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A B S T R A C T   

Developing wearable and noninvasive electrochemical devices for glucose monitoring is desirable for diabetes 
diagnostics and management. However, the adoptions are restricted by their poor reliability due to diluted 
glucose densities in commonly-used body fluids while lack of highly sensitive electrodes. Graphene fiber fabric, 
which is macroscopically paper-like and assembled by wet-fused graphene fibers, provides excellent electrical 
and mechanical properties as well as penetration paths for liquids, showing great potentials for electrochemical 
monitoring. Additionally, the graphene fiber fabric as a sensing patch provides excellent air-permeability which 
is necessary for wearing comfort but has rarely been addressed. As a result, the Prussian blue-decorated graphene 
fiber fabric exhibits a high electrochemical sensitivity to hydrogen peroxide (7298.7 μA mM− 1 cm− 2). After being 
modified by glucose oxidase and chitosan, it delivers both high selectivity and electrochemical sensitivity to 
glucose (1539.53 μA mM− 1 cm− 2 in the concentration range of 2–220 μM, and 948.48 μA mM− 1 cm− 2 in the 
concentration range of 220–650 μM). We ascribe these performances to high-speed transfer paths for electrons 
and electrolytes in resultant electrodes. Additionally, the spontaneous absorption of body liquids by graphene 
fiber fabric after deposition of hydrophilic Prussian blue improves the utilization of active materials. Finally, the 
graphene fiber fabric used as a dry sensing patch was applied on human skin for the in vivo noninvasive glucose 
monitoring with the reverse iontophoresis (RI) technology, which showed good correlation to glucose levels 
measured by a commercial finger-prick glucometer.   

1. Introduction 

Increasing demands for personalized fitness monitoring have been 
attracting research efforts on the development of various noninvasive 
devices for metabolites analysis and medical diagnosis [1–6]. Among 
various bioelectronics, the noninvasive glucose monitoring device has 
drawn considerable attentions for its potentials in diabetes manage
ment, because commercially available glucometers always rely on 
invasive approaches that inevitably bring inconvenience and risk of 
bacterial infections [7,8]. In spite of numerous strategies have been 
developed for glucose detection, such as the measurement based on 

metabolic heat, impedance, and polarization changes, it remains a big 
challenge to detect glucose with both high selectivity and sensitivity in 
noninvasive ways [9–14]. Direct measurements of glucose in body fluids 
through specific redox reactions seems to be a more promising solution 
[1,15–20]. One of the major challenges is the much lower glucose 
density in commonly-used body fluids for noninvasive tests (8 × 10− 3–5 
mM in sweat, saliva and tears) [21]. Although the glucose in interstitial 
fluid (ISF) has much higher concentrations (1.99–22.2 mM), it goes 
through substantial dilution during the reverse iontophoresis (RI) when 
indiscriminately and variably across a relatively large area of skin [22]. 
The concentration of the ISF glucose extracted via RI is approximately 
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two orders lower than that of the corresponding ISF glucose level 
(~19.9–222 μM) [23,24]. Therefore, it is necessary to develop elec
trodes that produce large response current with diluted glucose in body 
fluids. 

So far, electrodes for glucose monitoring, especially that use the 
slurry or ink as precursors, are usually constituted by compositing active 
materials (Pt, Au, Ag nanoparticles, NiO, CuO, Cu2O, Fe2O3, Co3O4, Ni 
(OH)2, and/or Prussian blue etc.), with conductive agents (graphite, 
graphene, carbon nanotubes, etc.) and polymer binders (polytetra
fluoroethylene, polyvinyl, and Nafion, etc.) [24–29]. In this condition, 
insulating polymer binders will hinder the electron transport and result 
in poor electrical conductivity. Meanwhile their dense structure will 
block the electrolyte transport, leading to inadequate number of active 
sites. Besides of above-mentioned issues, a thin hydrogel layer (agarose 

or polyvinyl alcohol) is typically applied on the electrodes to load en
zymes, collect body fluids and improve the contacts between the elec
trode and skin during the extraction of ISF with the RI technology [15, 
22]. Such a hydrogel film may further dilute the glucose, elongate the 
mass transfer paths and hinder the electron transfer due to the poor 
conductivity. In addition, the hydrogel layer as well as other electrodes 
based on conducting polyaniline, polythiophene derivatives, and 
reduced graphene oxide [30–32], lack efficient gas permeability, that 
prevent evaporation of sweat and emission of volatile organic compo
nents from human skin, causing skin irritation and reducing the comfort 
of wearing [33–37]. 

An efficient way to overcome these obstacles is to develop air- 
permeable electrodes with high-speed transfer paths for electrons, 
electrolytes and target molecules, as well as a 3-dimensional structure to 

Fig. 1. Graphene fiber fabric-based sensing electrode for noninvasive glucose detection. (a) A schematic illustration for the preparation of the electrode, including (i) 
wet-spinning of graphene oxide fibers (GOFs), (ii) filtration of GOFs to graphene oxide fiber fabric (GOFF), (iii) converting GOFF to graphene fiber fabric (GFF) and 
(iv) electrodeposition of Prussian blue (PB) on GFF. (b) Optical photographs of the (i) H-type cell used for air-permeable tests, in which the smog was generated by 
igniting a mixture of rosin, flour, and ammonium chloride, (ii) GFF-PB used as a separator between neighboring rooms of the device, (iii) smog penetrated through 
the GFF-PB, and (iv) intact GFF-PB after the air-permeable test. (c) The schematic illustration of glucose sensing patch integrated by (i) GFF-PB-GOx-CS working 
electrode, (ii) carbon counter electrode, (iii) Ag/AgCl reference electrode, (iv) iontophoretic anode, (v) Cu current collector and (vi) PET substrate. 
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directly load enzymes and body fluids [38]. Graphene’s assemblies, 
which are obtained through the wet-processing of graphene oxide and 
chemical/high temperature reduction methods, can be used as 
self-standing electrodes with high electrical conductivity without the 
need of using polymer binders [39–42]. 

Here, we propose a textile electrode consisted of the graphene fiber 
fabric (GFF) and a transducer layer of Prussian blue (PB) for the 
noninvasive detection of ISF glucose with the RI technology. Such a 
material featured by randomness in the fibrous architecture is distin
guished from knitted or woven fabrics which have an ordered archi
tecture of fibers interlaced to one another (knitting, sewing or weaving), 
and is classified into non-woven fabrics. The GFF was assembled by 
cross-linking graphene oxide fibers (GOFs) via a wet-fusing approach 
and subsequent annealing treatment. The cross-linking was achieved by 
hydrogen bonding between solvated graphene oxide (GO) sheets across 
the interface of contacted and swollen GOFs that were dispersed in 
aqueous solvent (or a mixture of water and ethanol) [43]. Prussian blue 
was deposited by an electrochemical method. The mechanical stability 
of the resultant electrode was confirmed by measuring the resistance 
changes under different bending angles. The sensitivity of the GFF-PB 
for the detection of glucose was further investigated upon direct modi
fication of glucose oxidase (GOx) and chitosan (CS) on the 
water-absorbent GFF-PB rather than in a hydrogel film. The sensor 
showed a high sensitivity of 1539.53 μA mM− 1 cm− 2 to glucose in the 
concentration range of 2–220 μM (and 948.48 μA mM− 1 cm− 2 in the 
concentration range of 220–650 μM), which was higher than that of 
most previously reported enzymatic electrodes (< 300 μA mM− 1 cm− 2) 
[1,4,44–51]. Finally, with the combination of RI technology, the 
air-permeable GFF-PB-GOx-CS film was applied as the skin patch and 
working electrode on human skin for the in vivo noninvasive measure
ments of glucose. The results were synchronously compared with the 
blood glucose measured by the finger-stick glucometer. 

2. Results and discussion 

By applying a wet-spinning technology of graphene oxide (GO) in an 
ammonium bicarbonate aqueous solution, GOFs were successfully 
assembled in the rotating bath (Fig. 1a, i). Considering that ammonium 
bicarbonate was easily removed by decomposing to ammonia and car
bon dioxide after drying beyond 60 ◦C, the cleaner GOFs were obtained 
compared with that coagulated by previously reported multivalent 
metal ions or ethyl acetate [41,43,52,53]. Graphene oxide fiber fabrics 
(GOFFs) were then obtained through the filtration and wet-fusion of 
GOFs in a mixture of water and ethanol (Fig. 1a, ii). After treated with a 
chemical reduction process and well-established high-temperature 
annealing, the GOFFs were converted to the flexible, light-weight and 
highly conductive GFFs (Fig. 1a, iii). The X-ray diffraction (XRD) spectra 
in Fig. S1 demonstrates that the (002) peak of graphene shifts from 
10.89◦ to 26.43◦ when the GOFF is converted to GFF, indicating the 
decrease of d-spacing from 0.812 to 0.337 nm after removing 
oxygen-containing groups on the graphene oxide. The PB nanoparticles 
were then deposited on the GFF (Fig. 1a, iv) as a transducer layer to 
reduce polarization bias during tests. The reduction potential of H2O2 
produced by enzyme-catalyzed oxidation of glucose on PB is much closer 
to 0 V than that on GFF, thus interferences at higher or lower potentials 
can be reduced as well [4,54,55]. 

It is a common knowledge that air permeability is often a necessary 
feature of comfortable clothing for wearable devices, whereas it has 
rarely been addressed by previous reports [32]. Therefore, the 
air-permeability of our electrode was demonstrated by a custom-made 
H-type cell using a piece of GFF-PB as the separator (Fig. 1b (i and 
ii)). As a result, smog generated by igniting a mixture of rosin, flour, and 
ammonium chloride in the left cell successfully penetrated through the 
GFF-PB and diffused into the right cell (Fig. 1b, iii). Moreover, the 
GFF-PB film still stay intact after the tests as shown in Fig. 1b (iv), 
indicating that the air-permeability is achieved by the porous textile 

structure rather than breakages produced by the airflow. More details of 
the experiment can be found in Movie S1. After loading of GOx and 
integration with the RI technology, this breathable and wearable elec
trode can be applied to extract ISF from volunteers’ skin for the 
noninvasive glucose monitoring as shown in Fig. 1c. 

The photographs, scanning electron microscopy (SEM) images and 
energy dispersive X-ray spectroscopy (EDX) mappings of prepared 
GOFF, GFF, and GFF decorated with PB (GFF-PB) are compared in  
Fig. 2a-c, respectively. There is no obvious difference on the appearance 
and microstructure between the GOFF and GFF except the color changes 
from dark brown (GOFF in Fig. 2a, i and ii) to silver gray (GFF in Fig. 2b, 
i and ii). The GFF-PB shows a deep blue color (Fig. 2c, i) due to the 
deposition of a transducer layer with rough surface which is composed 
of PB nanoparticles, indicated in the SEM images (Fig. 2c, ii and Fig. S2). 
The oxygen element is completely eliminated in GFF after removing 
oxygen-containing groups of GOFF by high-temperature annealing 
(Fig. 2a and b, iii). The iron elements from PB nanoparticles are evenly 
distributed in GFF-PB, indicating the homogenous distribution of PB 
nanoparticles on cross-linked GFs (Fig. 2c, iii). Fig. 2d (statistic results 
from Fig. S3a and b) demonstrated that the fiber diameter is slightly 
increased from 25.93 µm in GFF to 27.61 µm in GFF-PB after the 
deposition of PB nanoparticles on graphene fibers. Such a thin trans
ducer layer (~1.68 µm) would avoid significant changes on the porous 
and textile structure in GFF-PB. 

In addition, the Raman spectroscopy and X-ray photoelectron spec
troscopy (XPS) were employed to study the GFF-PB. As shown in Fig. 2e, 
the peak located at 1581 cm− 1 is attributed to the G band of graphene, 
representing in-plane vibration of highly symmetrical sp2 carbon hex
agonal. Disordered defect-induced double-resonant Raman process (D 
band) is almost unobservable at around 1350 cm− 1, suggesting negli
gible defects on graphene. The 2D peak located at 2722 cm− 1 is the D- 
peak overtone, which ensures momentum conservation by involving two 
phonons with opposite wave vectors, thus appeared without the pres
ence of defects [56,57]. Additionally, the C–––N stretching vibration is 
found at around 2155 cm− 1, consisting with the Raman spectra of PB 
and its analogues as reported by other works [58]. As comparison, the 
Raman spectra of the GOFF and GFF show no vibration peak at around 
2155 cm− 1, due to the absence of PB. 

The XPS survey of GFF-PB, GFF, and GOFF are displayed in Fig. S4a- 
c, respectively. The O1s peak (525–540 eV) in the spectra of GFF and 
GFF-PB is almost disappeared compared with that of GOFF. It is 
consistent with negligible signals of C-O-C (286.3 eV), O-C––O 
(287.4 eV), and COOH/COOR (288.1 eV) in their C1s deconvolution 
curves (Fig. S4d-f) [59–61]. Signals of N1s and Fe2p are observed in the 
spectrum of GFF-PB. The high-resolution XPS spectrum of Fe2p is shown 
in Fig. 2f. The binding energies at 708.5 eV and 721.5 eV are assigned to 
2p3/2 and 2p1/2 of Fe2+, respectively, and peaks at 709.4 eV and 
723.1 eV are attributed to 2p3/2 and 2p1/2 of Fe3+, respectively. The 
satellite located at 712.4 eV is resulted from the transfer of electrons 
from -CN- to Fe [62]. All of these results indicate that the PB is suc
cessfully formed on GFF assembled by high-quality graphene 
nanosheets. 

The linear sweep voltammetry (LSV) measurements of GOFF, GFF, 
and GFF-PB are shown in Fig. 3a, respectively (with the size of 
0.5 cm × 0.25 cm for all samples). The electrical resistance of the GFF- 
PB is calculated to be 1.66 Ω according to the Ohm’s law, which is 
slightly larger than that of GFF before the deposition of PB (1.25 Ω). 
However, both of the GFF and GFF-PB exhibit the resistances 3 orders of 
magnitude lower as compared with the GOFF (2117.52 Ω). Additionally, 
electrochemical impedance spectroscopy (EIS) was carried out to 
investigate the electrochemical behaviors of GFF and GFF-PB from 0.1 to 
100 kHz in PBS solutions (pH = 7). The low frequency portion in 
Nyquist plot of GFF-PB is steeper to the real component axis as compared 
with that of GFF, indicating the faster diffusion of electrolytes (Fig. 3b). 
This phenomenon is ascribed to the improved water wettability of GFF- 
PB. As shown in Fig. 3c and d, a drop of water is easily absorbed into 
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GOFF by the capillary force of hydrophilic GOFs, whereas the contact 
angle between water and GFF is around 148◦, representing a hydro
phobic interface of material. However, the water-absorbent property is 
recovered as for GFF-PB (Fig. 3e), due to the introduction of hydrophilic 
PB on GFs. The GFF-PB shows a strong water absorption capability up to 
43.5 times of its own weight (Fig. 3f). The detailed experiments for the 
water absorption of the GFF-PB sheets can be found in Movie S2. This 
water-absorbent property distinguished from traditional electrodes is 
beneficial for improving the collection of ISF for further noninvasive 
glucose monitoring. 

In the cyclic voltammetry (CV) scan, GFF and GFF-PB show signifi
cantly different curves (Fig. 3g). Owning to different redox states of iron 
atoms in the PB crystal, obvious redox peaks of iron elements are 
observed in the CV curve of GFF-PB. The PB was transformed into 
Prussian white (PW) upon reduction of iron (III) to iron (II) at 0.18 V, 
while PW containing only iron (II) turns to PB upon oxidation at 0.22 V 
[63]. In contrast, only capacitive behavior is found in the CV curve of 
bare GFF (inset in Fig. 3g), representing a simple adsorption-desorption 
process of electrolytes. Furthermore, the CV scans of GFF-PB at different 
scanning rates shows that both anodic peak current (Ipa) and cathodic 
peak current (Ipc) have a typical linear relationship with the scanning 
rates (Fig. 3h), indicating a quasi-reversible surface-confined 

electrochemical process for GFF-PB [64]. 
It is reported that the PB suffers from inherent instability in aqueous 

solutions during CV scans and is easily exfoliated from electrodes, which 
can be indicated by largely reduced redox peak intensity in CV cycles 
[4]. Such an instable property of PB on electrodes will significantly 
affect their redox reaction with H2O2, and generates unstable current 
response. The stability of GFF-PB was thus investigated by cycling CV 
scan for 50 cycles (Fig. 3i, j). As a result, the anodic peak retains 93.33% 
and 71.90% of its original current at the 10th and 50th cycle, respec
tively (Fig. 3k). The cathodic peak shows current retention of 95.73% 
and 78.96% under the same conditions. This performance is better than 
that of a reported PB electrode before introducing the protective layer of 
nickel hexacyanoferrate [4]. The relatively higher stability can be 
attributed to a strong interaction between PB nanoparticles and gra
phene sheets reported by others [65]. Besides, the resistance of a GFF-PB 
(0.5 cm × 1.0 cm) is nearly unchanged under different bending angles 
from 0 to 180◦ (Fig. 3l and S5), exhibiting an outstanding mechanical 
stability that is enabled by robust junctions between GFs. 

Fig. 4a shows typical CV scans of GFF-PB in a PBS solution (pH = 7) 
containing 1 mM H2O2. The reduction current of H2O2 occurs in the 
region of 0.1 to − 0.1 V (versus Ag/AgCl). As shown in Fig. 4b and S6, 
GFF-PB delivers a staircase and fast amperometric responses upon 

Fig. 2. Material characterizations. (a) The photographs (i), SEM images (ii), and EDX mappings (iii) of GOFF, (b) GFF, and (c) GFF-PB. (d) Diameter distribution of 
graphene fibers before and after the deposition of PB nanoparticles. (e) The Raman spectra of GFF-PB, GFF, and GOFF. (f) The high-resolution XPS scan for the GFF- 
PB of Fe2p peak. 
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increasing the concentration of H2O2 solutions. The results show the 
linear detection range from 5 to 50 μM with the sensitivity of 7298.7 μA 
mM− 1 cm− 2 for the detection of H2O2 (Fig. 4b, inset). This ultrahigh 
sensitivity is ascribed to the high-speed transfer paths for electrons and 
electrolytes in GFF-PB, as well as the efficient diffusion of H2O2 in the 

active materials due to the above-mentioned good water-absorbent 
property. The influences of the PB deposition time to the sensitivity of 
GFF-PB are compared in Fig. S7. As a result, negligible difference is 
found with the deposition time increasing from 5 s (Fig. 4b) to 15 s, 30 s, 
and 45 s (Fig. S7a-c). However, when the deposition time is further 

Fig. 3. Electrochemical and mechanical performances. (a) The LSV scans of GOFF, GFF and GFF-PB at a scan rate of 10 mV s− 1. (b) Nyquist plots and corresponding 
fitting curves of the GFF and GFF-PB measured in PBS solution (pH=7). (Inset) Equivalent circuit diagram of the fitting curves. (c-e) The contact angle tests for GOFF, 
GFF and GFF-PB, respectively. (f) The photographs of the GFF-PB upon the absorption of water with CuCl2. (g) The CV measurements of the GFF and GFF-PB in PBS 
solution (pH=7), at a scan rate of 10 mV s− 1. (Inset) Enlarged CV curve of the GFF (Y-axis: current density / μA cm− 2, X-axis: potential versus Ag/AgCl / V). (h) The 
CV curves of the GFF-PB measured in PBS solution (pH=7), with increasing scan rate from 10 to 100 mV s− 1. (Inset) The dependence of peak currents on scanning 
rates (Y-axis: current density / mA cm− 2, X-axis: scan rate / mV s− 1). (i, j) The CV scans of the GFF-PB measured in PBS solution (pH=7) during 1–10 and 10–50 
cycles, respectively, at a scan rate of 100 mV s− 1. (k) The retention ratios of peak current intensity as a function of cycling numbers deduced from i and j. (l) The 
changes in the resistance of the GFF-PB under different bending angles. 
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increased to 60 s (Fig. S7d), the H2O2 sensitivity reduces to 5031.9 μA 
mM− 1 cm− 2, which may be resulted from elongated transfer paths of 
electrons by an over-grown PB layer. Additionally, as control, the 
rGOFF-PB in which the rGOFF is only treated by chemical reduction 
shows sluggish H2O2 response (Fig. S8) mainly due to its poor conduc
tivity and weak electrons transfers (Note that the electrical conductivity 
of rGOFF with the same size of GFF was measured to be 14.72 Ω as 
shown in Fig. S9, which is more than 10 times higher than GFF). The 
results indicate that the high-temperature annealing of GFF plays an 
important role on the fast I-t responses. After immobilization of GOx and 
CS on GFF-PB, the electrode was applied for the investigation of glucose 
responses at different concentrations of glucose. The enzymatic activity 
of GOx on GFF-PB was confirmed by Fig. S10, in which the addition of 

GFF-PB-GOx-CS in HRP-ABTS-Glu solution showed blue color similar as 
that of a contrast sample mixed with the free GOx solution, indicating 
the generation of H2O2 by the enzymatic reaction. The resultant enzy
matic electrode shows a similar CV shape with that of GFF-PB (Fig. 4c), 
except for the wider redox peaks caused by extra paths for mass and 
electron transfer. As for glucose detection, the response current of GFF- 
PB-GOx-CS is generated by reduction of H2O2 produced through 
enzyme-catalyzed oxidation of glucose on GFF-PB (Fig. 1c), thus the 
higher H2O2 sensitivity for GFF-PB will pave a way for the better glucose 
sensitivity of GFF-PB-GOx-CS. As a result, the GFF-PB-GOx-CS shows a 
high glucose sensing sensitivity of 1539.53 μA mM− 1 cm− 2 in the con
centration range of 2–220 μM (and 948.48 μA mM− 1 cm− 2 in the con
centration range of 220–650 μM) (Fig. 4d-g). It is much higher (>

Fig. 4. Sensitivity and selectivity of the electrode. (a) The CV curves of the GFF-PB measured in PBS solution (pH = 7) with 1 mM H2O2, at the scan rate from 10 to 
100 mV s− 1. (b) The amperometric I-t response of GFF-PB upon successive additions of H2O2 (5 μM per step) into PBS solution (pH = 7). (inset) The current response 
versus the H2O2 concentrations (Y-axis: current density / μA cm− 2, X-axis: density / μM). (c) The CV curves of the GFF-PB-GOx-CS in PBS solution (pH=7), at the scan 
rate from 10 to 100 mV s− 1. (inset) The dependence of peak currents on scanning rates (Y-axis: current density / mA cm− 2, X-axis: scan rate / mV s− 1). (d) The 
amperometric I-t response of GFF-PB-GOx-CS measured in the glucose concentration range of 2–10 μM. (e) The amperometric I-t response of GFF-PB-GOx-CS 
measured in the glucose concentration range of 10–650 μM. (Inset) An enlarged view of a typical I-t step in the blue box produced upon addition of 10 μM glucose (Y: 
current density / μA cm− 2, X-aixs: Time / s). (f) The glucose concentration dependent current responses in the range of 2–220 μM and 220–650 μM, respectively. The 
blue area shows the concentration range of extracted ISF glucose (~19.9–222 μM). (g) Magnified view of the blue area in f. (h) The electrochemical sensitivity 
(2–220 μM) of the GFF-PB-GOx-CS for the detection of glucose as compared with previously reported electrodes. (i) The amperometric I-t result of the selective 
response to glucose (Glu) and other interference molecules, including NaCl, Fructose, ascorbic acid (AA), dopamine (DP), and lactic acid (LA). The PBS (pH = 7) 
solution was used as an electrolyte in this condition. 
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3.8–6.2 times) than that of other reported enzymatic electrodes (Fig. 4h) 
[1,4,44–51]. In addition, the amperometric I-t response of 
GFF-PB-GOx-CS and GFF-PB-GOx upon glucose reaction are compared in 
Fig. S11. The GFF-PB-GOx-CS shows a typical staircase drop in the I-t 
measurement, while only sluggish current decreases are observed for the 
GFF-PB-GOx. We attribute the faster response of GFF-PB-GOx-CS to the 
suppressed dissolution of GOx into PBS solution as protected by the CS, 
which ensures higher enzyme concentrations on the electrode. In this 
situation, the H2O2 produced by enzyme-catalyzed oxidation of glucose 
on the surface of electrode can be reduced by PB directly with short 
transfer paths, generating fast electrical responses. Note that the spike 
current response appeared on the GFF-PB-GOx-CS electrode upon the 
addition of glucose could also be ascribed to the faster catalytic reaction 
on the GFF-PB-GOx-CS electrode, i.e., the whole reaction process is 
limited by mass transport (Fig. S11). While for the GFF-PB-GOx, the GOx 
without the immobilization of CS might be dissolved into the solution 
thus induce lower reaction rate than the mass transport of glucose and 
H2O2 diffusing to/away from the electrode, i.e., the reaction process is 
limited by the catalytic reaction [66,67]. Furthermore, the selectivity of 
the sensor for the detection of glucose was investigated with other 
interferents such as sodium chloride, fructose, ascorbic acid, dopamine, 
and lactic acid. As a result, glucose exhibits the distinct current change 
whereas interferent molecules show a negligible current response, 
indicating the good selectivity of the sensor for the detection of glucose 
(Fig. 4i). 

Further application of the textile enzymatic electrode on wearable 
monitoring of glucose was illustrated by integrating it with the RI 

technology on a screen-printed sensing patch attached on a volunteer’s 
wrist (Fig. 5a and b). Prior to the measurement, the construction of the 
electrodes was optimized (Fig. S12a-f). In comparison with CV curves of 
the GFF-PB-GOx-CS fixed by a Pt holder (Fig. 4c and S13), integrating 
the electrode with the carbon current collector prepared by screen- 
printed method (Fig. S12a) shows weak and distorted redox peaks (at 
around 0.2 V, Fig. S12d). Alternatively, introducing Cu current collec
tors below carbon layers (Fig. S12b) significantly increased the elec
trochemical signals of the electrode (Fig. S12e). It should be noted that 
although direct integration of the GFF-PB-GOx-CS on Cu current col
lectors (Fig. S12c) produced the largest response signals (Fig. S12f), this 
strategy was abandoned due to the copper corrosion occurred during 
tests (inset in Fig. S12f). 

As skin carries a net negative charge at physiological pH, the ma
jority of current carriers through the skin are Na+ ions, which produces a 
convective solvent flow and transports uncharged glucose towards the 
iontophoretic cathode [15]. Upon employing an iontophoretic voltage of 
− 3.0 V on the sensing patch coupled with a printed carbon electrode as 
iontophoretic anode, ISF can be extracted from subcutaneous tissues and 
absorbed into the textile electrode. The subject underwent finger-prick 
blood sampling for glucose measurement by commercial glucometer at 
the time RI was about to applied on the skin (Fig. 5c). The current re
sponses for the in vivo noninvasive monitoring of glucose were thus 
compared with the blood glucose levels measured by the finger-prick 
glucometer. The current responses recorded before and after RI are 
considered as the current changes (i.e. ΔI––Ix-I0). For all electrochemical 
measurements, average values of the current in I-t curves at the t = 60, 

Fig. 5. In vivo noninvasive measurements. (a) 
Images of the GFF-PB-based sensing patch on a 
volunteer’s wrist. (b) Enlarged view of the 
sensor and iontophoretic anode in a. (c) In vivo 
invasive blood glucose measurement by using a 
finger-prick glucometer. (d) The amperometric 
I-t curves before and after RI recorded from the 
sensing patch attached to the skin surface dur
ing a 5-hour period. (e) Magnified view of the 
response current in d after RI at different point- 
in-time. (f) Results of glucose monitoring in 5- 
hour period by using a finger-prick glucometer 
(red) and the GFF-PB-based sensing patch 
(blue). (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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70, 80, 90, 100 s are calculated as Ix (where x denotes the point-in-time 
during the period of in vivo tests). Fig. 5d and e provide I-t curves ob
tained by the volunteer during a 5-hour measurement before (x = 0 h) 
and after RI (x = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 h). As a 
result, the variation trend of ΔI which represents the glucose density in 
ISF (blue squares) matched well with the glucometer results (red 
squares) (Fig. 5f and S14), in spite of a 20- to 30-min of time lag. This 
time-lag phenomenon is due to the 20- to 30-min intrinsic density delay 
between glucose in ISF and blood [3]. The current change ΔI for in vivo 
tests on our sensing patch is about 0.1679 μA (i.e. 0.1485 μA cm− 2) 
versus per mM blood glucose, which is better than or comparable to that 
of other reported analogous sensors [3,22,24]. In addition, the current 
changes can be further improved by optimization of RI parameters such 
as bias voltage and electro-osmotic time [68]. 

3. Conclusion 

In conclusion, we have proposed an air-permeable electrode by 
deposition of PB nanoparticles as transducer on the GFF and applied for 
the wearable noninvasive monitoring of glucose in vivo on human skin. 
Benefiting from the robust connection between GFs cross-linked by a 
wet-fusing approach, the GFF-PB exhibits an outstanding mechanical 
property and retains its resistance at different bending states. After 
immobilization of GOx and CS, this electrode delivers a glucose sensi
tivity of 1539.53 μA mM− 1 cm− 2 in the concentration range of 
2–220 μM (and 948.48 μA mM− 1 cm− 2 in the concentration range of 
220–650 μM), that is much higher than those of previous reported 
enzymatic electrodes. We ascribe this performance to a synergetic effect 
of following factors: (1) Fused junctions of high-quality graphene fibers 
connect conductive paths for fast electron transport, effectively elimi
nating the contact resistance. (2) Unique penetration paths of GFF and 
intrinsic hydrophily of PB enables fast mass transfer for electrolytes and 
metabolites. (3) Spontaneous absorption of body liquids improves the 
utilization of active sites inside the electrode. The textile GFF-PB-GOx-CS 
is applied as a dry sensing patch on human skin for the noninvasive 
monitoring of glucose with the integration of RI technology, which 
showed high correlation with the blood glucose level measured by the 
commercial finger-prick glucometer. We believe the materials and 
methods pave a way for high-performance noninvasive continuous 
glucose monitoring (CGM) after extensive clinical measurements are 
implemented. 

4. Experimental section 

4.1. Materials 

Potassium ferricyanide (≥ 99.95%), ferric chloride anhydrous (≥
99.9%), potassium chloride (AR), ammonium bicarbonate (AR), sodium 
chloride (AR), hydrogen peroxide solution (AR, 30 wt% in water), D- 
(+)-glucose (AR), fructose (99%), ascorbic acid (≥ 99%), dopamine 
hydrochloride (98%), L-lactic acid (≥ 98%), acetate acid (99.8%), chi
tosan (degree of deacetylation ≥ 95%), and 2,2′-azinobis(3-ethyl
benzothiazoline-6-sulfonic acid ammonium salt) (≥ 98%) were 
purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. 
Glucose oxidase from aspergillus niger and Peroxidase from horseradish 
were purchased from Sigma-Aldrich. Graphene oxide with average 
lateral size of 20 µm was acquired from GaoxiTech Co., Ltd. All reagents 
were used as received without any further treatment. Deionized water 
was generated by PW Ultra-pure Water System (Ulupure, China) and 
had a resistivity of 18 MΩ cm. 

4.2. Wet-spinning of graphene oxide staple fibers 

Aqueous GO solution (~ 4 mg mL− 1) was used as the spinning dope 
and injected into a rotating coagulation bath with 5 wt% ammonium 
bicarbonate in water, by a spinneret with diameter of 250 µm. The 

injection and rotation speeds were set as 50 μL min− 1 and 50 r.p.m., 
respectively. 

4.2.1. Preparation of non-woven graphene oxide fiber fabrics (GOFFs) 
The graphene oxide staple fibers were transferred from above 

mentioned coagulation bath into a mixture of water and ethanol (vol
ume ratio of 10:1). Then, the fibers were collected by filtration and fused 
with each other by wet-fusing process. After drying at 100 ◦C for 10 h, a 
piece of non-woven GOFF was obtained. 

4.3. Conversion of GOFFs into graphene fiber fabrics (GFFs) 

Hydroiodic acid (HI) reduction was firstly performed to obtain 
rGOFFs by putting the GOFFs into a sealed PTFE reactor filled with a HI 
aqueous solution (~ 5%)/ethanol (volume ratio of 1:5) mixture and kept 
at 95 ◦C for 5 h. After being washed by deionized water and dried at 
100 ◦C overnight, thermal annealing was carried out successively at 
1000 and 3000 ◦C with argon protection for 1 h to convert the rGOFFs to 
GFFs. 

4.4. Electrodeposition of Prussian blue on GFFs 

The electrochemical deposition of Prussian blue (PB) was performed 
in a three-electrode system (GFF working electrode, Ag/AgCl reference 
electrode, Pt counter electrode) in a solution with 2.5 mM FeCl3, 
2.5 mM K3[Fe(CN)6], 0.1 M KCl, and 0.1 M HCl. Before deposition, the 
GFF was pre-treated by plasma for 5 min to make it hydrophilic. The 
deposition of PB was carried out by applied a potentiostatic voltage of 
0.4 V (versus Ag/AgCl) on the GFF for 5 s 

4.5. Loading enzyme and protective polymer on electrode 

Glucose oxidase (GOx) from aspergillus niger was dissolved in PBS 
(pH = 7) to prepare an aqueous enzyme solution of 20 mg mL− 1. The 
solution was then preserved at 4 ◦C to keep the enzymatic activity. The 
enzyme solution was dropped onto the surface of GFF-PB and then 
penetrated into the interspace between graphene fibers. The mass 
loading of GOx on the electrode is about 2.5 mg cm− 2. After being dried 
at 4 ◦C for 12 h, chitosan solution was subsequently dropped onto the 
GFF-PB-GOx electrode to form a protective layer for GOx. Note that the 
chitosan solution was prepared by adding the chitosan powder into a 2% 
acetic acid solution and stirred at 80 ◦C for 1 h to obtain a transparent 
aqueous solution with 5 mg mL− 1of chitosan. 

4.6. Characterization and measurements 

Morphologies of GOFF, GFF, and GFF-PB were studied using field- 
emission SEM (HITACHI SU8010, Japan). Elements distributions were 
observed by energy dispersive spectrometer (EDS) (HITACHI SU8010, 
Japan). X-ray photoelectron spectroscopy was carried out by Thermo 
ESCALAB 250 × 1. X-ray diffraction measurements were performed by 
Bruker D8 Advance. The wettability of GOFF, GFF and GFF-PB was 
characterized by a contact angle meter (Biolin Theta, Sweden). 
Amperometric I-t response, cyclic voltammetry, linear sweep voltam
metry, and electrochemical impedance spectroscopy based on the three- 
electrode system (Fig. S12) were performed by an electrochemical 
workstation (CHI 660e). 

4.7. In vivo glucose measurement experiment 

Before tests, the skin surface of subjects was washed with DI water 
and scrubbed by medical alcohol (75%) for sterilization. The PBS solu
tion (~30 μL) was used to wet the sensing area and as electrolyte. 
Invasive glucose measurements were done by a commercial finger-prick 
glucometer (On∙Call Plus) with blood collection needles. Subsequently, 
noninvasive glucose tests were immediately carried out using the 
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fabricated electrochemical device. To extract interstitial fluid (ISF) in 
subcutaneous tissues, a bias voltage of − 3.0 V was applied between the 
carbon counter electrode and iontophoretic anode on skin surface for 
2 min. The response of glucose in ISF was recorded by amperometric I-t 
technology (0.1 V versus Ag/AgCl reference electrode). 
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