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Paper-based sensors offer a promising route toward portable and biodegradable electrochemical sensors
for microvolume analysis; however, their application to the detection of caffeine remains limited. In this
study, we developed a paper-based electrochemical sensor for direct detection of caffeine in

commercial beverages without sample pretreatment. The sensor was fabricated by integrating multi-

walled carbon nanotubes (MWCNTSs) onto wax-modified paper supported by a cellulose nanofibre (CNF)
film. Electrochemical investigations revealed an irreversible caffeine oxidation current at the MWCNTSs-
modified electrode, which was due to a diffusion-controlled reaction. The caffeine oxidation reaction

was found to proceed through a two-proton, four-electron transfer mechanism, as determined by the

potential peak shift and caffeine diffusion coefficient. The sensor enabled direct detection of caffeine in

microvolume samples and was successfully applied to commercial beverages without any pretreatment.

Square wave voltammetry demonstrated sensitive and selective caffeine detection with a linear response
over a caffeine concentration range of 5-200 uM. Reliable caffeine quantification was achieved using
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only 20 pL of sample, with measured caffeine concentrations consistent with those obtained by liquid

chromatography-mass spectrometry. These results demonstrate the potential of the developed paper-

DOI: 10.1039/d6ra01066k

rsc.li/rsc-advances beverages.

1. Introduction

Caffeine (1,3,7-trimethylxanthine) is a natural alkaloid
commonly found in beverages such as tea, coffee, chocolate,
and energy drinks." However, long-term consumption of
caffeine may lead to addiction, insomnia, or other adverse
effects. Excessive caffeine consumption also causes poor sleep
and decreased academic performance.> Therefore, children,
teenagers, pregnant women, and people sensitive to caffeine are
recommended to reduce their consumption of caffeine to lower
the risk of its side effects.>* However, beverage labels often
provide only limited information regarding caffeine content,
necessitating the development of fast, affordable, and user-
friendly sensors for the determination of caffeine levels in
beverages. Although various methods for the evaluation of
caffeine concentrations are currently available, such as
chromatographic®” and spectroscopic®*® methods that provide

excellent sensitivity for caffeine detection, they require
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based sensor as a sustainable and practical platform for the direct electrochemical analysis of caffeine in

complicated and time-consuming multistep sample pretreat-
ments. Electrochemical methods provide a promising alterna-
tive to conventional caffeine detection methods by enabling
simple, rapid and yet highly sensitive analysis using affordable
instruments.'>** Caffeine molecules have been reported to be
electrochemically active in acidic media in which caffeine is
protonated to support its oxidation reaction.'»'* Electro-
chemical oxidation of caffeine is an irreversible 4-electron and
4-proton reaction that oxidizes caffeine into 8-hydroxycaffeine
(1,3,7-trimethyluric acid).”** Recent reports on the electro-
chemical detection of caffeine have focused on modifications of
glassy carbon electrodes and carbon paste electrodes with
functional materials such as nanocarbon materials,'” 2
nanomaterials,>?* conductive polymers**° and biomolecule
materials*® to improve sensor sensitivity and selectivity.
However, despite advances in the development of electro-
chemical sensing of caffeine, the reported detection platforms
still show limitations with regard to portability and simplicity,
rendering them unsuitable for practical use in on-site
measurements.

Recently, electrochemical paper-based analytical devices
(ePAD) have been widely used for detection of health-related
compounds in clinical settings and food monitoring. These
devices are constructed through the application of conductive
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materials to form electrochemical cell.*”*® The first ePAD was
developed by Dungchai et al. (2009) who demonstrated the
ability of paper integrated with carbon-ink-modified Prussian
blue to determine glucose, lactate, and uric acid levels in serum
samples.”” Following this pioneering work, ePAD technology
has been applied to the detection of various analytes, including
drugs,* heavy metals,” and viruses**> owing to its cost-
effectiveness, portability, and capability for on-site analysis.
However, to the best of our knowledge, ePADs have not been
used for the determination of caffeine levels in commercial
beverages. Therefore, this study introduces a new approach for
the direct detection of caffeine content in beverage samples
using an ePAD system. The paper surface was modified with wax
using the scratch method to prepare a hydrophobic surface
which inhibited the absorption of the sample solution into the
paper layer. Multi-walled carbon nanotubes (MWCNTSs) were
integrated as the electrode material onto the wax-modified
paper. Cellulose nanofibre (CNF) film was incorporated to
connect the electrolyte and electrodes in the detection region.
MWCNTs were selected as the working electrode because of
their high electrical conductivity and large surface area.* In
addition, CNF film is flexible and has good chemical
stability.**** CNF film as supporting matrix promotes uniform
solution distribution across the electrode active surface. Poly-
benzimidazole (PBI) was used as dispersing agent for MWCNTs,
PBI/MWCNT is used as counter electrode. The electrochemical
behaviour of caffeine, including its diffusion characteristics and
oxidation reaction mechanism, at the multiwalled carbon
nanotube (MWCNTs)-modified electrode was investigated. The
fabricated paper-based sensor was demonstrated to determine
the caffeine concentration in commercial beverage samples
without sample pretreatment. The determined caffeine
concentrations of the commercial beverage samples were
consistent with those evaluated by liquid chromatography-mass
spectrometry (LC-MS) analysis.

2. Materials and methods
2.1 Materials

Whatman 1 CHR chromatography paper with a pore size of 11
um was purchased from international company, UK. The Kir-
iyama wax candles were purchased from convenience stores.
Nanoforest-S BB cellulose nanofiber (CNF) obtained from
bamboo using an aqueous counter-collision method was
purchased from Chuetsu Pulp and Paper Co., Ltd, Japan.
MWCNTSs (purity: > 98%, length 3-6 pum, outer diameter: 10 +
1 nm, inner diameter: 4.5 £ 0.5 nm) were purchased from
Sigma-Aldrich. Polybenzimidazole (PBI) powder was purchased
from Sato Light Industrial Co., Ltd (Japan). N,N-di-
methylacetamide (DMAc), sodium hydroxide (NaOH), and
hydrochloric acid (HCI) were purchased from Fujifilm Wako
Pure Chemicals. Briton & Robinson buffers were prepared by
mixing boric acid (HBO3), phosphoric acid (H;PO,) and acetic
acid (CH3;COOH) (Fujifilm Wako Pure Chemical) and the buffer
pH was adjusted using 0.1 M NaOH and 0.1 M HCL. All solutions
were prepared using deionised water purified with a Milli-Q
water purification system.
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2.2 Fabrication of MWCNTs paper-based electrode

First, the Whatman chromatography paper was cut into 10 mm
x 11 mm pieces. Then, wax was uniformly deposited onto the
paper surface by gently scratching a Kameyama candle across
the paper and subsequently melted by heating on a hotplate at
70 °C for 5 min to form a hydrophobic barrier. A three-electrode
system was used to construct an electrochemical platform. First,
a solution of dispersed MWCNTs was prepared by dispersing
MWCNTs (8 mg) in water (10 mL) and homogenising it using
probe ultrasonication for 20 min according to our previous
work.**** A dispersed solution of the PBI/MWCNTs was
prepared as follows: first, PBI (40 mg) was dissolved in DMAc (10
mL) and sonicated for 20 min (the prepared solution is denoted
as PBI/DMAC). Second, MWCNTs (6 mg) were mixed with DMAc
(3 mL), and then PBI/DMAC (60 pL) was added. Finally, the
mixed PBI-MWCNTs solution was sonicated for 20 min. The
drop-cast method was used to prepare the three-electrode
system for the sensor. To precisely control the casting area,
masking method was employed to define fixed electrode
geometry on the paper substrate. 50 pL of the dispersed
MWCNTSs was used as the working electrode, 2 pL of Ag/AgCl ink
served as the reference electrode, and 50 pL of the dispersed
PBI/MWCNTs solution was used as the counter electrode. The
fabricated paper-based sensor was dried overnight at room
temperature and was subjected to a UV-ozone treatment to
remove surface contaminants. Finally, a CNF film was utilised
to establish a channel connecting the electrolyte solution and
the three electrodes on the wax-modified paper. The CNF film
was prepared as follows: CNF (1 g) was dispersed in water (20
mL) by probe ultrasonication for 20 min. Then, the dispersed-
CNF solution (10 mL) was spread onto a Teflon plate and
heated at 140 °C on a hot plate. After film formation, the CNF
film was carefully peeled from the Teflon plate. Finally, the
obtained CNF film was cut into 3 x 11 mm? pieces for further
use. The paper-based sensor is shown in Fig. 1.

2.3 Statistical analysis

The paper-based sensor measurement was performed in tripli-
cate (n = 3), and the result were presented as mean =+ standard
deviation (SD). The interference study data were subjected to
one-way ANOVA (p < 0.05) using Microsoft Excel data-analysis
tool pack to evaluate the sensor selectivity.
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Fig. 1 Fabrication and design of the paper-based sensor with inte-
grated three-electrode system.
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2.4 Instrumentation

Scanning electron microscopy (SEM) images were obtained
using a JSM-7609F microscope (JEOL, Japan). Prior to SEM
measurements, each sample was coated with osmium (~5 nm)
by sputtering. Dispersed solutions were prepared using a probe
sonicator (BRANSON 5520, Japan). LC-MS measurements were
performed using a SHIMADZU LCMS-8045 instrument with
a Shim-pack XR-ODS II (SHIMADZU, Japan) as the column. The
resistance of the paper-based sensor was evaluated by electro-
chemical impedance spectroscopy (EIS) using an electro-
chemical analyser (HZ-Pro S4, HOKUTO DENKO, Ltd, Japan).
The impedance measurements were performed in a Faraday
cage. The pH was evaluated using a pH meter AUT-501 (DKK-
TOA Corp., Japan). Cyclic voltammetry (CV) and square wave
voltammetry (SWV) were performed using an ALS CHI660A
electrochemical analyser (ALS Co., Ltd, Japan). All electro-
chemical measurements were performed under ambient
conditions.

3. Results and discussion
3.1 Paper-based electrode characterization

A solution-flow test was conducted to evaluate the solution
distribution in the paper-based sensor (Fig. 2). The paper-based
sensor with the applied wax and CNF film demonstrated an
effective and uniform solution distribution within the desired
electrode area of the sensor. The results clearly demonstrated
the following effects of the wax and CNF films. First, the
hydrophobic barrier formed by wax on the paper surface
inhibits solution absorption into the paper layer. Second, the
CNF film enabled a uniform distribution of the solution. Third,
a uniform surface area for electrochemical measurements was
established owing to the limited contact area of the electrode
surface with the sample solution. These effects contributed to
the repeatability of the sensing performance of the sensor. For
instance, the Ag paste reference electrode exhibited stable
potential for more than 10 min in a 0.1 M phosphate solution at
pH 1 (Fig. S1). The conductivity of the paper-based sensor was
evaluated using EIS measurements carried out using 1.0 mM
[Fe(CN)e]>~ in a 1.0 M KCI solution. A high charge-transfer
resistance (Rcr) was obtained from the Nyquist plots (514.5 +
109.2 Q, Fig. S2), indicating high resistance owing to the CNF
film acting as a barrier between the solution and electrode
surface. However, despite the relatively high resistance of the

Fig. 2 Results of the flow test for the paper-based sensor (A) without
wax, (B) with applied wax and without CNF film, and (C) with applied
wax and CNF film.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 SEMimages of (A) surface and (B) cross-section of the MWCNTSs
modified paper-based sensor.

paper-based electrode, the couple of ferricyanide/ferrocyanide
redox current was observed, confirming that the paper-based
sensor functioned as an electrode (Fig. S4). The thin layer
electrochemical diffusion behaviour was observed, this due to
the porous properties of CNF film.*® Additionally, well-defined
peak current for caffeine oxidation was obtained by CV in
a 0.1 M phosphate solution containing 1.0 mM caffeine
(Fig. S5).

The SEM images showed the morphological features of the
surface and the cross-section of the paper-based sensor (Fig. 3
(A) and (B)). A fibrous surface was observed for the CNF film;
such a surface structure enables efficient retention and uniform
distribution of the electrolyte across the electrode surface.
Examination of the cross-sectional morphology revealed
a laminated structure comprising wax-modified paper, an
MWCNTs layer, and a thin layer of CNF film. The thin CNF-film
layer was attached to the MWCNTs surface, enabling efficient
solution distribution to the sensor surface. The thickness of the
CNF film was estimated to be 12.2 pm. The MWCNTs layer
(thickness of ca. 38.1 pm) underneath the CNF film acted as the
conducting layer. The thickness of the overall paper-based
sensor was determined to be 221 pm. The wax-modified paper
used as the substrate supported the stable structure of the
electrode and served as a hydrophobic barrier, facilitating the
confinement of the solution in the defined electrode area. The
observed multilayer configuration provided both mechanical
stability and an efficient charge transport pathway across the
electrode.

3.2 Electrochemical characteristics

To analyse the fundamental of electrochemical interaction
between MWCNTs, caffeine and its environment, we performed
CV measurements on the MWCNTs-modified glassy carbon
electrode (GCE) in a phosphate solution electrolyte (pH 1) in the
absence and presence of 1 mM caffeine with the obtained
results shown in Fig. 4(A) by dashed and solid lines, respec-
tively. As mentioned earlier, a well-defined oxidation current
peak was observed at approximately +1.2 V (vs. Ag|AgCl|sat. KCI)
and no reduction current was observed at the reverse potential,
indicating the irreversibility of the caffeine oxidation reaction.
This behaviour is similar to that observed in previous
studies.'>**

RSC Adv, 2026, 16, 24667-24674 | 24669
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Fig. 4 CV results in 0.1 M phosphate solution at MWCNTs/GCE in the
absence (dashed line) and presence (solid line) of 1 mM caffeine (A).
Effect of pH on the oxidation current and peak potential of caffeine (B).

The effects of both pH and electrolyte species were investi-
gated to optimise the measurement conditions for caffeine
detection. The electrochemical behaviour of caffeine was
strongly expected to be influenced by pH because the caffeine
oxidation reaction included proton transfer. Therefore, the
influence of pH was evaluated in the pH range of 1-5 (Fig. 4(B)).
The peak potentials were observed to shift towards negative
potentials with increasing pH. The plot of peak potential (Ep,)
versus pH (inset of Fig. 4(B)) showed a slope of —23 mV pH™".
These results clearly indicated that the proton-to-electron ratio
was 1:2. In particular, well-defined oxidation currents were
observed at pH 1 and 2, indicating that caffeine oxidation was
favourable under strongly acidic conditions, such as those ob-
tained using H;PO, and H,SO,. This result is consistent with
previous studies in which phosphoric acid and sulfuric acid
were used as electrolytes.”®*™** The effect of the electrolyte
species was also investigated at pH 1 (Fig. 5). Interestingly, no

SHA
H3PO4-pH1
H2S04-pH 1
HCl-pH 1
—_—
1 1.1 1.2 13 1.4 1.5 1.6
E/Vvs AglAgCljsat'd KCl

Fig. 5 Effect of electrolyte species on the oxidation current of

caffeine.
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caffeine oxidation current was observed in the presence of HCI,
even in a strongly acidic solution (pH 1). By contrast, a clear
current was observed for both H;PO, and H,SO, solutions.
These results may be attributed to the mechanism of caffeine
oxidation at the electrode surface. Moreover, the onset potential
(at which the oxidation current begins to appear) was found to
depend on the electrolyte solution (pH 1). In the phosphate
solution, the onset potential was more negative than that in the
sulphate solution, indicating that the phosphate solution
provided better catalytic performance. Hence, phosphate solu-
tion was identified as the optimal electrolyte.

The electrochemical kinetics of caffeine were also studied by
plotting the peak current obtained in CV measurements per-
formed in the scan-rate range of 5-100 mVs ™" as a function of
the square root of the scan rate. The obtained peak current
slope exhibits a linear relationship with v"/? at high and low
caffeine concentrations, indicating a diffusion-controlled reac-
tion process (Fig. S7). Using the Randles-Sevcik equation, the
diffusion coefficient (D) of caffeine was estimated as 5.36 x 10™°
ecm?® s7' (eqn (1)). This value is in good agreement with the D
values calculated by the Stokes-Einstein equation (eqn (2))
using the dimensions of the caffeine molecule, as shown in
Fig. 6. The obtained D value was also in close agreement with
the previously reported D values (~10~° cm® s~ 1).%-52

3 1 1
iy = £(2.69 x 10°)n2AD2C2 (1)
RT
D= 2
6T N 2)

The D value obtained with the Stokes-Einstein equation was
used to determine the number of electrons involved in the
caffeine oxidation reaction (n) using eqn (1), obtaining n = 4.
The 1: 2 ratio of protons to electrons derived from the potential

A D,=3.1 x10~%cm?s~?!
7.8 A

VA
Q‘\)

Fig. 6 Diffusion coefficient (D) calculated using the Stoke-Einstein
equation based on the size of the caffeine molecule.*”

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01066k

Open Access Article. Published on 11 May 2026. Downloaded on 6/9/2026 6:51:59 AM.

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

(cc)

Paper

o / o
S Y 2H°, de” . 2H N =N
)\ [ ) —— Intermediate —— )\ >:o
N \N
o T o T

Fig. 7 Suggested caffeine oxidation reaction.
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involved in the caffeine oxidation reaction, corresponding to the L (A) )
proton-electron ratio of 2 : 4 (Fig. 7). This ratio is different from 1 1.1 1.2 1.3 1.4 1.5 1.6
the previously reported proton-electron ratio of 4:4;'>¢ this E/V vs AglAgCl
difference may be caused by the differences in the utilised S - »
electrode materials, electrode interface interactions and the s
electrolyte environment between the system used in our sensor B | ;:o
and those used in previous studies. 500 S
400 * Comenmatonst

3.3 Performance of paper-based sensor

Based on the fundamental understanding from the MWCNTs/
GCE system, the paper-based sensor was subsequently devel-
oped to incorporate factors including pH effect, acid species
and diffusion behaviour of caffeine into practical sensing plat-
form. The SWV measurements were performed to investigate
the practical performance of the paper-based sensor due to the
reduced double-layer capacitance. The measurements were
performed under optimised conditions in the phosphate solu-
tion (pH 1). The parameters of the measurements were as
follows: initial potential (E;) = 1V, final potential (Ef) = 1.5 V,
square-wave frequency = 1 Hz, amplitude = 20 mV, and
potential step = 5 mV; the measurements were conducted using
only 20 pL of the solution. According to the SWV results, the
caffeine oxidation current was observed at 1.1 V and the peak
current was observed at ca. +1.27 V (Fig. 8). The oxidation peak
current value increased proportionally with increasing caffeine
concentration, and linear responses were produced for

300
200
100

Current /nA

0 50

100 150
Concentration/uM

Fig. 8 SWV results for caffeine detection in 0.1 M phosphate solution
at the paper-based sensor (A); current as a function of concentration
for caffeine detection in 0.1 M phosphate solution (B).

concentrations ranging from 5 to 200 uM (y = 2.52x; R> =
0.9991). The detection range of the paper-based sensor was
comparable to those of the bare GCE and unmodified screen-
printed electrodes (SPE) while achieving lower limit of detec-
tion (Table 1). In comparison with sensors developed in
previous studies, the prepared paper-based sensor provides the
advantages of disposability for one-time use and low sample
consumption (20 uL).

Table 1 Comparison of the analytical performance obtained with carbon electrode and screen-printed electrode for caffeine sensor

Sample
Detection  Limit of Sample treatment
range detection volume time
Modified electrode® Method? (uM) (nM) Real sample (mL) (minutes) Ref.
Cu-MOF/MWCNTSs/SPCE DPV 10-1500 7.9 Black coffee — — 53
MoO;@GCNs/SPCE DPV 0.5-359 0.021 Green tea and black — 10 54
coffee
CeO, NPs/SPE DPV 5-476 2.4 Human blood 0.1 35 55
Zeolite/MWCNTs/carbon paste electrode SWv 10-100 0.075 Beverage — — 48
Adenine-FSG/SPCE SWv 1.1-340 0.59 Pharmaceutical — — 33
drugs
Bare GCE DPV 28-479 20 Energy drinks 20 3 56
Carbon black/graphene oxide/copper nanoparticle/ SWV 11-64 3.4 Human serum and — — 25
PEDOT: PSS/GCE urine
Unmodified SPE DPV 10-160 6.3 Pharmaceutical — — 57
drugs
MWCNTSs/Paper-based electrode Swv 5-200 5 Commercial drinks 0.02 No required This
work

“ Cu-MOF/MWCNTSs/SPCE: copper metal organic framework, MWCNTs: multiwall carbon nanotubes, SPCE: screen-printed carbon electrode,
MoO;@GCNs: molybdenum trioxide grown on graphitic carbon nitride sheets, CeO,NPs: cerium oxide nanoparticles, GCE: glassy carbon
electrode, adenine-FSG: adenine-functionalized spongy graphene, PEDOT: PSS: poly(3,4-ethylenedioxythiphene) polystyrene sulfonate, SPE:
screen-printed electrode. ® DPV: differential pulse voltammetry; SWV: square-wave voltammetry.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2026, 16, 24667-24674 | 24671
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Commercial beverages contain many interfering species;
hence, tannic acid, ascorbic acid, glucose, sucrose and citric
acid were used as potential interfering agents to examine the
robustness of the developed sensor with respect to the effects of
potential interfering agents. The SWV measurements at the
paper-based sensor were performed in a phosphate solution
(pH 1) containing caffeine and interference compounds. As
shown in Fig. 9, the caffeine oxidation current was not signifi-
cantly influenced by the interfering compounds at 1:1
interferent-to-caffeine ratio. The paper-based sensor responses
stayed within the acceptable range event at 10 times higher
interference concentration than caffeine, although the large
error bars were observed (Fig. S9). These results were further
supported by one-way ANOVA, which revealed no significant
different in the current responses between caffeine alone and
caffeine in the presence of interfering compounds.

3.4 Commercial beverage samples measurement

To evaluate the potential of the paper-based sensors for deter-
mination of caffeine in real samples, 11 commercial beverages
including both caffeinated and non-caffeinated beverages
(monster energy, black coffee - Georgia, Coca Cola, green tea -
Oi ocha, Oolong tea - CGC, Oronamin C, decaffeinated coffee -
UCC, Kokoa - Kikoma, salted lychee - Kirin, coffee latte —
Georgia, and milk tea - Kirin) were selected as representative of
real matrix. The beverage samples were obtained from a local
supermarket in Japan. For each beverage, a sample (1 uL) was
directly dropped into the phosphate solution (19 pL), and then
SWV measurements were performed with three-times replica-
tion (n = 3). The performance of the paper-based sensor for the
determination of caffeine in beverages was validated by
comparing the results with those obtained by LC-MS. The
results of the measurements are shown in Fig. 10 where the
external calibration was used for the caffeine concentration
determination in real sample. The caffeine concentration values
obtained using the paper-based sensor were in good agreement
with the caffeine concentration values determined by the LC-MS
method for 9 out of 11 beverages. However, discrepancies were
noted in the oolong tea and Coca-Cola samples which might be
due to the matrix interference. As shown in Fig. S12, the
agreement between the caffeine concentrations obtained by the
paper-based sensor and LC-MS was significantly worse for
coffee latte and milk tea. This result strongly indicates that the

400.0
300.0

200.0

Current (nA)
—-
=3
S
=3

e
=

Caffeine +  Caffeine + Caffeine

Tannic acid Ascorbic acid

Caffeine +
Glucose

Caffeine +
Sucrose

Caffeine +
Citric acid
Fig. 9 Interference effect towards the oxidation of 0.1 mM caffeine in
0.1 M phosphate solution (interference: caffeine (1:1)). The reported
error bars represented standard deviation from three independent
measurements.
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Fig. 10 Real sample measurement results obtained using the LC-MS
method (blue) and the SWV method (green). The reported error bars
represented  standard  deviation from three independent
measurements.

paper-based sensor has a high potential for practical applica-
tion in determination of caffeine concentrations in milk-free
commercial beverages. By contrast, the significant difference
between the levels of caffeine detected by the paper-based
sensor and LC-MS in coffee latte and milk tea samples indi-
cated that strong interference by compounds contained in milk
degrades the reliability of the paper-based sensor for the
determination of caffeine in these beverages. This interference
was further investigated by mixing the monster energy drink,
black coffee, and green tea with milk and non-fat milk in a ratio
of 3:1. While good detection performance was obtained for
mixtures with non-fat milk, the mixtures including milk fat
showed poor determination accuracy. These results indicated
that milk fat hinders accurate detection of caffeine by the paper-
based sensor (Fig. S12), most likely due to the suspended fat
matrix which limit the diffusion of caffeine into the carbon
electrode surface.

4. Conclusion

In summary, the fabricated paper-based sensor was demon-
strated to be suitable for detection of caffeine concentrations
between 5 and 200 uM. The wax-modified paper and CNF film
helped to confine the sample solution in the desired electrode
area, enabling accurate and repeatable measurements. Based
on the analysis of the caffeine diffusion coefficient and poten-
tial peak shift, the electrochemical oxidation of caffeine pro-
ceeded via a mechanism involving 2-protons and 4-electrons
transfer processes, different from the 4-protons and 4-electrons
processes discussed in previous studies. Furthermore, this work
also demonstrated the suitability of paper-based sensors for
practical application in direct detection of caffeine concentra-
tions in commercial beverages, with the caffeine concentrations
obtained using the paper-based sensor showing good agree-
ment with the concentrations obtained with the LC-MS
measurements. These results highlight the potential of paper-
based sensors as simple, rapid, and practical platforms for
caffeine analysis. However, the proposed paper-based sensor
showed certain limitations when applied to milk containing
sample, where fat interfered the electrochemical response.
Future studies need to focus on the reduction of fat effect for
caffeine detection in commercial beverages which can improve
and extend practical application.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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