic voltammetry, chronoamperometry and electro-
chemical impedance spectroscopy. In vivo experiments were
conducted by implanting the proposed sensor into the subcu-
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taneous tissue of a rat, and the detection method was
chronoamperometry.

In vivo animal experiment

Eight healthy SD rats were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. The rat used in the
experiment was fasted for 8 h before the test. Urethane (0.7 g
kg™") was first used to anesthetize the rat by intraperitoneal
injection. Then, the fabricated cylindrical flexible sensor was
implanted into the subcutaneous tissue of the rat's posterior
neck after complete narcosis. After a period of 30 min, the
amperometric method was used to record the data from the
implanted sensor continuously wusing a commercial
glucometer (OneTouch®, LifeScan, Inc., USA) to measure the
caudate blood glucose of the rat every 10 min. After 30 min
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Fig. 1 Schematic diagrams and photos of the cylindrical flexible enzyme-electrode glucose sensor. (a) Implantable application of the flexible sen-
sor in the subcutaneous tissue; (b) structure of the cylindrical enzyme-electrode glucose sensor; (c) structure of the WE; (d) the rotated inkjet
printing system for manufacturing the cylindrical sensor; (e) photo of the fabricated sensor; (f) photo of the three electrodes of the cylindrical sen-
sor; (g) SEM image of the Au WE surface; (h) SEM image of the rGO/Au WE surface; (i) SEM image of the PtNP/rGO/Au WE surface; (j) EDS of the
Au WE surface; (k) EDS of the rGO/Au WE surface; (1) EDS of the PtNP/rGO/Au WE surface.
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of monitoring, glucose (20 g kg™") was injected into the abdo-
men of the rat. Then, detection occurred for about 4 h. Eight
fabricated sensors were used for the eight rats. All of the data
collected were then analysed.

Results and discussion
Formation of the cylindrical enzyme-electrode glucose sensor

Fig. 1(a) shows the concept diagram of the proposed cylin-
drical enzyme-electrode sensor implanted in the subcutane-
ous tissue to enable real-time glucose detection. The pro-
posed device is a three-electrode electrochemical sensor
fabricated on the cylindrical surface of a flexible micro rod.
As demonstrated in Fig. 1(b), the cylindrical enzyme-
electrode sensor consists of a flexible cylindrical substrate
(PEEK rod), a WE, an Ag/AgCl reference electrode (RE), an
Ag/AgCl counter electrode (CE), and a Nafion protective
membrane. The detailed structure of the WE is displayed in
Fig. 1(c), including the flexible cylindrical substrate, the
gold layer, the 3D nanostructure consisting of reduced
graphene oxide (rGO), PtNPs, the GOx layer, and the Nafion
layer. The cylindrical sensor has a bigger WE surface than
the traditional pin-like one, and a bigger WE surface is ben-
eficial for the collection of measurement signals especially
for the weak signals, for example, the weak current signals
associated with low levels of glucose. Furthermore, the flexi-
bility of the sensor enables it to adaptively conform to the
deformation of the subcutaneous tissue; the good contact
generates more stable detection signals.>® The stability ben-
efits the analysis of weak useful signals. Additionally, the
3D nanostructure is constructed on the WE to enhance the
sensitivity in order to achieve glucose detection at low
levels.>® These three advantages exhibit the potential of the
cylindrical flexible enzyme-electrode glucose sensor for hy-
poglycemia detection.

As illustrated in Fig. 1(d) and S1,f a rotated inkjet print-
ing system was used to fabricate the designed cylindrical
glucose sensor. The photos of the fabricated sensor are
shown in Fig. 1(e) and (f). The topographies of each layer of
the WE surface were characterized using a field emission
scanning electron microscope (SEM); the SEM images for
each WE configuration of Au, rGO/Au, and PtNPs/rGO/Au
are shown in Fig. 1(g)-(i), respectively. The energy dispersive
spectroscopy (EDS) spectra for all of the WE configurations
are displayed in Fig. 1(j)—(1), respectively. The element ratio
for the electrode of PtNPs/rGO/Au is shown in Table 1.
These results indicate that the 3D nanostructure consisting
of graphene and PtNPs is successfully constructed on the
WE surface.

Table 1 Element ratio for the WE of PtNPs/rGO/Au

Element Au C (0] Pt

wt% 75.83 18.98 2.88 2.32

This journal is © The Royal Society of Chemistry 2018
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Surface modification of PEEK and synchronous heating for
electrode manufacturing

The flexible PEEK rod (1 mm) was selected as the cylindrical
substrate owing to its excellent physicochemical stability and
good biocompatibility.”” Moreover, this material maintains
its properties even at elevated temperatures, which is of im-
portance for annealing the ejected microstructures. Unfortu-
nately, although the rotated inkjet printing method exhibits
viability for micromanufacturing on cylindrical surfaces,
many plastic materials, for example PEEK, show hydropho-
bicity and poor adhesion to metals. The hydrophobicity of
PEEK inhibits the dispersion of the ejected ink droplets on
the surface; this phenomenon leads to corresponding coales-
cence of adjacent droplets and thus causes long evaporation
time for the ink solvent.”® Poor adhesion to metals hinders
durable electrode formation on the PEEK rod substrate. If the
printed electrodes are not strongly bonded to the substrate,
they may easily fall off from the rod under applied voltage,
pressure or liquid immersion. Therefore, as demonstrated in
Fig. 2(a), in order to overcome these hurdles, we decorated
the PEEK rode substrate surface with APTES and MPTMS.
APTES was used to couple (-NH,) to the PEEK substrate to
promote the surface wettability, which facilitated the droplet
dispersion thus avoiding coalescence with adjacent droplets.
MPTMS was used to couple (-SH) to the PEEK substrate to
promote the adhesion of metals to PEEK, which was benefi-
cial for constructing robust electrodes on the PEEK rod
surface.”

Raman spectroscopy of the PEEK rod surface after modifi-
cation is shown in Fig. 2(b). It can be clearly seen that peaks
exist near 3100 cm ™' and 800 cm ™' for -NH, bending and
-SH stretching, respectively, which verifies the successful sur-
face modification of -NH, and -SH. After modification,
microstructures were fabricated on the cylindrical surface un-
der different conditions; the photos obtained from the obser-
vation module are illustrated in Fig. 2. Fig. 2(c) shows the
printed results on the cylindrical substrate without modifica-
tion; corresponding coalescence of contiguous droplets due
to the hydrophobic surface is clearly exhibited. The results
showed no difference whether heating was applied during
printing or not. The printed result for the substrate with sur-
face modification and without synchronous heating is shown
in Fig. 2(d). From this photo, we can easily find that the sur-
face became hydrophilic by modification, as the droplets run
along the surface under gravity, and in the direction of the
centrifugal force during rotation; flowing significantly affects
the electrode formation. Thus, we used synchronous heating
during printing to evaporate the solvent of the ejected drop-
lets quickly to hinder their flowing; then the printed result is
shown in Fig. 2(e) which exhibits a regular shape for micro-
structure manufacturing. In order to verify robust adhesion
between the substrates and printed microelectrodes, a water
bath ultrasound test was used. Fig. 2(e) and (f) show the
photos of the printed microelectrodes on the flexible cylindri-
cal substrate with and without surface modification,

Lab Chip, 2018, 18, 3570-3577 | 3573


https://doi.org/10.1039/c8lc00908b

Published on 19 October 2018. Downloaded on 10/13/2020 3:52:43 AM.

Paper

% i
L mpTvs £ APTES

(a)

*

Raman intensity (cps)

3500
PEEK b

R

lO‘&um
i —

3 01,1m
-

T
3000

T T T T
2500 2000 1500 1000
Raman shift (cm™)

300m

s o
300um °

View Article Online

Lab on a Chip

Fig. 2 Surface modification of the PEEK rod and synchronous heating for microelectrode manufacturing. (@) Schematic of the surface
modification of PEEK by APTES and MPTMS; (b) Raman spectroscopy of PEEK with surface modification; (c) photo of the microelectrode printed
on the substrate without modification; (d) photo of the microstructure printed on the substrate with surface modification and ejected without
synchronous heating; (e) photo of the microelectrode printed on the substrate with surface modification and ejected with synchronous heating
before water bath ultrasound treatment; (f) photo of the microelectrode printed on the substrate without surface modification and ejected with
synchronous heating before ultrasound treatment; (g) photo of the microelectrode printed on the substrate with surface modification and ejected
with synchronous heating after ultrasound treatment; (h) photo of the microelectrode printed on the substrate without surface modification and

ejected with synchronous heating after ultrasound treatment.
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Fig. 3 Electrochemical characterization of the printed cylindrical flexible sensors. (a) Cyclic voltammetry curves to 0.1 mM PBS containing 1 mM
H,O, by the different configurations of the printed WE; (b) amperometric responses to the additive 0.5 mM H,O, at an applied potential of -0.15 V
by the different configurations of the WE before immobilizing GOx (n = 6); (c) Nyquist diagram of the measured impedance of the different WE
configurations in 5 mM potassium ferricyanide aqueous solution; (d) in vitro glucose detection results using the cylindrical flexible enzyme-
electrode glucose biosensor (n = 6).
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respectively, while both had synchronous heating before ul-
trasound treatment. Fig. 2(g) and (h) show the photos of the
printed microelectrodes after ultrasound treatment (Ultra-
sonic Cleaners, 20 W, 20 kHz, 5 min). The printed microelec-
trodes on the substrate with surface modification show no
difference after ultrasound treatment but come off of the
substrate without modification. The results show printed
microelectrodes’ robust adhesion to the substrate with sur-
face modification; robust adhesion is beneficial for electro-
chemical biosensors.

Characterization of the printed cylindrical electrochemical
sensors

The in vitro experimental setup is shown in Fig. S2.i The
measurement system consists of an electrochemical worksta-
tion (CHI 660E, Shanghai Chenhua Ltd. China) to supply the
driving potential and to measure the output of the proposed
sensor, a pump to provide different concentrations of the de-
terminant in the reaction tank, and a computer to control
and receive signals from the workstation. As shown in
Fig. 3(a), the cyclic voltammetry characteristics of the printed
flexible cylindrical electrochemical sensors with different
configurations of the WE before immobilizing GOx were mea-
sured in 0.1 M PBS solution containing 1 mM H,0,. We used
H,0, to characterize the printed microelectrodes firstly be-
cause it would be produced during the glucose decomposi-
tion in the presence of GOx. The WE of PtNPs/rGO/Au
exhibited the highest current peak, which was shown to be
beneficial for electrochemical sensing. Each configuration of
the WE was also tested using the amperometric technique.
Fig. 3(b) shows the typical amperometric responses of various
sensor configurations to successive increments of 0.5 mM
H,0, at an applied potential of -0.15 V. The electrochemical
response increased as the H,0, concentration increased, and
all of the sensors demonstrated a good linearity from 0 to 4.5
mM H,0, while the WE of PtNPs/rGO/Au exhibited the
highest sensitivity. Fig. 3(c) shows the Nyquist plot of the
electrochemical impedance spectra for different configura-
tions of the WE. Here, 5 mM potassium ferricyanide in 0.1 M
PBS was used as the determinant; voltages of 500 mV DC and
10 mV AC versus Ag/AgCl were applied between the WE and
CE for frequencies in the range of 0.1 Hz to 100 kHz.
Fig. 3(d) illustrates the measurement result from the pro-
posed flexible enzyme-electrode glucose sensor after modify-
ing GOx on the WE surface. This result indicates that the fab-
ricated cylindrical flexible electrochemical enzyme-electrode
sensor enables glucose detection in the range of 0-570 mg
dL™ with a detection limit of 3.54 mg dL™" (S/N = 3) which ex-
hibits the possibility for hypoglycemia (<50 mg dL™)
detection.

After the electrochemical impedance spectroscopy test, we
employed ZSimpWin to fit an equivalent circuit model which
is shown in Fig. 4. The parameters of Ry, Cq, R, Cp,, W, and R;
represent the solution impedance between the WE and RE,
the capacitance of the double-layer capacitor of the WE, the

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Equivalent circuit model fitted by ZSimpWin.

finite layer diffusion impedance of the WE, the capacitance
of the Helmholtz capacitor of the WE, the semi-infinite diffu-
sion impedance of the WE, and the electron transfer resis-
tance of the WE, respectively. Here, we care more about R; be-
cause the sensitivity of a sensor is seriously affected by the
electron transfer rate.*® According to the measured electro-
chemical impedance spectra and the fitted equivalent circuit
model, the R, values for different WE configurations are cal-
culated to be 4317 Q ecm ™ (Au), 982 Q cm™? (rGO/Au), and 63
Q em™ (PtNPs/rGO/Au). The WE configuration of PtNPs/rGO/
Au has the lowest electrochemical impedance which en-
hances the electron transfer rate to satisfy glucose monitor-
ing at low levels of concentrations.

In vivo animal experiment

After in vitro characterization of the fabricated cylindrical
enzyme-electrode glucose biosensor, this kind of biosensor
was tested in vivo through implantation in the subcutaneous
tissue of a rat. The set up for the animal experiments is
shown in Fig. S3.f The setup is similar to that for in vitro ex-
periments while the reaction tank with PBS is substituted by
the rat with ISF. The data was continuously recorded 30 min
after the sensor was implanted to recover the physiological
state of the rat. The measurement results of the implanted
sensor and the commercial glucometer are shown in
Fig. 5(a). This figure shows that the results obtained using
the proposed cylindrical flexible enzyme-electrode biosensor
exhibit great compliance with those obtained from the com-
mercial glucometer. The implanted sensor detected the glu-
cose concentrations in the ISF while the commercial
glucometer measured the glucose in the caudate blood of the
rat. Thus, the glucose concentrations recorded using the pro-
posed sensor are delayed by about 25 min compared with
those from the glucometer due to the physiological delay be-
tween the glucose concentrations in the ISF and those in
blood.*'

A one-point calibration model was used to calculate the
glucose concentrations based on the obtained currents.** In
detail, the sensitivity (0.354 nA/(mg dL ™)) of the sensor was
obtained from the in vitro experimental results as shown in
Fig. 3(d) while the background (-0.8546 nA/(mg dL™)) should
be calibrated based on the first point values of the current
(recorded using an electrochemical workstation) and real glu-
cose concentration (recorded wusing the commercial
glucometer). Then, the a curve of glucose concentration varia-
tion vs. time was obtained. The values on this curve were

Lab Chip, 2018, 18, 3570-3577 | 3575
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(a) In vivo glucose measurement results using the fabricated cylindrical flexible enzyme-electrode sensor implanted into the subcutaneous

tissue of the rat and the caudate blood glucose measured using the commercial glucometer; (b) plot of predicted glucose concentration versus

reference glucose concentration on the Clarke error grid.

predicted as glucose concentrations while the values recorded
using the commercial glucometer 25 min before were refer-
ence glucose concentrations. We could then obtain the Clarke
error grid to evaluate the prediction accuracy as shown in
Fig. 5(b).>* The Clarke error grid consisted of five parts based
on the probable treatment results according to the prediction
glucose concentrations, and the definitions for the respective
parts were as follows: A zone, clinically accepted accurate
readings (no more than 20% deviation); B zone, moderate
readings that are outside of 20% but would not lead to inap-
propriate treatment; C zone, readings that would lead to un-
necessary treatment; D zone, readings that would result in a
potentially dangerous failure when used in blood glucose cor-
rection; E zone, false readings that would cause confusing
treatment for hypoglycemia and hyperglycemia. As illustrated
in Fig. 5(b), all of the predicted values filled in the A and B
zones (65% for A, 35% for B), which indicates that the pro-
posed cylindrical flexible sensor can robustly and accurately
predict the glucose concentrations in the physiological range.
In particular, the fabricated sensor can accurately predict the
glucose concentrations even under hypoglycemia conditions
(less than 50 mg dL™") as shown in Fig. 5(b).

The solution soak is considered as the main factor for the
adhesion between printed electrodes and the PEEK rod sub-
strate. In our tests, several sensors were fabricated firstly and
then characterized by in vitro and in vivo experiments. For
both kinds of experiments, the sensors stably worked when
soaked either in PBS with glucose in in vitro experiments or
in the ISF in in vivo experiments. These results verify the ro-
bustness and reliability of the sensor which indicates that
the fabricated sensor can completely satisfy the real
application.

Conclusions

In this paper, a novel cylindrical flexible enzyme-electrode
sensor was fabricated by rotated inkjet printing for implant-

3576 | Lab Chip, 2018, 18, 3570-3577

able continuous glucose monitoring. APTES and MPTMS
were used to modify the PEEK rod surface to make it hydro-
philic and robustly adhesive to metals. Synchronous heating
was used to prevent the droplets from flowing down along
the cylindrical surface under gravity and in the direction of
centrifugal forces during rotation. The two methods improve
the printing quality of microstructures on micro cylindrical
substrates. The proposed flexible sensor has a bigger WE sur-
face and a 3D nanostructure on the WE, significantly improv-
ing the sensitivity to enable hypoglycemia detection. Further-
more, the fabricated cylindrical flexible electrochemical
enzyme-electrode sensor enables glucose detection in the
range of 0-570 mg dL™' which meets the requirement in
clinics. The in vivo rat experiment shows that the proposed
cylindrical flexible enzyme-electrode sensor has the possibil-
ity for use in implantable continuous glucose monitoring in
subcutaneous tissue. The proposed rotated inkjet printing
method is promising for the microfabrication of flexible bio-
electronics on arbitrary shapes of substrates. For the produc-
tion line, a multi printhead array instead of only one print-
head under laboratory conditions can be used to significantly
improve the yield of manufacture of the sensor. And for the
real application of the proposed cylindrical glucose sensor,
an implantable detection circuit and a wireless signal genera-
tor could be designed to integrate with the sensor on the
same cylindrical substrate to enable implantable continuous
glucose monitoring and wireless signal transmission.
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