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ARTICLE INFO ABSTRACT

Keywords: Currently, there is no commercially-available noninvasive method for glucose monitoring in the interstitial fluid
Glucose (ISF) mainly due to the measurement accuracy, sensitivity and/or the weak blood correlation. Here, we present
PEDOT:PSS

an electrochemical biosensor based on PEDOT:PSS conductive hydrogel incorporated with Prussian blue nano-
particles (PBNPs) for the noninvasive and continuous monitoring of glucose on body. The hydrogel was prepared
with the addition of dimethyl sulfoxide (DMSO) and Zonyl FS-300, which helped to improve the expanding of the
polymer chains for the formation of better conductive and nanoporous networks. The hydrogel-based biosensor
showed a low detection limit of 0.85 uM for glucose detection and high sensitivity up to 340.1 pA-mM~*-cm™2,
which was about 10-fold higher than the counterparts based on agarose and hydroxyethyl methacrylate (HEMA)
hydrogels. Furthermore, it provided good accuracy with commercial glucometer for the glucose detection in
serum. More importantly, incorporated with the reverse iontophoresis (RI), the hydrogel was applied as a skin
patch on human subject for the in vivo noninvasive and continuous monitoring of ISF-borne glucose. The results
showed good correlation with that measured by blood glucometer. We believe such glucose biosensor paves the

Prussian blue
Electrochemical sensors

way to clinically wearable noninvasive glucose monitoring in diabetics.

1. Introduction

Diabetes mellitus is a metabolic disorder of multiple aetiology
characterized by hyperglycaemia which can cause many serious com-
plications, including blindness, renal failure and neuropathy [1].
Frighteningly, the number of diabetic patients is rapidly increasing and
the total number will reach to 578 million according to the report from
World Health Organization [2]. Diabetes is not completely curable and
control the level of blood glucose is considered the crutial for diabetes
[3-5]. The current widespread method for the glucose detection is based
on the self-testing blood glucose meters, which rely on the inconvenient
and painful blood sampling from the finger tip. Other several cormer-
cially avilable systems include minimally invasive microneedle sensors
which are inserted under the skin for the measurement of interstitial
fluid glucose. However, they are all based on the invasive detection.

Thus, completely noninvasive detection method with the ability of
continous monitoring of glucose level would be ideal for diabetes
magnagement. Therefore, various methods for noninvasive detection of
glucose in blood and other biofluids (such as saliva, sweat, tears and
interstitial fluid (ISF)) have been developed, such as near-infrared rel-
ectance spectroscopy [6,7], optical coherence tomography [8], color-
imetry [9,10], photonic crystal spectrometer [11], piezoelectrical
sensing [12], Raman spectroscopy [13], microwave methods [14] and
electrochemical technology [15-17]. Among these methods, electro-
chemical technology has received extensive interests due to the attrac-
tive properties of low cost, simple, quantitative and ease of
miniaturization for wearable and porabale devices [18,19]. Electro-
chemical method has showed the feasibility for the continous moni-
toring of sweat glucose [20] which however has weak correlation to the
blood glucose. Other noninvasive glucose monitoring includes the
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electrochemical method incorporated with reverse iontophoresis (RI)
technique for the extraction of ISF glucose to the surface of skin followed
by the detection via electrochemical sensor [21,22]. In this method, a
thin hydrogel layer was typically applied on the electrode to improve the
contacts between the electrode and skin and provide a stroage for
glucose reaction with the glucose oxidase (GOx). However, the con-
centration of extracted ISF glucose is about 2 to 3-fold lower (i.e. pM
level) than the blood glucose, while the hydrogel with poor conductivity
may hindered the electron transfer to electrode thus limited the sensi-
tivity. Therefore, to achieve an accurate sensing result, it is necessary to
have sensing material with strong electrocatalysis and a highly
conductive hydrogel as the contact layer for highly sensitive electro-
chemical glucose sensor [23].

Considered as an “artificial peroxidase”, prussian blue (PB) has been
reported with an outstanding electrocatalytic activity up to three orders
of magnitude higher than platinum for the catalysis of hydrogen
peroxide (H205), the byproduct of enzymatic reaction [24-26]. There-
fore, it has been widely applied in the construction of glucose sensors
[27-29]. However, the weak conductivity of PB may hinder the electron
transports thus reduce the sensitivity for glucose detection. To overcome
this deficiency, some highly conductive materials including nobel
metals and carbon materials have been introduced such as Ag nanowires
[30], graphene [31], carbon nanotubes [32], poly (3,4
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ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) [33],
and other conducting polymers [34]. Among these materials, PEDOT:
PSS offered the advantages of good conductivity, high flexibility and
stretchability. The PEDOT:PSS provides the promising conductivity and
extensive electron transport paths due to the 7-n conjugation [35]. It has
been widely empolyed for fabricating many kinds of sensing devices
including strain, pressure, temperature sensors, and biosensors [36-39].
Interestingly, the PEDOT:PSS can also be prepared as a soft hydrogel
matrix supporting the incorporation of other functional materials such
as insulating elastomers [40]. Futhermore, the good biocompatibility of
PEDOT:PSS hydrogel are also crutial for wearable applications where
the direct contact with human body require comfort and good contacts
between the skin and electrode [40,41].

In this work, we prepared an ultra sensitive noninvasive electro-
chemical glucose sensor with the composite hydrogel electrode which
incorporated PB nanoparticles (PBNPs) with the conducting PEDOT:PSS
hydrogel. The PEDOT:PSS hydrogel was employed as a skin patch for the
improvement of contact between the sensor and the skin, while its high
conductivity may contribute to the achievement of high sensitivity.
Dimethyl sulfoxide (DMSO) and Zonyl FS-300 were mixed with the
PEDOT:PSS solution to form the homogeneous hydrogel solution with
better expanded polymer chains. The PBNPs and glucose oxidase (GOx)
were embedded into the hydrogel solution followed by the modification
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Fig. 1. The schematic demonstration on the preparation of PEDOT:PSS/DF/PB/GOx sensor for the glucose detection in serum and the noninvasive ISF glucose
detection on human skin based on the reverse iontophoresis (RI), along with comparison to the glucose measurement by commercial glucometer.
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on the electrode and solvent evaporation, which results into the for-
mation of glucose sensing films (Fig. 1). A three dimensional honey-
combed morphology of sensing film supported to supply numerous
electron transport paths and abundant active sites for the loading of
PBNPs. We compared the sensitivity of PEDOT:PSS hydrogel with other
nonconductive hydrogel such as agarose and hydroxyethyl methacrylate
(HEMA) based hydrogel, which were reported as the skin patch on the
Rl-extraction based noninvasive ISF glucose detection. The cylic vol-
tammetry (CV) and chronoamperometry tests of the glucose sensor were
carried out in the PBS and rabbit serum. The performance of the sensor
was evaluated for the detection of glucose in serum and compared with
the commercial glucometer. Furthermore, the sensor was applied on two
volunteers’ skin for the continuously noninvasive ISF glucose moni-
toring up to 15 h with snack intaken. The results were synchronously
compared with the blood glucose measured by the finger-stick blood
sampling.

2. Experiments
2.1. Reagents and apparatus

PEDOT:PSS (Clevios PH1000) was purchased from Heraeus. The
PEDOT:PSS contained 1-1.3% colloidal gel with the weight ratio of
PEDOT and PSS at 1:2.5. Glucose, uric acid (UA), dopamine (DA),
hydrogen peroxide solution (HzO2, 30%), sodium chloride (NaCl) were
purchased from Shanghai Macklin Biochemical Co., Ltd. Potassium
ferricyanide (KsFe(CN)e) and iron(IIl) chloride hexahydrate (FeCls:
6H,0), ascorbic acid (AA) were received from Shanghai Aladdin Bio-
Chem Technology Co., Ltd. Hydrochloric acid (HCl, 30%) was ob-
tained from Shanghai Lingfeng Chemical Reagent Co. Ltd. (China).
Dimethyl sulfoxide (DMSO), Zonyl FS-300, 2-hydroxyethyl methacry-
late (HEMA), ethylene glycol dimethacrylate (EGDMA), 2-hydroxy-2-
methyl-1-phenyl-1-propanone (HMPP), agarose, glucose oxidase (GOx)
from Aspergillus niger (E.C.1.1.3.4, 158,200 U/g) were purchased from
Sigma-Aldrich. Rabbit serum was obtained from Beijing Huaaokean
Technology Co., Ltd. Glass carbon electrode (GCE), Pt wire and Ag/AgCl
(saturated KCl) electrode were received from Shanghai Chuxi Industry
Co., Ltd. Glucometer was purchased from ACON Laboratories, Inc.

Field emission scanning electron microscope (FESEM, Hitachi,
SU8010) and Field emission transmission electron microscopy (FETEM,
F200S) were employed to characterize the morphology and structures of
the prepared materials. Fourier-transform infrared (FTIR, Tensor II,
USA) was employed to prove the constituents of hydrogel related ma-
terials. All of electrochemical measurements were carried out in a 0.05
M phosphate buffered saline (PBS, pH 7.4) containing 0.1 M KCl by
using electrochemical workstation (CHI 660E, Shanghai Chenhua In-
strument Co., Ltd). Zeta potential measurements of PBNPs and PEDOT:
PSS solution were carried out by Coulter Counter (Beckman Coulter,
Multisizer 4e, USA).

2.2. Preparation of PBNPs and PB modified GCE electrode

The PBNPs were prepared according to our previously published
paper with minor modifications [42]. Briefly, the PBNPs was synthe-
sized by the chemical reaction of two mixed solutions labeled as solution
A and B. Solution A contained 0.01 M K4[Fe(CN)g], 0.1 M KCl and 0.1 M
HCl in deionized (DI) water. Solution B was prepared by dissolving FeCl;
(0.01 M), KCI (0.1 M) and HCI (0.1 M) in DI water. Subsequently, 150
mL solution A and 150 mL solution B were added separately into 100 mL
water at a speed of 1000 uL/min with syringes and kept in the water bath
at 35 °C. After the synthesis, the precipitation was collected with
centrifugation at rate of 6000 r/min and dried at 60 °C overnight for
further use.

The PB modified GCE electrode (diameter of 3 mm) was fabricated
by dropping 1 pL 50 mg/mL PBNPs dispersion on GCE surface and dried
at room temperature.
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2.3. Fabrication of PEDOT:PSS/DF/PB modified GCE electrodes

Firstly, PEDOT: PSS, DMSO and Zonyl FS-300 (PEDOT:PSS/DF) were
mixed with the volume ratio of 94:5:1. Then, the mixed solution was
stirred vigorously overnight at room temperature and stored at 4°C for
further use. In order to optimize the content of PBNPs, the PBNPs with
different mass fractions of 2.5 %, 5%, 10% and 15% were respectively
mixed with the above solution to form four kinds of PEDOT:PSS/DF/PB
solution.

The PEDOT:PSS/DF/PB GCE electrodes were fabricated by dropping
1 L of the PEDOT:PSS/DF/PB solution on the GCE surface and dried at
room temperature. Four different PEDOT:PSS/DF/PB GCE were ob-
tained with PBNPs of 2.5 %, 5%, 10% and 15% in mass fraction,
respectively.

The control electrode of PEDOT:PSS/PB GCE was fabricated simi-
larly at the absence of DMSO and Zonyl FS-300 solution. The control
electrode of PB/GCE electrode was fabricated by drop-casting 1 L of the
solution containing 5% mass fractions of PBNPs.

2.4. Fabrication of PEDOT:PSS/DF/PB/GOx sensor

The GOx enzyme was immobilized in the PEDOT:PSS/DF/PB
hydrogel electrode by two methods, drop-coating and embedding. For
the drop-coating of GOx, 1 pL. PEDOT:PSS/DF/PB hydrogel was first
formed on the GCE. Then, 1 uL of GOx solution (20 mg/ml GOx dissolved
in 0.5% glutaraldehyde) was dropped on the above PEDOT:PSS/DF/PB
GCE electrode surface to form the sensing film for further use. For the
embedding method, GOx was mixed homogeneously in PEDOT:PSS/DF/
PB solution before dropped-coated on the GCE electrode. The pH of
PEDOT:PSS/DF/PB solution was firstly adjusted from 4, 5, 5.5, 6 to 7 by
adding 0.1 M NaOH prior to mix with 20 mg/mL GOx solution. Finally,
1 pL of the mixed solution with different pH values were dropping-
coated on the GCE electrode and dried at room temperature for
further study. The PEDOT:PSS/DF/PB/GOx film was formed upon the
evaporation of the solvent.

For the noninvasive on-body glucose monitoring, the screen-printed
carbon electrodes (SCPE) on PET substrate were prepared as the working
electrode and counter electrode, and the Ag/AgCl electrode was fabri-
cated as the reference electrode. In addition, a reverse iontophoresis (RI)
electrode with diameter of 1 cm was prepared with SCPE. On the
working electrode and the RI electrode, 11 pL of above prepared PEDOT:
PSS/DF/PB solution (with 5 wt% of PBNPs) were drop-coated, respec-
tively, and dried to form a uniform conductive hydrogel layer.

As the control experiments, the HEMA/PB/GOx GCE and agarose/
PB/GOx GCE were also prepared similarly by mixing the GOx with
HEMA and agarose solution before the formation of hydrogel for the
sensing applications. The HEMA/PB/GOx GCE was prepared according
to a previously reported literature [43]. Firstly, 50 mg PBNPs, 20 mg
GOx, 1 mL polymer monomer 2-hydroxyethyl methacrylate (HEMA), 15
pL cross-linker ethylene glycol dimethacrylate (EGDMA, 80 mM) and
9.5 puL photo-initiator 2-hydroxy-2-methyl-1-phenyl-1-propanone
(HMPP, 1% w/v) were added into a tube and dissolved by ultra-
sonication. During these processes, the tube was protected from light.
Secondly, 1 pL of the final precursor solution was added on the surface of
GCE and treated with UV irradiation at the intensity of 22 mW/cm? for
40 min at room temperature to form the HEMA/PB/GOx GCE. For the
agarose/PB/GOx GCE, 50 mg PB, 40 mg agarose and 1 mL water were
added into glass bottle and dissolved by heating under 100 °C. The so-
lution was stored in oven under 60 °C for 30 min, followed by addition of
20 mg GOx. Finally, 1 pL of the above solution was added into the
surface of GCE and cooled to the room temperature to form agarose/PB/
GOx GCE.

2.5. Electrochemical measurements
measurements were

All  electrochemical carried out by
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electrochemical workstation (CHI 660E) with conventional three-
electrode system. Cyclic voltammetry (CV) and chronoamperometry
tests were performed in the 0.05 M PBS (pH = 7.4). I-t curves were
obtained at working potential of —0.05 V by the successive addition of 4
uL 10 mM glucose solution into 40 mL PBS, while serum sample
detection was conducted by adding 200 uL serum into 40 mL PBS.
Electrochemical impedance spectroscopy (EIS) was performed in the
solution containing 5 mM [Fe(CN)6]4’/ 3~ (1:1) and 0.1 M KCl. The
frequency was set at a range from 0.1 Hz to 1000 kHz, with the initial
test voltage of —0.05 V and amplitude of 5 mV. An Ag/AgCl (saturated
KCl) electrode and a Pt wire were utilized as the reference electrode and
the counter electrode, respectively.

The interference experiments were also carried out in different
interferents including ascorbic acid (AA, 10 uM), uric acid (UA, 100 pM),
NaCl (100 uM), acetaminophen (AP, 100 uM) in 0.05 M PBS solution,
respectively. The time dependent current response of PEDOT:PSS/DF/
PB/GOx biosensor were recorded in real-time during the detection of
different interferents.

The sensitivity, long-term stability, reproducibility of PEDOT:PSS/
DF/PB/GOx sensor were implemented by the successive addition of 4 pL
10 mM glucose solution into the PBS solution at —0.05 V working
potential.

2.6. On-Body glucose monitoring

The on-body glucose monitoring was performed with a protocol
approved by the institutional review board (IRB) at School of Biomedical
Engineering, School of Ophthalmology and Optometry, Wenzhou Med-
ical University (2021-J-42). Two healthy volunteers with no prior
medical history of heart conditions, diabetes, or chronic skel-
etomuscular pain, were recruited for participation in the study. The
subjects were requested to arrive at the lab in a fasting state. The glucose
sensor electrodes were attached on the skin, and a control measurement
was achieved by recording the amperometric I-t response at a potential
of —0.05 V (vs Ag/AgCl) for 5 min to obtain the curve “a”. Afterwards, a
potential of —3 V was applied between the working electrode and the RI
electrode for 10 min to extract ISF glucose to the surface of the skin.

100 nm
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Finally, the amperometric I-t measurement was carried out at a potential
of —0.05 V (vs Ag/AgCl) for 5 min to achieve the curve “b”. The current
difference between curve “b” and “a” at 100 s was recorded as the
glucose response signal. The detection was performed at every hour and
the subjects were asked to take a snack with about 90 g of sugar (similar
with the glucose tolerance test) in a specific time to investigate the blood
glucose variations. For each glucose test, finger-stick blood measure-
ments were performed as comparison at 15-min before the ISF extrac-
tion using commercial glucose strips (On-Call) to establish the
correlation between the response of noninvasive ISF glucose and the
blood glucose level.

3. Result and discussion
3.1. Characterization of PEDOT:PSS/DF/PB hydrogel

As shown in Fig. 1, the PEDOT:PSS/DF/PB/GOx sensor has been
developed for the monitoring of glucose in the serum. It has to be noted
that the conductivity of PEDOT:PSS is limited by the internal discon-
nected polymer chains. In order to obtain stronger electron transfer
ability, DMSO and Zonyl FS-300 were introduced into PEDOT:PSS so-
lution as exhibited in Fig. 1. These two materials enabled the polymer
chains of PEDOT to better expand for the formation of conducting
network [35]. The PBNPs were employed to catalyze HyO, while
PEDOT:PSS was acted as a conducting network for rapid electron
transfer. In oder to obtain higher electric response, the distribution of
PBNPs was optimized in the PEDOT:PSS hydrogel. The morphologies of
PBNPs and PEDOT:PSS/DF/PB hydrogel were characterized by SEM in
Fig. 2a—c. The PBNPs showed the size between 50 nm and 100 nm in
Fig. 2a. According to the zeta potential measurements (Fig. S1, Sup-
porting Information), the PBNPs were negatively charged (-33 mV)
which can attract to the positively charged EDOT polymer (monomer of
PEDOT, 0.25 mV). Interestingly, the PEDOT:PSS/DF hydrogel showed
typical honeycombed structure with numerous nanosheets which pro-
vided large space sites for the immobilization of PBNPs (Fig. 2b). In
Fig. 2c inset, it showed the PBNPs closely attached on the surface of
PEDOT:PSS nanosheets with a uniform distribution. From the TEM

100 nm

100 nm

Fig. 2. SEM images of (a) PBNPs, (b) PEDOT:PSS/DF/PB hydrogel, and (c) The PEDOT:PSS/DF/PB hydrogel magnification images on the silicon wafer (inset:
magnification of PBNPs on the PEDOT:PSS/DF hydrogel. TEM mappings of (d) PEDOT:PSS/DF/PB hydrogel, (e) Fe element mapping of a PBNP in the PEDOT:PSS/
DF/PB hydrogel, (f) S element distribution of PEDOT in the PEDOT:PSS/DF/PB hydrogel and (g) superposition distribution of PBNPs and S element in the PEDOT:

PSS/DF/PB hydrogel.
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image of PEDOT:PSS/DF/PB hydrogel, it could be found that the hon-
eycombed nanosheets of PEDOT:PSS hydrogel showed the nanonet
structures as shown in Fig. 2d with red circles, which may be beneficial
for the electron transfer. It also showed the PBNPs with size of 50 nm
were immobilized on the hydrogel surface (white part). However, the
control experiment at the absence of DMSO did no show the honey-
combed structure (Fig. S2a and S2b, Supporting Information), indication
the importance of DMSO and Zonyl FS-300 for the formation of porous
structure. In Fig. 2e, the Fe element mapping appeared at the position of
PBNP which also verified the constitute of Prussian blue. In addition,
element S mapping distributed around all the image due to the presence
of PEDOT on the nanosheets in Fig. 2f. The superposition imaging of
PBNP and the S element in Fig. 2g indicated the existence of PBNP and
PEDOT in the PEDOT:PSS/DF/PB hydrogel.

3.2. The electrochemical behaviors of PEDOT:PSS/DF/PB/GCE

The electrochemical behavior of PEDOT:PSS/DF/PB GCE electrode
were investigated and compared with bare GCE, PB/GCE and PEDOT:
PSS/PB/GCE electrodes, where 5 wt% of PBNPs were used on the
modified electrodes. The CV measurements of these electrodes were
carried out in 10 mM K3Fe(CN)g solution as shown in Fig. 3a. The results
showed the negligible current intensity for GCE and PB/GCE electrodes
as compared with the PEDOT:PSS/PB/GCE and PEDOT:PSS/DF/PB/
GCE electrodes. The current intensity of PEDOT:PSS/DF/PB/GCE elec-
trode showed about 2.3 times higher current intensity than that of
PEDOT:PSS/PB/GCE electrode, indicating the improvement of electro-
catalytic activity upon the addition of DMSO and Zonyl FS-300. EIS
measurements were also applied to characterize the charge transfer
resistance (R) of the electrodes in 5 mM [Fe(CN)6]4_/ 3~ solution con-
taining 0.1 M KCl (Fig. 3b). The R values were estimated with Zview
software based on the classical Randles circuit as equivalent circuit in
the inset of Fig. 3b. In the circuit, the R; is the solution resistance, C is the
capacitance, while CPE is represented to the diffusion impedance. The
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R, values were fitted as 173.2 Q, 176 Q, 159 Q and 108.7 Q for bare
GCE, PB/GCE, PEDOT:PSS/PB/GCE and PEDOT:PSS/DF/PB/GCE,
respectively. The R value increased after the modification of PBNPs on
the GCE electrode due to the weak conductivity of PBNPs which blocked
the electronic transfer. It decreased after the modification of PEDOT:
PSS/PB and the PEDOT:PSS/DF/PB on the GCE due to the well con-
ductivity of PEDOT:PSS and better expanded polymer upon the addition
of DMSO and Zonyl FS-300. Furthermore, the PEDOT:PSS hydrogel
formed the well-defined pore nanostructures which was also crucial for
the improvement on the electron transfer as shown in Fig. 2b.

In addition, the stability of different electrodes was investigated by
100 cycles of CV scan. As shown in Fig. 3c-e, the oxidation peak in-
tensities of PBNPs on the PB/GCE, PEDOT:PSS/PB/GCE and PEDOT:
PSS/DF/PB/GCE electrodes were reduced by 73.3%, 35.06% and 10.9%
after 100 cycles of CV scan compared with 1st CV respectively. In Fig. 3f,
it illustrated the PEDOT:PSS/DF/PB/GCE electrode showed significant
improved stability as compared with other two electrodes. This may be
also ascribed to the well expanding of PEDOT:PSS polymer and cross-
linked matrix at the presence of DMSO and Zonyl FS-300, thus pro-
vided homogenous electrostatic force for the stable immobilization of
PBNPs. Furthermore, the PEDOT:PSS/PB and PEDOT:PSS/DF/PB
hydrogel were compared at the wet and dry state for the investigation of
the stability of hydrogels. As indicated in Fig. S3, Supporting Informa-
tion, the PEDOT:PSS/PB film was broken into pieces after dried while
the PEDOT:PSS/DF/PB hydrogel still kept intact.

3.3. The optimization of PBNPs content on the GCE

To optimize the catalytic activity of the electrode, the PEDOT:PSS/
DF/PB/GCE electrodes were prepared with different mass of PBNPs
from 2.5%, 5%, 10% to 15% for the investigation of the sensitivity to
H;0, catalysis. The amperometric measurement of four different
PEDOT:PSS/DF/PB/GCE electrodes were carried out upon the succes-
sive addition of 10 uM H505 in the PBS solution in Fig. 4a. The current
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density was increased within 5 s upon the addition of 10 pM H205 in the
PBS. It could be found that the PEDOT:PSS/DF/PB GCE sensor with 5 wt
% PBNPs exhibited the highest current density response, while the
PEDOT:PSS/DF/PB/GCE with 15 wt% PBNPs showed the lower sensi-
tivity. It should be ascribed to the weak conductivity of PBNPs which
hinders the electronic transport on the GCE surface with high amount of
PBNPs. In Fig. 4a, the PEDOT:PSS/PB and PB GCE demonstrated less
current response as compared with PEDOT:PSS/DF/PB GCE electrodes.
This might be the weak stability of the PEDOT:PSS film without the
efficient expanding of polymer or the presence of high amount of PBNPs
which reduced the hydrogel stability and conductivity. In Fig. 4b, the
calibration curves of six electrodes demonstrated good linearities of the
current density changes to HoO5 concentration from 0 to 0.08 mM, with
the highest sensitivity of 1474.0 yA-mM*-cm~2 for PEDOT:PSS/DF/PB
GCE with 5 wt% of PBNPs as shown in Fig. 4c. The sensitivity is about
11-fold higher than PB GCE (129.5 pA'mM_l-cm_z), and about 2.7-fold
higher than the PEDOT:PSS/PB/GCE with 5.0 wt% PBNPs (531.1
pA-mM’l-cmfz). The EIS measurements were also applied for the
investigation of charge transfer resistance for PEDOT:PSS/DF/PB GCE
electrodes at different amount of PBNPs in Fig. 4d. The R of the elec-
trodes increased proportionally to the amount of PBNPs (from 2.5% to
15%) as103.2Q,107.5Q,112.9 Q and 114.5 Q, respectively. It has to be
noted that the higher amount of PBNPs may improve the sensitivity for
Hs0, catalysis but also hinder the electron transfer and weaken the
stability of the hydrogel. Therefore, the optimal amount of 5 wt% PBNPs
was considered for the construction of the electrode on the following
glucose sensing.

3.4. The optimization of GOx modified PEDOT:PSS/DF/PB electrode

Glucose oxidase (GOx) is typically applied in the glucose sensors,
however, its activity may be affected by the surrounding environment
such as pH, humidity, solvent, temperature and so on. In order to
maintain the enzymatic activity, the solvent DMSO was removed after
the formation of PEDOT:PSS/DF/PB hydrogel, and the pH value of the
hydrogel was adjusted to investigate the optimal activity. The FT-IR
spectra was employed for the characterization of DMSO, FS300,
PEDOT:PSS/DF/PB solution and dried PEDOT:PSS/DF/PB hydrogel in
Fig. S4, Supporting Information. Noted that DMSO showed the stretch-
ing and bending vibration peak of sulfoxyl group at 1024 cm ™' and 950
em ™}, and stretching vibration of methyl group at 3000 and 2,910 cm ™
[35]. The Zonyl FS-300 showed the characteristic peak at 1105 cm_l,
1230 cm ! and 2865 cm ! assigned to the stretching vibration of C-F, C-
O, and -CHjy-, respectively [44]. Furthermore, the PEDOT:PSS/DF/PB
solution exhibited the stretching vibration peak of DMSO sulfoxyl group
at 1024 cm ™!, which disappeared after drying due to the evaporation of
DMSO. Meanwhile, we adjusted the pH of the PEDOT:PSS/DF/PB con-
ducting hydrogel solution (PEDOT:PSS pH = 2.3) to obtain the suitable
microenvironment for keeping the enzyme activity. In Fig. 5a, the pH of
PEDOT:PSS/DF/PB solution was adjusted from 4, 5, 5.5, 6 to 7.0 prior to
load GOx in the PEDOT:PSS/DF/PB. The amperometric measurements
of the prepared PEDOT:PSS/DF/PB/GOx electrodes was carried out
upon the continuous addition of 10 pM glucose in PBS. The PEDOT:PSS/
DF/PB/GOx electrode prepared at pH = 5.5 possessed the largest current
response with a high sensitivity of 330 pA mM ™! ecm™2 for the glucose
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detection in PBS, which was 2 to 3 times higher than others as shown in
Fig. 5b. It indicated that the GOx demonstrated the highest catalytic
activity in the acid solution such as pH = 5.5, which is consisted with the
reported results [45]. In addition, we also investigated the immobilizing
methods of GOx on the electrode including drop-coating and embedding
of GOx in the PEDOT:PSS/DF/PB hydrogel (Fig. 5c). For the drop-
coating of GOx on the electrode, the current response of the glucose
sensor exhibited lower sensitivity upon the addition of glucose in the
amperometric measurements. While for the embedding of GOx in the
hydrogel, the current response shows constant increase upon the addi-
tion of glucose, indicating the higher sensitivity and detection range.
The calibration curve on the detection of glucose shows more than 2-fold
higher sensitivity (339.1 uA mM~! em™2) for the enzyme embedding
method than that of drop-coating method (159.6 pA mM ™! cm™2). This
might be ascribed to the homogenous and stable distribution of GOx in
the polyporous PEDOT:PSS hydrogel based on enzyme embedding thus
shorten electron transfer paths from the GOx active sites to the elec-
trode. While the GOx drop-coated on the hydrogel surface might be
inhomogenous and lost partially through diffusion into the electrolyte
during measurement thus resulted in the poorer sensitivity.

In addition, other commonly used hydrogels such as HEMA and
agarose were modified on the GCE electrode for the comparison of their
sensitivities to glucose with PEDOT:PSS. These hydrogels were usually
used as the skin patches for the wearable sensors, including the nonin-
vasive interstitial fluid (ISF) glucose detection based on reverse ionto-
phoresis [21]. With the same preparation method on the PBNPs and GOx
modification, the PEDOT:PSS/DF/PB/GOx sensor obviously showed
more than 10-time higher sensitivity to glucose (330 pA mM ! em™2)
than the HEMA (31.3 pA mM ! em™2) and agarose hydrogel modified
electrodes (20.0 pA mM ! em™?) as shown in Fig. 5d. This should be
ascribed to the high conductivity of PEDOT:PSS which improved the
electron transfer between the enzyme active sites and the electrode.

Furthermore, the reproducibility of the sensors were investigated on

six different PEDOT:PSS/DF/PB/GOx sensors fabricated with the same
batch. All the six independent electrodes showed the high sensitivity
with the relative standard deviation (RSD) down to 7.04% (Fig. S5,
Supporting Information), indicating the good reproducibility. The long-
term stability of the as-prepared sensor was also investigated by
measuring their sensitivity repeatedly every week for one month. Note
that the sensor was stored at 4°C in the refrigerator before usage. The
glucose sensor maintained 92.3% of the sensitivity upon 3 weeks stor-
age, but decreased to 62.3% in the 4th week (Fig. S6, Supporting In-
formation), may be ascribed to the reduced activity of enzyme.

3.5. PEDOT:PSS/DF/PB/GOx sensor for glucose sensing

The limit of detection (LOD), detection range and selectivity of the
PEDOT:PSS/DF/PB/GOx sensor were further investigated in PBS. As
shown in Fig. 6a, the I-t curve indicated the current intensity increased
gradually upon the successive injection of glucose at concentrations
from 1 uM, 10 uM, 100 uM to 1000 uM in PBS measured under working
potential of —0.05 V. Furthermore, the current density was proportional
to the glucose concentration with a sensitivity of 340.1 pA mM ! cm 2
at the range of 1-243 pM (R2 = 0.985) and lower sensitivity of 184.3 pA
mM ! em 2 at high concentration range of 243-3243 uM (R? = 0.996)
(Fig. 6b). The appearance of two linear ranges was mainly ascribed to
the different enzyme activity at low and high glucose concentrations,
corresponding to the first-order kinetics with high reaction rate and the
zero-order kinetics with low reaction rate in the Michaelis-Menten ki-
netics, respectively. Besides, the high concentration of products may
inhibit the reaction thus reduce the reaction sensitivity [46]. The LOD
for the detection of glucose in PBS was estimated as low as 0.85 pM, (S/
N = 3) as shown in Fig. 6b. In addition, the selectivity of the sensor was
conducted by addition of different interferents such as AA (10 uM), UA
(100 pM), NaCl (100 pM), and AP (100 pM) in the 0.05 M PBS. The
interferents showed negligible current variations as compared to the
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Fig. 6. (a) The current response of the as-prepared sensors upon the addition of different concentrations of glucose (1 pM, 10 pM, 100 pM to 1000 pM) in PBS at
working potential of —0.05 V. (b) The calibration curve for the detection of glucose, with the error bars obtained from 3 measurements. Inset is the calibration curve
for the glucose at concentrations from 0 to 0.25 mM. (c) The selectivity test of the as-prepared sensor in 0.05 M PBS (pH = 7.4) upon the addition of different
interferents. (d) The amperometric responses of five different glucose sensors upon the injection of glucose (25 pM) in PBS buffer (green part) and in rabbit serum

(yellow part), respectively.

response of glucose (10 uM) as observed in Fig. 6c.

The prepared glucose sensor demonstrated the high sensitivity, high
linear range and low LOD as compared with other reported glucose
sensors, such as PTTzFr/GOx on the graphite (LOD of 12.8 pM), GOx/Pt/
rGO/ P3ABA/SPE (LOD of 44.3 pM) as concluded in Table 1. In addition,
the working potential for the glucose detection was as low as —0.05 V
which reduced the energy consuming and avoided the interfering signal
produced by the electro-redox of some interferents such as AA, UA and

Table 1
The performance comparisons with the other reported glucose sensors.

SO on.

3.6. Glucose detection in rabbit serum

In Fig. 6d, five independent PEDOT:PSS/DF/PB/GOx sensors were
carried out for the detection of glucose with continuously addition of
glucose in PBS and the original rabbit serum, respectively. In the
amperometric measurements, glucose (1 M, 1 uL in PBS) with the final

Electrodes Potential Sensitivity (WA mM ! Linear/detection range Detection limit Detection medium Real sample Ref.
V) em?) (mM) (M) analysis
PTTzFr/GOx on graphite -0.7 65.44 0.005-0.7 12.8 0.05 M PBS beverage [47]
SiC@C/Pt NWE/ GOx 0.6 0.02072 0-1 41 PBS HUVEGCs, LO2 [48]
cells
GOx/Pt/rGO/ P3ABA/ 0.5 22.01 0.25-6 44.3 0.1 MPBS pH 7.4 human serum [49]
SPE
GOx/SPE/3D- PMED —0.1 35.7 0-1.9 5 0.01 M PBS sweat [50]
GOx/Cs/PB/Au/ PET 0 2.35 0-0.2 — PBS sweat [20]
GOx/PB/Au/PDMS - 26.31 0.06-1 - PBS sweat [51]
Pt@Pd/PP/LIG/GOx 0.55 247.3 0.01-9.2 3 0.1 M PBS sweat [52]
PET/QCS-MOxOD/GOx 0.6 176 1-111 2.4 0.1 M PBS 1929 cells [53]
PPy/GOx/PB 0.05 2 0-2 phosphate buffer, pH - [54]
7.3
PPy/PB/Gox on graphite  0.05 1.0-1.9 0.1-20 - phosphate buffer, pH - [28]
7.3
PEDOT:PSS/DF/PB/GOx  —0.05 340.1 0.001-0.243 0.85 0.05 M PBS rabbit serum This
GCE —0.05 184.3 0.243-3243 work
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concentration of 25 pM was added in the reaction solution continuously
for 4 times. Similarly, the rabbit serum (200 uL) was also added for 4
times as comparison. The current intensity showed gradually increase
after the injection of glucose and serum as shown in Fig. 6d. The glucose
concentration in serum was accordingly estimated based on the current
response and compared with the commercial glucose sensor (as sum-
marized in Table S1, Supporting Information). The results exhibited the
satisfied relative standard deviation (RSD) of lower than 6% as
compared with glucometer, which was less than the deviation of 20% as
regulated by the US Food and Drug Administration (FDA) for clinical
blood glucose monitoring systems [55]. Therefore, we believe this
biosensor provides an effective candidate for the detection of glucose in
further clinical diagnosis.

3.7. On-body glucose monitoring

Further on-body glucose monitoring was carried out on two volun-
teers (1 male and 1 female) by attaching the hydrogel electrode on their
arm and applying the reverse iontophoresis (RI) for the continuously
noninvasive ISF glucose measurement (Fig. 7a, b). None of the subjects
had medical history of heart disease, diabetes, or chronic skel-
etomuscular pain. Their blood glucose concentration was synchronously
measured as comparison by glucometer with finger-stick blood sampling
in 15-min before the ISF glucose extraction (Fig. 7c). The typical
amperometric I-t measurement taken after the application of RI showed
higher current density (curve b) due to the presence of ISF glucose
(Fig. 7d). The difference of the current density before (curve a) and after
(curve b) as shown in Fig. 7d indicated the response for ISF glucose
detection. The current responses were accordingly monitored every
hour for 5 and 15 h on the two volunteers underwent a snack taken
similar with oral glucose tolerance test (as shown the I-t measurements
in Figs. S7 and S8, Supporting Information), along with the blood
glucose track with glucometer. The results showed that the RI-extracted
ISF-borne glucose profile of the two volunteers (blue squares) matched
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well with that of blood glucose test (red dots) as shown in Fig. 7e and 7f.
Their ISF glucose response and blood glucose increased after a snack
(equally about 90 g of sugar) and reached to a maximal glucose level
within 2 h followed by recovery back to the original level within 2-4 h.
Note that the ISF results showed about 15-min of time lag with the blood
glucose which has also been observed on previously reported articles
with a typical lag of 15 min [15,22]. The time lag was ascribed to the
intrinsic concentration time lag between glucose in blood and ISF. The
statistical analysis of the subject 1 and 2 showed that the ISF measure-
ment and blood results had a high correlation coefficient of 0.972 (P <
0.005) and 0.976 (P < 0.001), respectively. The current response for
subject 2 plotted with the blood glucose concentration showed a good
linear relation with a slope of 1.15 (Fig. 7g), indicating the good accu-
racy as comparison with the glucometer. In addition, there were no signs
of pain or irritation on the skin surface for any of the subjects during and
after the measurement. The results indicated the on-body glucose
monitoring based on our PEDOT:PSS hydrogel with Rl-extraction
showed promising for further clinical noninvasive glucose monitoring.

4. Conclusion

In this work, PEDOT:PSS hydrogel was employed as a conductive
matrix for the loading of PBNPs and GOx on GCE electrode for the
electrochemical sensing of glucose. In order to obtain a high electric
response, DMSO and Zonyl FS-300 were employed to better extend the
PEDOT:PSS polymer chains for enhancing the electron transfer rate and
improving the uniform distribution of PBNPs in the hydrogel. The
PEDOT:PSS/DF/PB/GOx GCE sensor exhibited a very competitive
sensitivity of 340.1 pA mM ! cm~2 at the linear range of 1 to 243 pM and
184.3 pA mM ! em 2 at the linear range of 243 to 3243 uM with a low
detection limit of 0.85 uM in the PBS buffer. The glucose biosensor also
showed the excellent electrochemical behaviors in serum with compa-
rable detection results compared to commercial glucometer. Impor-
tantly, we applied the glucose biosensor on two volunteers’ skin surface
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Fig. 7. (a) Schematic of the noninvasive in vivo glucose monitoring applied on volunteers’ arm along with the synchronously finger-stick blood glucose test. (b) The
SPCE electrode attached on the skin surface for the electrochemical measurement. (c) The finger-stick blood sampling for synchronously glucose measurement by
glucometer. (d) Typical epidermal amperometric I-t measurements recorded from the sensor attached on human skin. (e, f) The noninvasive ISF glucose current
response for subject 1 and 2 measured every hour versus the blood glucose measured 15-min before the ISF extraction, respectively. (g) The sensor current response
versus the blood glucose concentration plotted from the data of subject 2 in (f).
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and in vivo monitored the ISF glucose noninvasively through the RI-
extraction, which showed good correlation with the finger-stick blood
test by glucometer. We believe that such sensor would pave the way for
the noninvasive on-body glucose monitoring in further clinical
diagnosis.
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