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A novel wireless paper-based potentiometric
platform for monitoring glucose in blood+}

Rocio Canovas, @ Marc Parrilla, @ Pascal Blondeau @ and Francisco J. Andrade @*

A novel low-cost, compact and sensitive paper-based platform for the accurate monitoring of glucose in
biological fluids is presented. Paper-based working and reference electrodes are combined to build a
whole potentiometric cell, which also fits a sampling module for simple and fast determination of glucose
in a single drop of blood. The working electrode is built using a platinized filter paper coated with a Nafion
membrane that entraps the enzyme glucose oxidase; the reference electrode is made by casting a
polyvinylbutyral-based membrane onto a conductive paper. The system works by detecting the hydrogen
peroxide generated as a result of the enzymatic reaction. Selectivity is achieved due to the permselective
behaviour of Nafion, while a significant enhancement of the sensitivity is reached by exploiting the
Donnan-coupled formal potential. Under optimum conditions, a sensitivity of -95.9 + 4.8 mV per decade
in the 0.3-3 mM range is obtained. Validation of the measurements has been performed against standard
methods in human serum and blood. Final integration with a wireless reader allows for truly in situ mea-
surements with a less than 2 minute procedure including a two-point calibration, washing and measure-
ment. This low-cost analytical device opens up new prospects for rapid diagnostic results in non-

rsc.li/loc laboratory settings.

Introduction

The sharp rise in the number of people affected by chronic
diseases is creating a growing problem that largely exceeds
the capacities of current healthcare models and infrastruc-
tures. For this reason, there is a general agreement that ap-
proaches where patients can be more involved in the self-
management of their conditions are the best way to face this
challenge. During the 21st century, the use of home-based de-
vices for monitoring clinical parameters has become a com-
mon way to enhance the quality of life of the patients and im-
prove healthcare systems,"> also providing access to those
who cannot be easily reached by traditional solutions. Never-
theless, developing home-based instruments at the mass-
market level is a paradigm-shifting challenge for analytical
science, since factors such as the simplicity of operation and
affordability become as relevant as the robustness of the in-
formation generated.>* Only by addressing these three factors
simultaneously, namely: analytical performance, decentralized
usability and cost, can these future devices be successfully
adopted at a massive scale.>®

The monitoring of blood glucose levels is a good example
of challenges that are still unsolved.””® The significant im-
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provements brought by the home glucometer® cannot still be
accessed by a large number of patients,'® and this problem is
expected to worsen in the near future. Estimations show that
by 2030 more than 430 million people - most of them from
developing countries - will be affected by diabetes.""'* Thus,
significant efforts towards the development of highly afford-
able approaches,*"* ranging from new sensors to alternative
detection schemes, are increasingly needed.

The use of paper as a substrate to build analytical tools
has emerged during the last few decades as one of the most
promising solutions to produce simple, powerful and low-
cost analytical platforms.”®"” The group of Whitesides
pioneered the development of microfluidic devices exploiting
the capillarity of cellulose fibres to perform complex analyti-
cal operations’®' using both colorimetric and electro-
chemical detection.”*>* Paper-based amperometric sensors
for the determination of metals in water® and for the evalua-
tion of the levels of glucose, lactate and uric acid in serum**
have been also recently reported. Alternative detection
schemes, such as potentiometry, have shown some key ad-
vantages. Indeed, potentiometry has traditionally shown an
unrivalled combination of robustness, simplicity of operation
and low-cost of instrumentation. During the last few years,
our group has pioneered the development of paper-based po-
tentiometric sensors for the determination of ions in water
and blood.>**” Willander et al. expanded the development of
low-cost potentiometric sensors for the determination of

This journal is © The Royal Society of Chemistry 2017
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biomolecules such as glucose, cholesterol or uric acid.***’
Despite the promising results of these devices, their valida-
tion against real samples has been scarce.

In a similar line, we have recently developed a novel ap-
proach to produce enzyme-based potentiometric sensors.
Using a platinized paper as a substrate and a Nafion mem-
brane to entrap the enzyme glucose-oxidase (GOx), a highly
sensitive and selective sensor for glucose was developed (Fig.
S1, ESIt).>° The system is based on the oxidation of glucose
(eqn (1)) with the oxygen dissolved in the solution according
to the following reaction:

H,O + O, + Glucose — Gluconolactone + H,O, (1)

The platinum surface monitors the changes in the redox
potential as a result of the generation of hydrogen peroxide:

H,0, — 2H" + O, + 2e~ (2)

In a previous work®® we have demonstrated that the
Nafion membrane has 3 different roles: first, it entraps the
enzyme; second, it enhances the sensitivity to peroxide; third,
it acts as a permselective barrier to minimize the effect of
common interferences. The use of these sensors for the de-
termination of glucose in biological fluids has been recently
demonstrated.> Furthermore, although illustrated for the
case of glucose, this system is attractive because it can work
as a generic detection platform for oxidase-type enzyme
catalysed reactions. Nevertheless, to prove the real usefulness
of this paper-based enzymatic platform, systems that can pro-
vide solutions to the whole analytical challenge - from sam-
ple introduction to data generation - are required.

This work introduces for the first time a fully integrated,
compact, portable and disposable wireless paper-based poten-
tiometric system for detection of glucose in biological fluids
such as serum and whole blood. Optimization of the sensitivity
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and selectivity of the working electrode is achieved by tuning
the thickness of the Nafion layer and the cell design. After the
development of the paper-based solid-state reference electrode,
a complete potentiometric cell is presented (potentiometric cell
A, PCA, Fig. 1). Thereafter, a suitable sampling module is
designed to adapt to the potentiometric cell in order to reduce
the sample volume to a single 25 pL drop (potentiometric cell
B, PCB, Fig. 1). The system is first validated in the lab and then,
through integration with a portable miniaturised wireless po-
tentiometer, tested in real settings. The results show that this
device displays a performance that is comparable to commer-
cial glucometers, with the additional advantages of low cost,
simplified detection scheme and low power consumption. Ex-
tensions of this platform to the determination of other targets
are briefly introduced.

Experimental
Reagents

Whatman® Grade 5 qualitative filter paper was used for the
fabrication of the electrodes. Nafion® perfluorinated resin so-
lution (5 wt% in a mixture of lower aliphatic alcohols and wa-
ter, 45% water), glucose oxidase (GOx) from Aspergillus niger
type X-S, lyophilized powder, 100000-250000 units per g
solid, p-glucose, uric acid sodium salt, urea and sodium
ascorbate were purchased from Sigma-Aldrich. Analytical-
grade sodium hydrogen carbonate, potassium hydrogen
phosphate, and chloride salts of potassium, sodium, magne-
sium and calcium were purchased from Sigma-Aldrich. All so-
lutions were prepared using 18.2 MQ cm ™" double deionized
water (Milli-Q water systems, Merck Millipore). Butvar B-98
(PVB) was obtained from Quimidroga S.A. (Barcelona, Spain).
Plastic mask (Arcare 8565) and highly hydrophilic plastic
(ARflow® 92804) were provided by Adhesives Research Inc.,
Limerick, Ireland. Silver/silver chloride (Ag/AgCl) ink was pur-
chased from Creative Materials Inc. (Massachusetts, USA).
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Fig. 1 (A) Scheme for the construction of the working and reference electrodes. (B) Integration of both electrodes into a sensor (potentiometric
cell A, PCA) and with the sampling module (PCB). (C) Picture of the device containing the sensor as the sampling cell and the wireless

potentiometer.
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Phosphate buffered saline (PBS) was prepared at 0.1 M
and used in all the experiments. Artificial serum samples
contained 111 mM NacCl, 29 mM NaHCO3;, 2.2 mM K,HPO,,
0.8 mM MgCl, and 2.5 mM urea.*?

Instrumentation and measurements

Lab measurements of the electromotive force (EMF) were
performed with a high input impedance (10" Q) EMF16
multichannel data acquisition device (Lawson Laboratories,
Inc. Malvern). A double junction Ag/AgCl/KCl 3 M reference
electrode (type 6.0726.100, Metrohm AG) containing a 1 M
LiAcO electrode bridge was used to optimise and compare the
newly developed paper reference electrode. Laboratory mea-
surements were made using a 4 mL cell in 0.1 M PBS (pH 7.4)
and artificial serum (pH 7.4) at 25 °C. Wireless measurements
of the sampling cell were obtained by Vernier Go Wireless®
Electrode Amplifier with the Go Wireless app in a smartphone.
N = 3, three different sensors in each experiment.

A commercial amperometric glucose sensor (Bayer® Contour
glucometer) was used to compare the glucose blood values deter-
mined by our paper-based potentiometric sensor and also to
check the values from the local hospital obtained by colorimetric
methods (hexokinase/glucose-6-phosphate dehydrogenase assay).

Platinum  sputtering was  performed wusing a
radiofrequency sputtering process (ATC Orion 8-HV, AJA
International) operated at 3 mTorr, for 65 s at 200 W in one
side of a conventional filter paper.

Analysis of real samples

Serum samples of patients were obtained in a local hospital
(Hospital Sant Joan de Deu, Barcelona). Values from serum
samples were provided by the hospital using a hexokinase/
glucose-6-phosphate dehydrogenase colorimetric test as a
standard method for validation of the paper-based potentio-
metric system. Blood samples were obtained by the finger
stick test from different volunteers. For the measurement of
glucose levels in serum and blood samples, a dilution of 1:
10 in PBS (0.1 M, pH 7.4) was required. N = 3, three different
sensors monitored each sample in this case.

All experiments were performed in compliance with the
relevant laws and institutional guidelines. The work was
conducted following strict protocols to guarantee the privacy
and confidentiality of the data obtained. The work involved a
continuous interaction with our partner medical center (Hos-
pital Sant Joan de Deu, Barcelona) to guarantee safety and
confidentiality, following the biosafety and security norms on
this subject of the Universitat Rovira i Virgili. For this very
small scale routine test, no specific approval of the commit-
tee was required. All the serum samples were obtained with
informed consent of the patients.

Fabrication of the enzymatic paper-based potentiometric cell

As a first step, the preparation of the paper used as a sub-
strate was performed. For the working electrodes, a 100 nm
layer of platinum (Pt) was sputtered on one side of the filter
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paper to create a conductive, redox-sensitive surface. For the
reference electrode, a filter paper was first painted with a
conductive Ag/AgCl ink and cured for 10 minutes at 90 °C.
These treated papers were then cut into 10 x 5 mm strips.

To build the electrodes, the conductive paper strips were
sandwiched within two plastic masks. The top mask has a
circular window of 3 mm diameter to expose the electroactive
surface, where the corresponding membrane (either for the
working or for the reference) was drop cast (Fig. 1A). Further
details of the electrode preparation have been described
elsewhere.**

The working electrode was built in three steps: first, a vol-
ume of the Nafion solution was drop cast and dried at room
temperature for one hour; second, 10 uL of a 20 mg mL ™" so-
lution of glucose oxidase (GOx) were cast on top of the Nafion
membrane and left to dry overnight at 4 °C; third, a volume
of the Nafion solution was cast on top of the enzyme and left
to dry overnight at 4 °C. Volumes of 2, 4.5, 7 and 9 pL of the
Nafion solution were selected for the optimization. Two dif-
ferent cells with diameters of 3 mm (larger) and 2 mm
(smallest) were evaluated. In each case, for the two additions,
the volume was kept the same, i.e. 2 uL for the first and the
second layer of Nafion for instance (see Table S3, ESIf). The
experiments were performed with three sensors (SD, N = 3).

For the reference electrode,?® a total of 9 uL of a reference
membrane consisting of 78 mg PVB and 50 mg NaCl in 1 mL
of methanol was drop-cast (3 aliquots of 3 pL each, with 10
min drying at room temperature in between) and left to dry
overnight. Thereafter, a first (and only) conditioning step of
8 h in 3 M KCl left the reference electrode ready for use.

To build the miniaturised cell (Fig. 1B), the enzymatic sen-
sor was placed in between the sampling cell and connected
to the measuring device through the conductive ends. This
cell was kept at 4 °C when not in use.

The sampling cell was designed and optimised for a sam-
ple volume of 25 pL. This sampling module is made first with
a plastic mask to accommodate the working and reference
electrodes (Fig. 1Ba). Two strips made of a hydrophilic plastic
material were placed at the end of the sensor to facilitate
sample flow (Fig. 1Bb). Then, two plastic masks were placed
around the electrodes to develop the sampling channel
(Fig. 1Bc). Finally, a strip of hydrophilic plastic was placed on
top of the sampling cell closing the microfluidic system
(Fig. 1Bd). The last hydrophilic plastic was stacked with the
plastic mask. The potentiometric cell integrated into the sam-
pling cell had a size of 20 x 25 mm. Solution samples were
placed in one entry and left to flow inside the channel driven
by capillary forces. It is worth mentioning that the hydro-
philic plastic improved the transport of the fluid through the
sampling cell as well as the easy washing of the cell.

Results and discussion
Optimization of the potentiometric sensor

The detection of glucose is based on monitoring the change
of the redox potential produced by the enzymatic reaction.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7lc00339k

Open Access Article. Published on 14 June 2017. Downloaded on 12/4/2025 9:38:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

Traditionally, Pt electrodes have been used to monitor the
change in the redox potential of a solution, which can be pro-
duced by any redox-active substance (hydrogen peroxide
among them). Thus, if a bare Pt electrode is used, the detec-
tion of the peroxide (H,0,) generated by the enzymatic reac-
tion would be interfered by any other redox substance in the
sample. In a previous work, however, we have demonstrated
that when Pt electrodes are coated with a layer of Nafion, the
selectivity towards peroxide is significantly enhanced, while a
considerable increment in the sensitivity is observed.*® A typi-
cal time-trace illustrating this effect can be seen in Fig. 3A.
The platinised paper acts as a redox-sensitive surface, while
the layer Nafion has a dual role: it enhances the sensitivity of
the detection and it increases the selectivity by restricting the
effect of redox-active anions.*" This enhanced selectivity is
due to the negatively charged nature of Nafion, which acts as
a permselective barrier against interference of anions such as
ascorbate and urate, i.e., typical redox-active species found in
biological media. It has been shown that the improvement in
sensitivity is linked to the Donnan potential, which is gener-
ated because of the ion-exchange capacity of Nafion.**** This
phenomenon, however, is rather complex and several works
have been devoted to characterize and understand the cou-
pling between the redox and Donnan potential of these sys-
tems.*>° In any case, this approach provides a very simple,
sensitive and selective way to detect peroxide. In this case, a
single enzyme and no additional reagents are required.
Clearly, all the advantages mentioned are due to the coating
of Nafion. Therefore, in order to gain further insights and op-
timize the response of the system, the influence of the thick-
ness and casting of the Nafion layer on both the sensitivity
and selectivity of the sensor was assessed.

The construction of the electrode is based on the entrap-
ment of the GOx, which is performed by drop-casting the
Nafion (Fig. S11) in two consecutive steps. Thus, experiments
were performed where an increasing volume of Nafion - from 2
to 9 uL - was drop cast on the electrodes and the resulting sen-
sitivity and interference from ascorbate were monitored (see
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Table S1, ESIT and the experimental part for details). In all
cases, a linear range from 0.3-3 mM glucose (Fig. 2A) was
obtained. The selectivity was measured by recording the change
of electrode potential produced by the addition of ascorbic acid
at 0.1 mM, which is usually considered the upper limit of the
physiological levels in blood. The results are shown in Fig. 2B.
This approach is analogous to one of the most used methods
to determine the selectivity coefficient of ion-selective
electrodes, i.e. the fix interference method (FIM).>"*®

Interestingly, the results displayed in Fig. 2A show that in-
creasing the amount of Nafion reduces the enhancement of
the sensitivity. For example, the sensitivity (in mV per de-
cade) was reduced from -128.2 down to -76.7 when the vol-
ume of Nafion cast was increased from 2 to 9 pL respectively.
Since the electroactive area is constant, these results seem to
suggest that the thinner the layer of Nafion, the greater the
increment in sensitivity. However, a clear explanation of
these observations is still under study, since many inter-
dependent factors have to be considered. First, the way in
which the Nafion dries may have an effect on the structure of
the membrane. Second, the response of this system results
from a complex coupling between the redox potential of
H,0, at the platinum electrode and the Donnan potential of
the Nafion membrane. Thus, factors such as the local
changes in pH, surface charges, etc., must be considered.

The effect of the amount of Nafion on the selectivity is
shown in Fig. 2B. Unlike the sensitivity, the selectivity tends
to increase as the amount of Nafion is increased. Although
the properties and structure of Nafion are still a matter of
study, it is well known that Nafion creates structures with
negatively charged sulfonate groups in the sidechain forming
nanopores, so that anionic molecules are unlikely to reach
the electrode surface.***° This permselective behaviour is fur-
ther enhanced as the thickness of the Nafion layer is
increased.”"™* A maximum seems to be reached for a volume
of membrane cast of approximately 7 puL, a point where a
change of less than 5 mV is observed when the 0.1 mM ascor-
bate solution is added.
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(A) Sensitivity of the working electrode versus the Nafion layer amount and (B) refers to the response to the main interferent (ascorbic acid:

AA) vs. the amount of the Nafion layer (2, 4.5, 7 and 9 uL). N = 3, three different sensors for each amount.
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It is worth mentioning that the reproducibility between
sensors is also affected by the amount of Nafion. In general,
the higher the volume of Nafion, the larger the variation be-
tween sensors. This is probably due to the higher level of irre-
producibility of the manual work.

Because of the compromise between sensitivity and selec-
tivity, the optimal amount of Nafion cast was set in 7 pL. Un-
der these conditions, the working electrode exhibited a good
sensitivity (-107.1 + 7.2 mV log[glucose]', N = 3) in the linear
range (0.3-3 mM) and reduced level of interference. The most
relevant analytical parameters are summarised in Table 1.

It is well known that one of the key advantages of
potentiometry is the possibility of miniaturization without af-
fecting the analytical performance of the system. For this rea-
son, experiments where the sensing area of the electrode was
reduced in size were conducted. The results (Fig. S3, ESIt) are
encouraging, since they show that the analytical parameters re-
main constant. However, a reduced window size (from 3 mm
diameter to 2 mm diameter) increases the variability between
electrodes, something that is most likely due to the error intro-
duced by the manual deposition of the membranes.

All in all, the results show that these electrodes provide a
sensitive and selective method for the direct potentiometric
determination of glucose, with an unrivalled simplicity of
construction and operation. While the sensitivity is fairly re-
producible, the electrodes show a shifted potential response,
a limitation that requires a calibration step. This is likely to
be due to the manual method used to cast the membrane, a
problem that can be minimized by using automated
methods. A quick calculation of the cost of fabrication of the
electrodes in the lab yields roughly 0.81 € per working
electrode, 0.09 € per reference electrode and 1.05 € per sam-
pling cell. This is, of course, a rough calculation that should
be considered only as an upper limit to the cost, due to the
off-the-shelf components and manual work. In terms of mate-
rials, the highest cost (so far) is due to the 100 nm Pt layer (a
few micrograms) and the enzyme. Further optimization of
the redox-sensitive surface will certainly improve this factor.
Therefore, what is more important than the actual costs is
that the techniques employed are scalable at the mass
manufacturing level, which means that the cost could be re-
duced by several orders of magnitude.

A brief optimization of the reference electrode (RE) was
also carried out. The most important step here is the condi-
tioning step due to the presence of salts in the polymeric
membrane.”® Fig. S4A (ESI) displays the time-trace curve of
three different electrodes in different conditioning times in 3
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M KCI: 0 h, 3 h and at least 24 hours. The analytical perfor-
mance of this paper RE was assessed by adding increasing
concentrations of salts and monitoring the potential against
a commercial RE. Hence, a calibration curve from 0.1 mM to
100 mM in double-distilled water was obtained. Results are
presented in Fig. S4B, ESLt An ideal behavior was obtained
after a one time conditioning in 3 M KCI solution for 24
hours. Under these experimental conditions, the RE exhibited
less than 0.14 mV per decade and a long term stability of
0.014 mv h™* was obtained for a period of about 14 hours
(Fig. S4C, ESIY). This paper-based reference electrode showed
an outstanding performance with almost no potentiometric
response and high stability and was used in the following
section. Notably, the conditioning was only mandatory for
the first time after fabrication, i.e. the electrodes could be dry
stored and be ready for use afterwards.

Finally, in order to assess the influence of the matrix, cali-
brations performed in artificial serum were compared with
those made in PBS. A slight reduction in sensitivity (from
-107.1 + 7.2 to —90.4 + 4.9 mV per decade) but similar linear
ranges and LODs were found (Table 1, Fig. 3). The time of re-
sponse was also increased to approximately 60 s, but this is
acceptable for real scenarios. This difference in sensitivity
could be related to the change in the background solution
(from PBS to artificial serum), since it has been already
shown that the response of these systems is influenced by
the total concentration of ions. Fortunately, biological fluids
such as serum or blood have a relatively constant ion concen-
tration, which allows one to perform the determination of
glucose with major problems.

Analytical performance of the integrated devices

After their independent optimization, both working and refer-
ence electrodes were combined to build two potentiometric cells
(PCA and PCB). In the first case (PCA), the electrodes were sim-
ply assembled together. In the second case (PCB), the electrodes
were fitted with the “sampling module”, an arrangement where
a hydrophilic plastic mask is placed over the electrodes in order
to create a channel that reduces the required measuring volume
down to 25 pL (Fig. 1B). Fig. 3 shows both time-traces and cali-
bration curves for glucose in artificial serum for all these sys-
tems. In Fig. 3A the individual time traces for the WE and RE
(separately), then for the PCA (in a 4 mL cell) and finally for the
PCB (using only 25 pL of solution) are shown. Fig. 3B shows the
corresponding calibration plots from 0.003-10 mM glucose. The
results are shown in Table 1. Hence, similar parameters were

Table 1 Analytical parameters of the working electrode and potentiometric cells A and B

WE Potentiometric cell Potentiometric cell
Parameters WE (PBS) (artificial serum) PCA (artificial serum) PCB (artificial serum)
Sensitivity (mV per decade) -107.1+7.2 -90.4 + 4.9 -95.8 £2.9 -95.9 + 4.8
Linear range (mM) 0.3-3 0.3-3 0.3-3 0.3-3
LOD (mM) 0.2 0.1 0.1 0.1
Response time (s) 50 60 60 80
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Fig. 3 Potentiometric response of paper-based electrodes in artificial serum: (A) time trace and (B) corresponding calibration curves of paper-
based reference electrodes, paper-based working electrodes (WE), and potentiometric cells A, PCA (in a 4 mL cell) and PCB (using only 25 pL of

solution).

obtained after integration of the WE and RE compared to the
commercial reference electrode.

These results show that the integration of the electrodes
does not affect the performance of the sensors. Indeed, all the
arrangements show a similar analytical performance. The most
remarkable difference between the systems is the initial poten-
tial that makes the curves shifted by a constant value. Changes
in the value of the reference electrode, as well as changes in
the electrical characteristics of the cell will lead to this offset of
the response, which is certainly not a problem if calibration is
to be performed. Also, a difference in the time-trace is observed
for PCB, i.e., when the electrodes are integrated into the minia-
turized potentiometric cell. Likely, the incorporation of the
sampling system might be altering the mass transport pattern
and some electrical characteristics of the whole cell. For this
reason, the response of PCB seems to be first dropping, and
then taking slightly longer to stabilize. This time, however, it is
not highly relevant from a practical point of view. Conse-
quently, the system was validated using real samples.

Prediction of glucose in real samples

The validation of PCB was carried out using 10 (real) serum
samples provided by a local hospital from different patients
(diabetic and non-diabetic). To begin, the device was cali-
brated with two standards of glucose of 0.3-3 mM in PBS
with a 1:10 dilution of artificial serum, in order to simulate
the conditions of real sample analysis. These two standards
were chosen as they are the limits of the linear range of the
sensor. Therefore, to monitor sugar in the physiological
range of interest, a ten-fold dilution of the sample was re-
quired. After calibration, the cell was rinsed and then the di-
lution of the sample was added with a pipette until the whole
sampling channel was filled (approximately 25 uL). After ap-
proximately 100 s, a steady-state signal was obtained. There-
after, the sampling cell was rinsed thoroughly to remove any
trace of the sample. The cleaning of the cell can be evaluated

This journal is © The Royal Society of Chemistry 2017

by checking that the open circuit potential returns to the ini-
tial value. This indicates that the system is ready to receive a
new sample. This procedure, which was repeated using three
different paper-based devices (Fig. 4), allows measuring 5
samples in about 6 minutes, including the calibration curve,
washing, etc. For each sample, the protocol would be reduced
to a couple of minutes.

Fig. 4 shows the validation plot of the measurements
using PCB vs. the values of glucose measured in the clinical
lab of the hospital using the standard method hexokinase/
glucose-6-phosphate dehydrogenase assay. These results
show an encouraging correlation between the two methods
(Table S2, ESIT). An average recovery of 100.7% (RSD 6.3, N =
10) was obtained, confirming the ability of PCB to accurately
monitor glucose in serum. Nevertheless, at high concentra-
tions the precision is reduced and we are currently exploring
this point.
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Fig. 4 Prediction of glucose concentrations (mM) in real serum
samples determined by the enzymatic paper-based sensor - assembled
in the sampling cell - (N = 3) compared with the conventional colori-
metric technique (standard lab-based technique). The inset illustrates
the size comparison of the sensor.
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Instrumental advantages and future prospects

A simple and low cost sensor for glucose is only the first
part. Instrumental aspects are also crucial when aiming to
provide real solutions in decentralized settings with scarcity
of resources. In this situation, potentiometry also offers sig-
nificant advantages. From an electronic perspective,
potentiometry requires extremely simple components, which
makes the system cheap and less prone to noise and inter-
ferences. This is particularly relevant when dealing with sys-
tems that - following current trends in decentralized de-
vices - have to be wirelessly connected to a central system
where data can be uploaded. Furthermore, the overwhelm-
ing simplicity of operation makes the system easy to use
with minimal training or expertise. To prove this point, a
complete integration and miniaturization of the system was
accomplished by using a high input impedance voltmeter
with a Bluetooth data transmission system connected to a
conventional smartphone. In this way, this kind of device
should facilitate the remote management of chronic condi-
tions, such as diabetes.

Fig. 5 demonstrates the proof of concept of a PCB connected
to a portable wireless data transmission device. The cell phone
illustrates the time-trace plot created by the whole sensor sys-
tem for one complete measurement including a two-point cali-
bration, washing and sample measurement (Fig. 5B). Data was
recorded wirelessly by Bluetooth® with the corresponding cell
phone application and plotted real-time plot in the screen. The
calibration curve yielded a linear relationship with a slope of
-118 mV log[glucose] ™ over the 0.3-3 mM range.

The wireless system was also validated with whole blood
and serum samples from diabetic patients, using the same
protocol described above for PCB, i.e., using a ten-fold dilu-
tion of the samples in PBS. Fig. 5A shows the comparison
between the wireless potentiometric system and a well-
extended point-of-care (PoC) method, a commercially avail-
able glucometer. Potentiometry and amperometry tech-

2506 | Lab Chip, 2017, 17, 2500-2507

niques were indeed compared. Here, the glucometer did
not require calibration nor dilution. An encouraging result
was obtained using the potentiometric system and the stan-
dard PoC device. Moreover, Table S3 (ESIt) indicates the re-
covery of each sample giving an average of 97.3 (RSD 7.3,
N = 9). Hence, validation using blood and serum samples
demonstrated the proof of principle of the low-cost diag-
nostics device.

Conclusions

A simple, robust, low-cost and fully integrated potentiometric
device for the determination of glucose in human serum and
whole blood has been presented. The use of paper as a sub-
strate for building the potentiometric cell combined with the
Pt/Nafion interface provides a highly convenient way to detect
the peroxide generated by the enzymatic reaction. Further-
more, the incorporation of a sample introduction channel fa-
cilitates the miniaturization of the system in order to reduce
the volume of sample required. Finally, with the use of a sim-
ple electronic instrumentation, wireless collection of data is
possible. This portable system was validated against standard
lab-based methodologies as well as a standard point-of-care
glucometer, confirming that this new platform could become
a valuable tool in the growing fields of telemedicine and
point-of-care.

There are still many technological issues to be faced. From
one side, current work is being focused on the control of the
sensitivity and linear ranges of the system, in order to avoid
dilutions or any other manipulation of the sample. Addition-
ally, the work on the reproducibility of sensor manufacturing
should allow the minimization (or even elimination) of the
calibration steps.***> Finally, the extension of this approach
to other oxidase-type enzymes open a new and exciting ave-
nue for the development of low-cost, simple and robust plat-
forms for decentralized analysis.***”

This journal is © The Royal Society of Chemistry 2017
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