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Abstract A whole paper electro-biosensor detection
platform for detecting glucose is reported. Glucose
oxidase was immobilized on paper-based screen-
printed carbon electrodes. The developed biosensor
has an excellent electrochemical characteristic and
high heterogeneous electron transfer rate constant
(ke = 4.23 x 107*). This new detection platform
exhibited good amperometric responses toward glu-
cose, with a wide linear range up to 10 mM with R? is
0.9973 and the sensitivity is 2.07 pA mM~'. The
parallel measurements of glucose by different biosen-
sors had a low relative standard deviation of 4.26 %
and demonstrated it had good reproducibility. In the
interference studies, there was no significant differ-
ence with ascorbic acid or uric acid. For stability, it
retained 93.9 % of its initial response after a storage
period of 31 days in 4 °C. Besides, the Parkes error
grid analysis was indicated that paper-based electro-
chemical biosensor has a good accuracy on the glucose
detection.
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Introduction

Diabetes mellitus is one of the most common chronic
diseases in nearly all countries, and has been a huge
threat to human health. In 2013, the estimates of
International Diabetes Federation (IDF) indicated that
approximately 382 million people have diabetes, and
the number of people with the disease is set to rise
beyond 592 million in less than 25 years (IDF 2013).
Therefore, fast and accurate detection of glucose has
great significance in further reducing the incidence of
diabetic complications (Clark 2008). Most diabetics
blood-glucose monitoring were used a disposable test
strip (Yoo and Lee 2010). According to the American
Diabetes Association (ADA) guidelines for self-mon-
itoring blood glucose, diabetic people might fre-
quently perform 4 or more daily tests, and then
produced the 558 billion medical test strips annual.
Nevertheless, the disposable test strips usually print on
ceramic substrates or non-degradable plastic materi-
als, such as PC, PVC and PET which are facing the
challenge in medical waste pollution or recycling
problems. Therefore, a completely biodegradable test
strips for detecting glucose has great significance in
the future.
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Cellulose, the chain of glucose residues which form
the principal component of the plant cell wall, is the
most abundant and widespread biopolymer. Every
year, plants make more than 10'' tons of cellulose
(Read and Bacic 2002). Besides of its abundance,
biodegradability, biocompatibility, renewable behav-
ior and green recycling, cellulose has unique material
properties: high Young’s modulus, dimensional sta-
bility and low thermal expansion coefficient. For a
fascinating application of cellulose, paper-based flex-
ible and disposable analytical devices have been
suggested (Kim et al. 2014).

In recently, paper-based analytical devices mainly
were used in colorimetric assays (Martinez et al.
2010). Colorimetric changes in diagnostic assays can
be visualized by the naked eye to yield a yes/no
answer. And imaging analysis by a cell phone is used
to report quantitative readouts (Martinez et al. 2008).
However, both qualitative and quantitative strategies
suffer from low sensitivity and poor accuracy. Addi-
tionally, the color of sample, inconsistencies in
lighting, or the presence of particulate contaminants
may confuse the colorimetric result. For example, the
colorimetric assays of blood glucose are interference
seriously by hemoglobin.

Electrochemical analysis is a useful method for
replacing colorimetric analysis for diagnostic test,
because it measured the change of current or voltage
via an electrochemical device. Moreover, it can be
qualitative and quantitative more easily and insensi-
tive to color contamination. According to recently
research, Chee Shiong Kuek Lawrence et al. used a
cellulose paper as a matrix for immobilizing enzymes
placed on top of a plastic-based screen printed carbon
electrode. This simple physical adsorption immobi-
lization technique has been extremely low cost, and
the cellulose matrix provided an effective stable mi-
croenvironment for GOx. After a period of 4 months,
it was found that there was no significant difference in
the current (less than 2 % difference in the signal)
(Lawrence et al. 2014). However, the biosensor’s
substrates were still using plastic materials and not
completely resolved after the extensive use of biosen-
sors in medical waste pollution.

Herein, we report a whole paper electro-biosensor
(PEB) platform for glucose detection which has
completely biodegradable and it can be solve the
medical waste pollution. The electrochemical charac-
teristic of the PEB has been investigated by cyclic
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voltammetry (CV), electrochemical impedance spec-
troscopy (EIS) and chronoamperometry (CA). The
glucose oxidase (GOx) immobilized on the surface of
biosensor by physical adsorption has been further used
for detecting glucose. The results showed that the
developed PEB has high sensitivity and good accuracy
for glucose detection. The selectivity, reproducibility
and stability of the paper-based electrochemical
biosensor have also been studied in detail.

Experimental methods
Chemicals and reagents

Conductive carbon ink (Electrodag 423SS) were pur-
chased from Acheson Colloids Company (Ontrario,
CA, USA). Cellulose paper, A4 size, gram weight of
160 g cm ™2 and an average thickness of about 200 pm
(Guangzhou, China). Glucose oxidase (GOx, from
Aspergillus niger, Type X-S, lyophilized powder, 118
000 units/g solid), purchased from Sigma-Aldrich.
Potassium ferri(Ill)cyanide (K;[Fe(CN)g]), D-(+4)-glu-
cose, carboxymethylcellulose sodium (CMC) was
purchased from Tianjin Fuchen Chemical Reagents
Factory. Hydrochloric acid, sodium hydroxide, acetone
and ethanol were supplied from Beijing Chemical
Reagent Company. All the chemicals used in this work
were of analytical grade and were used as received
without further purification. All solutions were pre-
pared with deionized water of resistivity no less than
18.2 MQ cm.

Fabrication of paper electro-biosensor

Firstly, carbon electrodes were printed using a semi-
automatic screen-printing machine (MARABU,
Dongguan, China), equipped with a 250 threads per
inch polyester screen, a polyurethane squeegee, and
stainless-steel flood blade. Paper-based carbon elec-
trodes were printed onto an untreated white A4 paper
of 200 pm thickness, and left to dry 30 min at 71 and
121 °C, respectively. Then, individual carbon elec-
trodes were cut from the paper, and their working area
0.5 x 1 cm2) was defined with insulation tape.
After individual carbon electrodes fabrication, a
disposable PEB was fabricated by physical adsorption
GOx on the surface of the carbon electrodes. In detail,
30 uL of potassium ferri(Ill)cyanide solution was
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dropped upon working area of the electrodes then
heated to cure at 30 °C for 30 min. Then, 20 pL of
GOx solution which contain 0.05 g mL™"' car-
boxymethylcellulose sodium (CMC) was immobilized
on the surface of the electrodes by drop coating and
dry at 30 °C for 30 min, and the new PEB test strips
were ready for use.

Surface characterization

Surface characteristics of the bare carbon electrodes
and PEB were measured with a field emission
scanning electron microscope (SEM, Hitachi S-4800,
Japan) at 10.0 kV. ATR-FTIR spectra of modified
electrode were recorded on a Bruker Vertex 70/80

FTIR spectrometer operated at a resolution of 4 cm™".

Electrochemical characterization

The electrochemical properties of the PEB were
characterized by cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) and chronoam-
perometry (CA). CV and CA experiments were
performed with CHI 400 electrochemical analyzer
(CH Instruments Inc., USA). The experiments were
conducted to investigate the effects of scan rate for CV
technique on a characteristic of induced current. The
experiments at different scan rates between 40 and
200 mV s~ were performed with bare carbon elec-
trodes at 50 mM potassium ferri(Ill)cyanide (Ks.
[Fe(CN)s]) in 0.05M PBS. EIS analyses were
performed at the open-circuit potential with Autolab
PGSTAT302N electrochemical workstation (Metrohm,
Switzerland) controlled by Nova 1.10 software, and the
impedance spectra were recorded in the frequency range
0.1 Hz-100 kHz by using a sinusoidal excitation signal
(single sine) with an excitation amplitude of 10 mV.
The impedance spectra were expressed with the Nyquist
plot. CA experiments of PEB were tested in 0.05 M
PBS at the fixed applied voltage of 0.45 V for 60 s. All
experiments were performed at room temperature on
biosensor and each PEB test strip was used in a single
assay. Data points were plotted using ORIGIN
(Northampton, MA, USA).

Effect of applied potential and pH

To determine the optimal applied potential and pH
for glucose detection using chronoamperograms.

Chronoamperograms were recorded using the PEB
on 5 mM glucose at room temperature. A potential
step was then applied, and the resulting current was
monitored. The applied potential was varied from 0.1
to 0.9 V (in increments of 0.1 V) and current from the
resulting chronoamperograms was sampled at 60 s. To
optimize the working pH of phosphate buffer, the
experiments employing CA technique are performed
with PEB at 5 mM glucose solution at the optimal
applied potential by varying pH of the phosphate
buffer solution from 4.0 to 10.0.

Paper electro-biosensor response characteristics

The stock solution of D-(+)-glucose was prepared in a
potassium phosphate buffer (pH 7.0) and allowed to
equilibrate overnight before use. The PEB was tested
using chronoamperometric detection technique to
obtain the relationship between induced current and
glucose concentration and real-time detection perfor-
mance. The experiment was tested in PBS at pH of 7.0
at the fixed applied voltage of 0.45 V. In this
measurement, the 20 pL. droplet of different concen-
trations of glucose solution is added on the working
area of PEB for 60 s. With this simple procedure, the
relationship between the induced current and glucose
concentration can be constructed.

Interference and thermal stability studies

The effect of potential interference on the response of
the paper-based electrochemical biosensor was eval-
vated in 0.05 M PBS (pH 7.0) containing 5 mM
glucose. After addition of 0.1 and 0.3 mM ascorbic
acid or 0.05 and 0.15 mM uric acid, the effects of
interferences were performed. The stability of the PEB
was investigated at 4 °C, room temperature and 45 °C
for a month.

Parkes error grid analysis based on ISO
15197:2013

The Parkes error grid analysis (PEG) was conducted to
evaluate the accuracy of the paper electro-biosensor
(Andreas et al. 2013). The PEG requires over 95 % of
the glucose measurements to fall within zone A and
100 % to fall within zone A + B. PEG contains 5
zones (A, B, C, D, and E). Zone A represents bias
within 20 % of reference values or the hypoglycemic
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region. Zone B denotes bias outside of 20 % of the
reference values but no/benign treating effect. Values
in zones C, D, and E may cause unnecessary corrective
treatments, failure to administer treatment, and incor-
rect treatment, respectively. Notably, results within
zones A or B are clinically acceptable, whereas those
within zones C, D, or E are completely intolerable. In
this investigation, the agreement between glucose
values obtained from paper-based electrochemical
biosensor was further assessed via regression analysis.

Results and discussion
Surface characterization

The electrode surfaces shows a configuration with
randomly oriented flake-like graphitic layer, homoge-
neous ensemble into an insulator matrix as shown in
Fig. la. The SEM image reveal a relatively rough
surface structures and reduced polymeric binders
indicating that the electrodes with the large electro
active sites exhibit faster electron transfer rates
(Fanjul-Bolado et al. 2008; Kadara et al. 2009). After
modified ferricyanide and GOx (Fig. 1b, c), there are
larger K5[Fe(CN)g] crystal particles attached on the
surface of the carbon electrodes, particles size between
20 and 200 pm, and uneven distribution. Figure 1d
shows the ATR-FTIR spectra of modified electrodes,
there was no main characteristic peak on the bare
carbon electrodes and the electrodes modified Ferri.
After modified the GOx, the apparent peaks lying at
1640 and 1568 cm™" were associated with the C=0
stretching vibration of peptide, and the N-H bending
and C-N stretching of protein backbone, respectivelyc
(Altun et al. 2015). Furthermore, the appearance of
new peaks in the 1200-800 cm™' region was attrib-
uted to the characteristic peaks of GOx, which
indicated that the enzyme was adsorbed on the surface
of the electrodes (Chen et al. 2011).

Electrochemical characterization

Cyclic voltammograms (CV) is a valuable and con-
venient tool to monitor the behavior changes during
the electrode modified process. In this work, CV was
used to determine the glucose detection platform
characteristics with potassium ferri(Ill)cyanide
(Fig. 2a). Observation of voltammetric peak height,
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plotted as peak current (I,) against square root of scan
rate (v'/) was found to be linear-ship, suggesting a
diffusional process occurring at the electrode surface.
The heterogeneous electron transfer rate constant (k)
was calculated to be 1.72 x 1073, by Nicholson
method (Nicholso 1965). This kg was higher than
those previous reported on polyester SPE
(726 x 107%) (Metters et al. 2013), ultra-inH
3.9 x 10_4) (Morrin et al. 2003) and commercial
zensor TE100 (2.5 x 10™*) (Kadara et al. 2009). The
large k, value showed paper electro-biosensor plat-
form had excellent electrochemical properties.

CVs of PEB modified Ferri and GOx exhibited
clearly anodic and cathodic redox peaks with an
average peak-to-peak separation (AE,) was about
1230 mV, much larger fourfolds than bare carbon
electrodes (AE, = 278 mV). The results indicated the
GOx affect the electron transfer between the surface of
the electrode and the solution, caused a higher peak-
to-peak separation. This result could be confirmed by
electrochemical impedance spectroscopy (EIS). Fig-
ure 2c showed that the Nyquist plot of carbon
electrodes modified Ferri includes a semicircle portion
and a linear portion. The electron transfer resistance
(can be quantified using the diameter of the semicircle
portion, R = 12.8 kQ) of the electrodes modified
Ferri and GOx was much larger than that of the
electrodes modified Ferri (R, = 5.07 kQ), suggesting
that GOx resists the electron exchange between the
carbon electrode surface and the redox probes in the
solution (Kang et al. 2009). Figure 2b showed the
influence of the scan rate of PEB modified Ferri and
GOx, the results indicated that it is also a diffusional
process. The ks was calculated to be about
4.23 x 10_4, which was also larger than ultra-inH
(3.9 x 10_4) (Morrin et al. 2003) and commercial
zensor TE100 (2.5 x 10™%) (Kang et al. 2009). To
prove the precision and practicability of the proposed
platform, the reproducibility was examined by CA
(Fig. 2d). The relative standard deviation (RSD) of the
platform was 4.26 % (n = 5) in 0.05 M PBS. Those
results demonstrated the PEB platform could replace
the plastic-based biosensor.

Effect of applied potential
Figure 3a shows the effect of applied potential on the

response of the PEB platform. The results showed that
the current increased with rising potential from 0.00 to
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Fig. 1 SEM of paper electro-biosensor; a bare carbon electrodes; b electrodes modified Ferri; ¢ electrodes modified Ferri and GOx;

d ATR-FTIR spectra of modified electrodes

0.45 V and decreased during the potential range from
0.45 to 0.8 V. Thus, the potential of 0.45 V was
selected for the subsequent experiments so as to
achieve the greatest current response.

Effect of pH

The impact of the pH buffer is vital to the sensitivity
of the PEB as the pH influences the bioactivity of the
GOx (Tian and Zhu 2002). The effect of phosphate
buffer solution (containing 5 mM glucose) pH on the
PEB was investigated in the range of 4.0-10.0. As
can be seen in Fig. 3b, the PEB exhibited an
optimum response at pH 7.0. This is because strong
acidic or alkaline environments causing enzymes
denatured so that the electrochemical response of the
PEB was weak. The results obtained in this exper-
iment were consistent with previous studies (Qiu
et al. 2009).

Paper electro-biosensor response characteristics

By employing the optimum conditions investigated,
the chronoamperometric measurements of the pro-
posed PEB for different glucose solution was obtained
as shown in Fig. 4a. The current response time was
less than 40 s, which indicated a fast response for
detecting glucose. Figure 4b showed the calibration
curve of PEB for glucose detection. The results
showed good linearity in the concentration range of
0-10 mM, and gradually leveled off beyond 10 mM
glucose due to the responses become saturated towards
high concentrations. The linear regression equation
wasy = 2.07x + 7.91, with R? value was found to be
0.9973 and the higher sensitivity is 2.07 pA mM ™",
PEB has high sensitivity due to the highly porous
microstructure of cellulose paper, which could absorb
more GOx molecules and stored in the fiber matrix
(Koga et al. 2012; Li et al. 2012).
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Table 1 Effect of possible interfering substances on PEB
response

Possible interfering Concentration Current
substance (mM) ratios®
Ascorbic acid 0.1 1.02
0.3 1.08
Uric acid 0.05 1.00
0.15 1.04

* Current ratio = I /I,

I; current of 5 mM glucose with interference, I, current of
5 mM glucose without interference

Interference and thermal stability studies

The effect of potential interference on the response of
the PEB was evaluated in 0.05 M PBS containing
5 mM glucose. The current ratio of interference (Ii)
and without interference (Ig) in 5 mM glucose was
used to evaluate the interference effect. Table 1 shows
that the possible electro active species such as ascorbic
acid and uric acid could cause no significant effect on
the glucose detection, and PEB has a good selectivity
due to the specificity of GOx.

For the thermal stability studies, the effect of
storage time and temperature on the relative response
of the new PEB was shown in Fig. 5. After a month, it
retained 93.9, 90.9 and 85.4 % of its initial response
when stored at 4 °C, room temperature and 45 °C,
respectively. Thermal stability of the proposed new
PEB was better than the ceramic-based biosensor
(68 % for 3 weeks) (Tian and Zhu 2002) and plastic-
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Fig. 5 Stability of PEB stored at 4 °C. The inset shows the
stability at room temperature and 45 °C, respectively

based biosensor (~70 % after 31 days) (Weng et al.
2014). It indicated that the whole PEB detection
platform has an excellent stability, because the
cellulose substrates provide a biocompatible microen-
vironment for enzyme molecules, and largely protect
the biological activity of the GOx enzyme (Sekar et al.
2014).

Parkes error grid analysis based on ISO
15197:2013

The Parkes error grid analysis (PEG) was conducted to
evaluate the accuracy of the proposed PEB. The
accurate measurements obtained by PEB, assessed
using the glucose concentration as a yardstick. As
shown in Fig. 6, all the measurements performed by
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Fig. 6 Parkes error grid analysis based on ISO 15197:2013.
Scatter plot of the different concentrations of glucose results
obtained from CA, 44 measurements each and plotted in PEG
with linear regression analysis

proposed biosensor fell within zone A (no effect on
clinical action) of the PEG, indicating that PEB has a
good accuracy on the glucose detection.

The equation of regression analysis was
y = 0.98x — 0.02 with R? value of 0.94, indicated a
good agreement. The total coefficient of variation

(CV) calculated using all the measured test values was
about 11.4 %, lower than ISO 15197:2013 standard
(less than 15 %), indicated the PEB fit the require-
ments of practical application in point-of-care diag-
nostic devices.

Hence, the analytical performance of the whole
PEB has been compared with previously plastic-based
biosensor for the glucose detection (Table 2). It is
evident the PEB exhibits wider linear range than other
polymer-based biosensors and relatively high sensi-
tivity and good stability.

Finally, in terms of cost, commercially available
electro-chemical glucose test strips are typically made
on a plastic substrate and their price in the US, $0.5 to
1.0 per strip (Heller and Feldman 2008), is impracti-
cally high for applications in the developing world. In
contrast, paper electro-glucose test strips that would be
produced at lower cost (each test strip costs about
$0.01-0.02). Furthermore, paper is high abundance,
biodegradability and green recycling compared to
plastic substrates. Moreover the fabricated PEB test
strip is disposable one and can be degraded by
microorganisms within several months. Most impor-
tantly, the proposed paper electro-biosensor has high
sensitivity and good accuracy, and that would assay
glucose and replace the commercially available elec-
trochemical glucose test strips. These advantages of

Table 2 Comparing the performance of the PEB against other related biosensor

Types of glucose biosensor  Linear range Sensitivity Stability References
Paper electro-biosensor 0-10 mM 2.07 pA mM™' 93.9 % at 4 °C, 90.9 % at room temperature This work
and 85.4 % at 45 °C for 31 days,
HRP/GOx/polypyrrole/ 0.08-1.3 mM 1.11 pA mM~" 68 % for 3 weeks Tian and Zhu
ceramic carbon biosensor (2002)
PPy NP modified PET- 0-5 mM <0.21 pA ~70 % after 30 days Weng et al.
biosensor mM~! cm™2 (2014)
PEI/Prussian blue biosensor  0.15-3.5 mM  0.13 pA mM~' - Pchelintsev
et al. (2009)
CoPC/GOx biosensor 0.2-5 mM L12yA mM~! - Crouch et al.
(2005)
FTMA/GOx/SWCNT 0.04-038 mM 1.73 yA mM~' 94 % for 42 days Sato and
biosensor Okuma
(2008)
PEI/MWCNT biosensor 0.5-3.0 mM 22.18 pA - Laschi et al.
mM™! (2008)
Silica sol-gel/polyvinyl 0-4.13 mM 347 pPAmM™' - Zuo et al.
alcohol biosensor cm™2 (2008)
Meldola’s blue/reinecke salt  0.075-30 mM  0.051 pA stable after 240 days Piano et al.
biosensor mM™! (2010)
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our proposed PEB detection platform will gain much
further attention and can be used for real time sensing
of blood-glucose (normal blood glucose concentration
is 4.4-6.1 mM).

Conclusion

In summary, we have successfully fabricated a whole
paper electro-biosensor detection platform by screen
printing technique for rapid detecting glucose. This
platform has an excellent electrochemical properties
ke =1.72 x 1073), good sensitivity (2.07 pA
mM ™), well stability and good accuracy. We believe
that PEB platform could apply in point-of-care
diagnostic devices and easy transfer or replace the
current commercial plastic-based electrodes.
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