Volume 17
Number 12

28 March 2025
Pages 2489-2618

Analytical
Methods

rsc.li/methods

ISSN 1759-9679

‘ ROYAL SOCIETY COMMUNICATION

Stefano Cinti et a/.
“ O F CH EM ISTRY A portable and ecological paper-based device for glucose

monitoring in peripheral blood mononuclear cell lysates




Open Access Article. Published on 13 February 2025. Downloaded on 4/10/2026 4:35:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analytical
Methods

W) Check for updates ‘

Cite this: Anal. Methods, 2025, 17, 2529

¥ ROYAL SOCIETY
PN OF CHEMISTRY

A portable and ecological paper-based device for
glucose monitoring in peripheral blood

mononuclear cell lysatesT

Received 11th January 2025
Accepted 12th February 2025

DOI: 10.1039/d5ay00057b

rsc.li/methods

The increasing need for point-of-care (POC) testing has prompted
a rise in the popularity of affordable biosensors that are eco-friendly,
especially paper-based electrochemical sensors. This research intro-
duces a biodegradable paper-based enzymatic biosensor for detect-
ing glucose levels in intricate biological samples, such as cell lysates.
This biosensor uses Prussian Blue (PB) as a mediator and glucose
oxidase to detect glucose with excellent accuracy using direct elec-
trochemical signals. Screen printing using Whatman filter paper
produced a better biosensor than other substrates. The PB concen-
tration of 12.5 mmol L™ was found to be optimal and resulted in an
operating potential of —0.1 V, which helped decrease interference
from other active substances and improved its selectivity. Calibration
was found to be linear up to a concentration of 2 mmol L™ with
a detection limit of 40 pmol L™ and a limit of quantification of 120
pumol L1, Moreover, experiments performed on cell lysates obtained
from peripheral blood mononuclear cells (PBMCs) suggest the
possible application of biosensors to measure glucose levels in vitro in
both stimulated and unstimulated cells. This feature underscores its
promise for use in monitoring metabolism and conducting diagnostic
applications. The paper-based biosensor is an alternative to the
current platform for the development of an eco-friendly, portable
glucose-sensitive biosensor for point-of-care monitoring of glucose.
Its flexibility and efficiency make it a strong candidate for use in the
field of POC diagnostics, especially in areas of limited resources and in
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conditions where there is a problem with glucose dysregulation
including diabetes and other related metabolic disorders.

Introduction

The synergy between biology and electronics is crucial for the
development of bioelectronic devices that aim to enable real-
time monitoring of signals and biofluid metabolites." These
biosensing tools or devices play a role in the field of healthcare
industries. The market is valued at around $13 billion annually,
and glucose sensors make up 85% of the market share.”> The
landscape of diabetes care has been significantly altered by the
availability of smartphone integrated sensors that have revolu-
tionized the industry and created new market opportunities.
The increasing need for glucose sensors in the market shows
how technology has advanced to offer options in resource
constrained regions where many people can monitor their
glucose levels inexpensively and consistently. The imple-
mentation of glucose sensors is transforming the lives of people
worldwide, greatly enhancing health outcomes and quality of
life.

Glucose has a role as a fuel in several cellular and physio-
logical processes.® It plays a role in the production of ATP and
nucleotides, which are used in metabolic processes and in
repair systems at the cellular level;* glucose levels in the blood is
mediated through hormones such as insulin and glucagon.®
Insulin enables the body to take up glucose, and glucagon acts
to raise the blood glucose levels.® The inability to synthesise or
utilise insulin properly can lead to issues with managing blood
sugar levels, which puts those with compromised blood sugar
control and high levels of fasting blood glucose at a high risk of
getting diabetes mellitus.” It is necessary to track the levels of
glucose in the blood in order to diagnose diabetes at the initial
stage since diabetes is almost on the brink of becoming an
epidemic. Diabetes is an endocrine disorder in which there is
impairment in the regulation of glucose and results in high
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blood glucose levels, which is seen in more than 425 million
people globally.?

For those individuals with diabetes, it is important that they
check their blood sugar at regular intervals in the course of the
day in order to maintain the levels within the normal range. The
blood sugar level is usually expressed as normal when it is
between 70 and 120 mg dL ', while for diabetics the blood
sugar can vary from 35 to 550 mg dL~". Henceforth, analysing
the presence of glucose in biological samples is not only crucial
for understanding regular bodily functions but also vital for
precisely and effectively identifying high blood sugar (hyper-
glycemia) and low blood sugar (hypoglycemic) states.® It appears
that the development of diabetes is influenced by blood sugar
levels that are not properly managed. This excessive level can
result in issues and damage additional organs, such as kidneys
and eyes. In developed nations like the United States and
Europe, regular screening for conditions like diabetes is a part
of check-ups. However, in low-income countries, access to blood
glucose measurements and regular monitoring is only available
in about half of primary care facilities.' The healthcare
community or researchers are expecting the increasing burden
of diabetes in the near future, and glucose monitoring is an
important strategy in managing this condition. In addition,
keeping track of blood sugar levels regularly can give people
with diabetes the knowledge they need to make choices about
their treatment and lifestyle changes, leading to overall health
results in the end. Keeping track of your blood sugar levels
regularly can stop the progression towards pre-disease condi-
tions, allowing for actions to improve the well-being.

Studies have explored techniques for detecting glucose levels
due to its significance in monitoring health issues, like diabetes
and metabolic disorders. Traditional methods for monitoring
glucose levels encompass techniques like electro-
chemiluminescence,” microdialysis,"” Fourier transform
infrared (FTIR) spectroscopy,'® reverse iontophoresis,** and
fluorescence detection.'>*® Electrochemical methods are widely
appreciated and accepted for their accuracy and reliability in
applications such as environmental monitoring,"” clinical
diagnostics,"® and food safety.” They could identify molecules
within mixtures and can be used in a wide range of applications.
This versatility makes them invaluable in science.*®**

Research on detecting glucose using methods is an area of
study that is especially prominent in the realm of healthcare
electronics. Contrary to the beliefs of researchers in the field of
study, there has been a level of interest in this particular area of
research. Electrochemical sensors using paper offer a low-cost,
portable and environmentally friendly method for performing
single use chemical analysis. Numerous studies highlight the
use of paper electrodes that are surface functionalized.** Driven
by the growing demand and the numerous benefits of sustain-
ability, portability, low production costs, user-friendliness, and
customization potential, our lab is continuously developing
sensors tailored for diverse analytes.**?® Furthermore, paper-
based platforms offer surface characteristics for applying
chemical alterations and immobilizing enzymes. Their natural
porous design enables absorption of fluids and regulated
diffusion, which are advantageous for capturing and holding
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biochemical reagents,”*® such as Prussian Blue (PB) and
glucose oxidase (GOx), on its surface. The porous quality of
paper enables samples to be efficiently transported to the
electrode for contact and interaction with the enzyme that is
fixed in place.”* This increases the chance of a strong,
detectable electrochemical response proportional to the glucose
concentration, ultimately enhancing the sensitivity and accu-
racy of glucose detection. In addition to these features, as
recently reported in the literature, the Analytical GREEnness
(AGREE) approach highlights how substrates like the paper-
based ones are consistent with an increase of the ecological
aspects in relation to resource efficiency, safety and toxicity:*' In
fact, chromatographic substrates gave a ca. 0.8 value of AGREE
metric, indicating a high ecological score. In our research work,
we developed an electrochemical biosensor platform for glucose
detection, utilizing PB as the redox mediator and GOx as the
enzymatic component. The biosensor design incorporates
a paper-based screen-printed electrode (SPE) optimized for
specific and sensitive glucose measurement. The key experi-
mental instrumental parameters, choice of the paper substrate,
and concentration of PB used for electrode modification were
optimized. The effectiveness of the developed system was eval-
uated towards the detection of glucose in lysates of unstimu-
lated and stimulated peripheral blood mononuclear cells. The
portable platform is ready-to-use, contains all necessary
reagents, and aligns with the necessity of providing decentral-
ized diagnostics for clinical and pharmaceutical applications.

Materials and methods
Chemicals and equipment

Conductive Ag/AgCl and graphite inks, procured from Sun
Chemicals, were used for electrode screen-printing. Glucose
oxidase (GOx) from Aspergillus niger and additional reagents,
including potassium ferricyanide (Ks[Fe(CN)q]), ferric chloride
(FeCl;), hydrogen peroxide (H,0,), and potassium chloride
(KCl), were procured from Sigma-Aldrich (St. Louis, MO, USA).
All reagents were of analytical grade and, unless otherwise
specified, sourced from Sigma-Aldrich. All electrochemical
measurements were performed using a portable Sensit Smart
potentiostat (PalmSens, The Netherlands), interfaced with
a smartphone using the PSTrace software.

Screen-printing of electrodes

Electrodes were produced using a screen-printing technique.
For that, the test area, in the shape of a semicircle was printed
using a wax printer (Xerox ColorQube 8750). The hydrophobic
wax barrier was used to prevent the liquid sample from
spreading towards the electrical connectors. The method
involved using a wax-based ink and heating the surface at 100 °
C for a duration of 1 minute to allow the wax to penetrate the
paper porosity. The reference electrode was created by screen-
printing Ag/AgCl ink. Then, it was kept at 60 °C for 30
minutes in an oven. After that, the next step involved using
graphite ink in the screen-printing process to form the working

This journal is © The Royal Society of Chemistry 2025
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and counter electrodes. These electrodes were then kept at
a temperature of 60 °C for a duration of 30 minutes.>

Paper-based Prussian blue synthesis

PB was selected as a mediator because of its ability to facilitate
the reduction of hydrogen peroxide at low potentials.** This
feature improves the sensitivity of biosensors. To prepare PB,
a solution made up of ferric chloride and potassium ferricya-
nide (25 mmol L™" each in 0.1 mol per L KCI) was mixed thor-
oughly. A 10 pL droplet of the precursor solution was deposited
on each electrode surface. Then, it was thermally cured at 70 °C
for 90 minutes to form PB directly on the paper substrate.
Successful PB deposition was confirmed by cyclic voltammetry
(CV) in a 0.1 mol per L KCI solution, indicated by characteristic
redox peaks.

Enzyme addition

To detect glucose selectively, enzyme GOx was immobilized on the
surface of electrodes modified with PB by using a drop-casting
technique. A 4 pL aliquot of 1 mg per mL GOx solution in
0.1 mol per L KCl was drop-cast onto each electrode. It was air-
dried for allowing enzyme stabilization on the testing area.

Preparation of cell lysates

Peripheral blood mononuclear cells (PBMCs) were isolated from
healthy donors by stratifying whole blood on Ficoll-Paque

PBMCs
extracted

Paper O)

Paper based biosensor

View Article Online
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PREMIUM (GE Healthcare). After isolation, PBMCs were stim-
ulated or not with 0.1 ug mL~" OKT3 (mouse anti-human CD3).
The cells were plated in 96-well plates at a concentration of 4 x
10° cells per well and cultured for 48 h in RPMI-1640 medium
supplemented with 100 IU per mL penicillin, 100 pg per mL
streptomycin (Thermo Scientific) and 5% AB human serum (AB
male HIV tested, cat. ECS0219D). Total cell lysates were
prepared by dissolving the cell pellet in RIPA buffer (50 mmol
per L Tris-HCI, pH 7.5, 150 mmol per L NaCl, 1% Nonidet P-40,
0.5% deoxycholate, 0.1% SDS and a mixture of protease and
phosphatase inhibitors) for 15 min at 4 °C.*> The lysate was
centrifuged, and the supernatant was collected and utilized for
measuring glucose levels.

Ethical statement

The samples were collected from voluntary donors at the
transfusion centre of Universita di Napoli Federico II, and all
participants have signed informed consent. All experiments
were performed in compliance with the relevant laws and
institutional guidelines of the local ethics committee (Uni-
versita di Napoli Federico II) and were conducted in accordance
with Declaration of Helsinki principles.

Glucose measurement in cell lysates

Chronoamperometry was used to quantify glucose concentra-
tions by applying a constant potential of —0.1 V (vs. Ag/AgCl).

Unstimulated

Unstimulated

OkT3
Anti—CDérstri’muIated
Cells ! - [glucose]
> + [glucose]

time

Fig. 1 A schematic diagram illustrating the experimental workflow involved in the development and application of a paper-based electro-
chemical biosensor system for detecting glucose. PBMCs were isolated from peripheral blood samples and stimulated or not with anti-CD3
antibody (OkT3) for 48 h (red-colored Petri dish). Cell lysates obtained after 48 h of culture were resuspended in RIPA buffer, and the glucose was
measured using the paper-based biosensor (modified with Prussian blue and glucose oxidase, as shown in the rectangular bar) connected to

a smartphone for the measurement of the produced current.

This journal is © The Royal Society of Chemistry 2025
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Each measurement was conducted on GOx-modified electrodes
exposed to glucose solutions with concentrations ranging from
0.05 to 2 mmol L™ " in 0.1 mol per L KCL. After a 5 minute incu-
bation period to allow the enzymatic reaction, the current
response was measured and used to generate calibration curves,
allowing for the determination of analytical parameters,
including the limit of detection (LOD), limit of quantitation
(LOQ), and relative standard deviation (RSD%). Each measure-
ment was conducted in triplicate to ensure data reliability, and
the scheme of the whole process is illustrated in Fig. 1.

Results and discussion
Electrochemical characterization

The initial characterization of the paper-based devices was
performed by CV experiments that were conducted in the
presence of potassium ferricyanide to evaluate the electro-
chemical performance of the screen-printed electrodes, as
shown in Fig. 2A.
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-1 50 b 0.2 0.5 0.8
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Fig.2 (A) CV curves of screen-printed electrodes at various scan rates

ranging from 0.02 to 0.5 V st in a solution containing 5 mM potassium
ferricyanide ([KsFe(CN)gl) in 0.1 M KCL. (Inset) anodic and cathodic peak
currents versus the square root of the scan rate of the electrode
confirming diffusion-controlled redox behavior, consistent with the
Randles—Seveik equation. (B) Comparative CV curves obtained in
0.1 mol per L KCl solution of bare SPE (blue), SPE modified with 10 mM
PB (green), and SPE modified with PB in the presence of 5 mmol per L
H,0O, (red). Experimental parameters: starting potential: —0.7 V; first
vertex potential (Eyq): —0.7 V; second vertex potential (Ey): 0.7 V;
potential step (Estep): 0.01V; scan rate: 0.1V s no. of scans: 2.
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The experiments were conducted in the absence and in the
presence of a redox probe, namely potassium ferricyanide dis-
solved in 0.1 mmol per L potassium chloride, and as observed in
Fig. 2A the increase of the scan rate (from 0.02 to 0.5 Vs~ ") led
to an increase of both the anodic and cathodic peaks, respec-
tively, due to the oxidation and reduction of the redox probe at
the electrode surface. As reported by the inset of Fig. 2A, a linear
relationship between the intensities of the peaks and the square
root of scan rate was observed, as explained by the Randles-S
evCik equation for diffusion-limited processes.*® In addition, the
similarity of the slopes of anodic and cathodic curves confirmed
the electrochemical reversibility of the redox probe that was
used, thus confirming the satisfactory quality of the paper-
based printed devices. Subsequently, paper-based strips were
modified with PB to be used for the indirect detection of glucose
by monitoring the hydrogen peroxide, which is a by-product of
the enzymatic reaction catalyzed by the glucose oxidase
enzyme.* In fact, PB is known as an artificial peroxidase for its
ability to reduce hydrogen peroxide at overpotentials close to 0 V
(vs. Ag/AgCl),* which has the advantages of limiting the inter-
ference of other species existing in complex media. As shown in
Fig. 2B, the presence of PB was confirmed by the occurrence of
both the anodic and cathodic peaks associated with the pres-
ence of Prussian blue and the Prussian white couple that allows
for the reduction of hydrogen peroxide. The experiments in the
presence of hydrogen peroxide have displayed the highest
anodic current close to —0.1 V (vs. Ag/AgCl), and this potential
was chosen for further development of the paper-based elec-
trochemical biosensor. It should be noted how this applied
potential is capable of yielding high cathodic currents, while
more negative potentials did not represent any enhancement of
the signal.*

Optimization of the PB concentration

The choice of the chromatographic paper Whatman no. 1 was
also confirmed by additional studies that have been carried out
using an alternative paper-based substrate, namely filter paper.
As reported in the ESI (Fig. S17), the adoption of Whatman no. 1
paper allowed for better sensitivity and repeatability towards
the detection of hydrogen peroxide: it can be a consequence of
the fact that the porosity of Whatman paper is finely controlled,
and it offers a better substrate for the synthesis and deposition
of PB in comparison to the other filter paper tested (Fig. S27).
Subsequently, the concentration of PB was evaluated between 3
and 25 mmol L. However, with respect to 3 and 25 mmol L™,
although they were tested in the presence of various concen-
trations of hydrogen peroxide, the obtained results were not
suitable for further development of the device. Specifically,
3 mM PB gave a very low current signal, while 25 mM PB did not
allow the testing area to be wetted by the working solution. For
this experimental reason, 6.25 and 12.5 mmol per L PB were
assessed in the presence of hydrogen peroxide by using chro-
noamperometry, as reported in Fig. 3.

As shown in Fig. 3, the paper-based strips modified with
12.5 mmol per L PB showed superior performance, as described
by a calibration equation of y = 2.6x — 0.2 (R of 0.99), where y

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Comparison of calibration curves for H,O, detection obtained
via chronoamperometry using SPEs modified with PB at two
concentrations: 12.5 mmol L™ (blue line) and 6.25 mmol L™ (black
line). The response increases linearly with the concentration of H,O,
(0 to 6 mmol L), demonstrating the higher sensitivity of electrodes
modified with 12.5 mmol per L PB. Experimental parameters: Eqc:
—0.1V; Tinterval: 0.1's; Tryn: 60 s.

indicates the current difference between a chosen concentra-
tion of hydrogen peroxide and the current recorded using
a blank solution expressed in pA and x indicates the concen-
tration of hydrogen peroxide expressed in mM. The detection
limit was calculated to be ca. 500 umol L * (calculated as S/N =
3) with a satisfactory repeatability of 5%, calculated as the
relative standard deviation (RSD). In contrast, the 6.25 mmol
L' concentration yielded a lower sensitivity, as described by
the equation y = 0.4x + 0.2 (R> = 0.87), with a detection limit of
ca. 1 mM and a repeatability of 7%.

Glucose detection in cell lysates

Following the optimization of the experimental parameters, i.e.,
paper-based substrate, PB concentration, and applied potential,
the portable device was applied towards the determination of
glucose, as shown in Fig. 4.

In order to produce the final platform, the paper-based
device was modified with a 1 mg per mL glucose oxidase solu-
tion. After the samples were drop-cast onto the strips, the
currents were recorded after a waiting time of 5 min, which
represented the optimal compromise to have satisfactory
sensitivity but avoiding time-consuming procedures. As shown
in Fig. 4, the biosensor was tested in the presence of glucose
solutions up to 2 mmol L', and as it can be observed from the
plot, a linear response was observed up to 0.25 mM, while the
response reached a plateau at 0.5 mmol L', which aligns with
enzyme saturation as described by Michaelis-Menten kinetics.
The linear response obtained from chronoamperometric
measurements was described using the following equation: y =
3x + 0.1 with a R* of 0.94. A detection limit of 40 pmol L%,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Calibration curve of glucose obtained by measuring signal
changes at different concentrations of glucose solutions up to 2 mmol
L~ Bottom inset: current measurements recorded over time for
glucose by chronoamperometric technique. Top inset: comparison of
glucose levels in the biological sample by chronoamperometric
technique, shown as a bar diagram: control in RIPA buffer/KCl, lysates
from unstimulated PBMCs and lysates from PBMCs stimulated with
OKT3. Experimental parameters: Egqc: —0.1 V; Tintervat: 0.1'S; Trun: 60 s.

a quantification limit of 120 umol L™ and a repeatability of ca.
5% were calculated. Additionally, according to the commercial
glucose assay kit for colorimetric detection, purchased from
Merck, a correlation described by R* = 0.968 was obtained.
These results confirmed satisfactory sensitivity, repeatability
and reliability towards the detection of glucose in the printed
paper-based strip. In addition, the specificity was evaluated by
measuring samples containing 1 mM each of ascorbic acid,
lactic acid, uric acid, and paracetamol: the recorded signals
were always lower than 5% of variation with respect to the same
concentration of glucose tested. Furthermore, we evaluated the
capacity of the biosensor to detect the glucose level in biological
samples. We used cell lysates from PBMCs stimulated or not
with OKT3. All the cell lysates were resuspended in a mixture
composed of RIPA buffer and potassium chloride. In addition,
the biosensor was also tested in the presence of a blank solution
represented by RIPA buffer in the absence of cells, which rep-
resented the control experiment. All the measurements were
carried out as follows: 40 pL of sample (both stimulated and
unstimulated cells) was added to 60 pL of 0.1 mol per L KCl,
while a blank solution was prepared by mixing 40 pL of RIPA
buffer with 60 puL of 0.1 mol per L KCI. As shown in the inset of
Fig. 4, the results revealed a slight difference between the
current recorded for the unstimulated and stimulated cells. The
error bars of the histograms are represented by the standard
deviation that has been obtained on 5 replicates. However, with
respect to the mean values of the recorded currents for both the
cell lysates, the slight difference observed was consistent with
the expectations: in fact, the use of OKT3 is responsible for
higher cellular proliferation, and it should be translated into
a higher amount of glucose with respect to the unstimulated
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cells. However, due to the fact that activation was not selective
for the cells tested, we also expected a slight difference in the
current responses. However, the intensity of the anodic current
reported in the histograms reflects this behaviour: in fact, the
higher the glucose, the higher the cathodic current is as
a consequence of a higher by-production of hydrogen peroxide
following the enzymatic catalysis of glucose oxidase towards
glucose.

Conclusion

For the first time, an electrochemical paper-based biosensor has
been applied towards the monitoring of glucose in stimulated
and unstimulated peripheral blood mononuclear cell lysates.
The coupling of paper-based substrates, Prussian blue, glucose
oxidase and smartphone-enabled reader has allowed us to
evaluate the effect of cellular stimulation with the use of quick,
decentralized and low-cost technology. The reported biosensor
was sensitive towards glucose detection down to the micro-
molar range, and its reliability was demonstrated by the satis-
factory correlation with the commercial kit with colorimetric
detection. This study represents a starting point towards the
translation of biosensors into the field of immunology,
providing an example of an easy-to-use platform for the rapid
screening of personalized therapies. As highlighted, a slight
difference was detected in the presence of anti-CD3 stimulated
and unstimulated peripheral blood mononuclear cells,
according to the recorded currents. However, even if the stim-
ulation was not specific for the treated cells, the slight differ-
ence observed in terms of produced glucose represents a good
starting point to be generalized for other applications in the
fields of immunology and drug discovery.
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