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Abstract

Paper-based colorimetric devices could support decentralized screening of cholinesterase in-
hibition after organophosphate (OP) exposure. We systematically evaluated how substrate
identity, concentration and volume, reagent hydration, reading time, glycerol addition, and
serum volume affect color development in a two-layer platform comprising a glass-fiber
(LF1) reaction layer and a pH-indicator detection layer. Acetylcholine chloride (AChCl),
butyrylcholine chloride (BChCl), and butyrylcholine iodide were first screened in solution;
AChCl and BChCl were then tested on paper with commercial serum and six individual
human sera, and color was quantified as blue-channel intensity from scanned images of
the pH-indicator. A working configuration using 8 yL of 60 mM substrate, with readings
taken after 20 min, was selected based on the observed colorimetric response. AChCl and
BChCl did not differ significantly under these conditions, and larger serum volumes gave no
consistent improvement. The selected configuration was 4 uL of serum and 8 uL of 60 mM
AChCI containing 5% (v/v) glycerol. Commercial serum-only controls without added
substrate shifted the indicator from yellow to green, showing a sample-related contribution
to the basal indicator color that may influence the final RGB signal. In a separate exploratory
comparison using BChCl, blue-channel intensity was not significantly correlated with pre-
treatment reference cholinesterase activity in the six human sera. These results provide
a working configuration for further microdevice development and highlight the need to
account for sample background.

Keywords: cholinesterase activity; paper-based colorimetric assay; substrate evaluation;
RGB image analysis

1. Introduction

OP pesticides remain widely used in agriculture, and exposure to them is a persistent
concern for agricultural workers and for people living near farming areas [1]. The toxic
effects of OPs are primarily related to the inhibition of cholinesterase enzymes, resulting in
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the accumulation of acetylcholine and overstimulation of cholinergic pathways. Depend-
ing on the level and duration of exposure, this may lead to neurological, respiratory, and
systemic effects and, in severe cases, life-threatening cholinergic toxicity [2]. Monitoring
cholinesterase activity is therefore central to the surveillance of exposed populations. Base-
line enzyme activity, however, may differ considerably among individuals due to genetic
and physiological factors [3], so a single measurement is difficult to interpret, and inhibi-
tion is best assessed against each person’s own baseline or previous results [4]. Effective
surveillance thus depends on measurements that can be repeated frequently and performed
close to where exposure occurs.

Two cholinesterases serve as biomarkers of exposure: AChE, which is mainly associated
with erythrocytes and neuronal tissues, and BChE, which is predominantly found in plasma
and serum [5,6]. Both are inhibited by OP and carbamate pesticides, and erythrocyte AChE
and plasma or serum cholinesterase activities provide complementary information on expo-
sure [7,8]. Plasma cholinesterase is routinely measured with automated clinical analyzers,
which provide reliable reference values [9]. These methods, however, require laboratory
infrastructure, specialized instruments, and trained personnel, which limits their use for
rapid screening in rural settings or wherever access to a laboratory is restricted [10,11].

Paper-based analytical devices offer an alternative for decentralized testing. They are
inexpensive and easy to fabricate, require only microliter volumes of sample and reagents,
and move fluids by capillary action without external pumps [11,12]. Colorimetric formats
are particularly attractive because the result can be read by eye or quantified from digital
images [11,13]. For cholinesterases, a simple readout exploits the acid released during
substrate hydrolysis, which lowers the pH and changes the color of an indicator. Many
paper-based cholinesterase assays instead use acetylthiocholine with a chromogenic reagent
for thiocholine [14,15], whereas pH-based detection with choline esters has received less
attention [16], despite requiring only a substrate and a commercially available indicator.

For a device intended to analyze the cell-free fraction of whole blood, the substrate
must be readily hydrolyzed by BChE, the predominant cholinesterase in plasma and serum,
and must release enough acid to produce a visible color change. BChE hydrolyzes both
acetylcholine and butyrylcholine, so both substrate families are candidates. AChCl, BChCl,
and BChI form a useful comparison set: AChCIl and BChCl differ in the acyl group but
share the counterion, whereas BChCl and BChI differ only in the counterion.

The choice of substrate is only part of the problem. On paper, color development also
depends on substrate concentration [17,18], reagent composition, fluid transport, evapo-
ration, and sample and reagent volumes [19]. Dried reagents must rehydrate adequately
when the sample is applied [11], so suitable volumes and hydration conditions must be
established for each paper matrix and assay format [20]. Image-based measurements
additionally require standardized lighting, acquisition geometry, and processing [21,22].
Evaporation is a particular concern in small reaction zones. Glycerol can reduce water
evaporation from aqueous solutions and could help keep the reaction zone moist [23].
However, glycerol also modifies solution viscosity, so its effect on the colorimetric response
must be tested experimentally [24].

We previously developed a portable paper-based colorimetric biosensor for cholinesterase
screening in human capillary blood using the Edson method, as modified by Limperos
and Ranta, and RGB image analysis [25]. The next step toward a field device is a two-layer
format in which LF1 paper serves as the reaction support and pH indicator paper serves as
the detection layer, so that the assay can eventually operate on the cell-free fraction separated
from a small whole-blood sample. To our knowledge, the effects of substrate formulation
and assay conditions on color development in this two-layer LF1/pH-indicator format have
not been systematically evaluated. This initial step was intended to guide the reaction and
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colorimetric readout zones of a future field microdevice. Here, we systematically evaluated
the effects of substrate type, concentration and volume, serum volume, prior substrate
drying, reading time, and glycerol addition on the colorimetric response of the two-layer
LF1/pH-indicator paper platform. Commercial serum and serum from female and male
volunteers were used to assess the response across different samples. We also examined the
contribution of untreated and heat-treated serum to the indicator color. These experiments
defined a working assay configuration and highlighted the need to account for sample-
related color contributions before interpreting absolute RGB intensity as a quantitative
measure of cholinesterase activity. In contrast with our previous device [25], which applied
the Edson tintometric principle to capillary whole blood, the present format separates the
reaction (LF1) and detection (pH-indicator paper) functions and is intended to operate
on the cell-free fraction, thereby targeting plasma/serum cholinesterase, predominantly
BChE. Unlike earlier pH-strip assays of acetylcholinesterase [17], the enzyme source here
is human serum, whose own pH and buffering capacity become part of the measured
signal. The main contributions of this work are: (i) a systematic map of how substrate
identity, concentration and volume, reagent hydration, reading time, glycerol, and serum
volume affect color development in a two-layer glass-fiber/pH-indicator format operated
with serum; (ii) the identification of a sample-related contribution to the indicator color,
highlighting the need to evaluate a sample-referenced readout; and (iii) operating conditions
and design requirements for the reaction and readout zones of an integrated microdevice.

2. Materials and Methods
2.1. Reagents and Materials

Acetylcholine chloride, butyrylcholine chloride, butyrylcholine iodide, bromothymol
blue (BTB), and glycerol were purchased from Sigma-Aldrich (Merck, Darmstadt, Ger-
many). The three cholinergic substrates were evaluated for their colorimetric responses.
Ultrapure water obtained using a Milli-Q purification system (Merck Millipore) was used
to prepare the solutions. Whatman LF1 paper (Cytiva Little Chalfont, Amersham, United
Kingdom; Cat. No. 8121-1750) was used as the reaction support, and pH indicator paper
with a transition range of 6.4-8.0 (MACHEREY-NAGEL GmbH & Co. KG, Duren, Germany;
Cat. No. 90210) was used for color detection. Commercial human serum (Merck KGaA,
Darmstadt, Germany) and serum samples collected from volunteers were used in this study.

2.2. Serum Samples and Ethical Considerations

Serum samples were collected from healthy male and female volunteers aged
25-30 years. The study was approved by the Scientific Ethics Committee of the University
of Talca (SEC-UTALCA) on 28 April 2026 (Approval No. 43/2024/E). The committee is
accredited by the Regional Ministerial Secretariat of Health of Maule (SEREMI de Salud
del Maule), under Exempt Resolution No. 1976, dated 28 September 2022. All participants
provided written informed consent before sample collection. Blood samples were collected
by venipuncture in tubes, and serum was separated by centrifugation at 3000x g for 5 min
at room temperature. Samples were stored at —20 °C until analysis. Commercial serum and
serum from male and female volunteers were included to explore whether the effects of
substrate formulation and assay conditions were consistent across different samples. Com-
mercial serum provided a common matrix for technical replicate measurements, whereas
independent human samples allowed an initial assessment of between-sample variabil-
ity. Six individual human serum samples were included, one from each of three female
and three male volunteers. Samples were analyzed separately and were not mixed. This
small donor set was used to explore response trends across individual sera, not to draw
population-level conclusions. Cholinesterase activity was measured individually using a
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Cobas ¢311 analyzer and the CHE2 kit (Roche Diagnostics GmbH, Mannheim, Germany).
Individual activities are reported in Table 1.

Table 1. Baseline serum cholinesterase activity and post-treatment activity of commercial serum used
as a paper-assay control.

Pre-Treatment Activity =~ Post-Treatment Activity
Sample

(U/L) (U/L)
Commercial serum (Merck) 4818 Below detectable range *
Female 1 8945 -
Female 2 9099 -
Female 3 9306 -
Male 1 8287 -
Male 2 10,302 -
Male 3 10,305 -

* Below detectable range, as reported by the laboratory. - Not measured. Heat treatment: 60 °C for
30 min.

2.3. Evaluation of Cholinergic Substrates Under Liquid Conditions

AChCI, BChCl, and BChI were evaluated in microcentrifuge tubes at concentrations
ranging from 10 to 60 mM. Serum volumes of 4, 6, and 8 L were combined with 4 uL of
bromothymol blue (BTB; 0.04% w/v) and substrate volumes of 4 or 8 pL. Reactions were
incubated at 20 °C for 20 min and photographed using a smartphone camera. Commercial
serum (Merck) was used, and each condition was tested in three technical replicates. AChCl
and BChCI were selected for subsequent paper-based experiments based on the observed
color change. These preliminary tests were assessed by visual inspection of the color changes
in the BTB-containing reaction mixtures. RGB measurements were not performed at this
stage, as the main objective was to identify clear and easily distinguishable color changes
rather than subtle differences in color intensity. Since pronounced color changes were
expected, visual inspection was considered sulfficient for this initial evaluation.

2.4. Paper-Based Experimental Platform

The experimental platform consisted of two square paper sections (4 mm x 4 mm): LF1
paper as the reaction zone and pH indicator paper for color detection. Both were mounted
on opposite sides of a symmetric transparent plastic support, which remained flat (180°
open configuration) during the reaction, keeping the papers separated. The substrate was
first deposited onto the LF1 paper, followed by the addition of serum. After the specified
reaction time (immediately or after 20 min), the two paper sections were brought into
contact and gently pressed together by hand for 5 s, transferring the reaction mixture to
the indicator paper and producing the colorimetric response. Applied pressure, alignment,
and contact area were not controlled mechanically, and transfer reproducibility was not
quantified. This manually operated laboratory-scale setup, termed the “stamp”, was used to
evaluate the reaction and colorimetric detection conditions before development of the final
integrated point-of-care microdevice. Basal color controls of pH paper with the liquids were
evaluated using AChCl and BChCl, with and without glycerol, as well as ultrapure water,
untreated serum, and heat-treated serum. For the serum-only paper controls, commercial
serum (Merck) was heated at 60 °C for 30 min before application to the LF1 paper.
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2.5. Evaluation of Substrate Formulation and Reaction Conditions

AChCI and BChCl were evaluated on paper at 30 and 60 mM using substrate volumes
of 4 and 8 pL. The eight resulting formulations were prepared with and without 5% glycerol
(v/v) and tested with serum volumes of 4, 6, and 8 pL. Glycerol concentration refers to the
substrate solution before serum addition. Substrate concentrations refer to the prepared
solutions before serum addition. Four experimental conditions were evaluated using the
laboratory-scale “stamp” platform and substrate solutions with and without glycerol. In
the first two conditions (SI and S20), the substrate was applied to the LF1 paper and
dried at 50 °C for 20 min before serum addition. Colorimetric readings were then taken
immediately (SI) or after 20 min (S20). In the other two conditions (HI and H20), the
substrate was applied without prior drying, and readings were taken immediately (HI) or
after 20 min (H20).

RGB intensities were measured using Image]J software (version 1.54u8, National Insti-
tutes of Health, Bethesda, MD, USA). The blue channel was selected because its intensity
decreased as the indicator paper turned yellow. Each formulation was evaluated at each
serum volume and under each application and reading condition. Commercial serum was
tested in three technical replicates from a single Merck vial. Human serum was obtained
from three female and three male donors, with each sample tested separately once per
condition. Each formulation at each serum volume therefore included three measurements
per serum group. The same donor samples were used throughout the experiments, and
sera were not mixed. The individual donor was the biological experimental unit (n = 3
per sex). Measurements obtained under different experimental conditions from the same
donor were treated as repeated observations rather than independent biological replicates.
All experiments and measurements were conducted under ambient laboratory conditions
at 20 °C and 60% relative humidity.

2.6. Evaluation of Serum Volume and Comparison of Selected Assay Conditions

Serum volumes of 4, 6, and 8 yuL were evaluated using 8 pL. of AChCI or BChCI at
60 mM with 5% glycerol, without prior substrate drying and with reading after 20 min
(H20). BChCl was used for this exploratory comparison because the reference method relies
on butyrylthiocholine; using a butyryl-ester substrate was intended to reduce differences
in substrate specificity between the paper response and the reference measurement. The
effect of glycerol was assessed by comparing formulations with and without glycerol at each
serum volume in commercial, female, and male serum. Blue-channel intensity obtained
with BChCl under H20, using 4 pL of serum and 8 L of substrate at 60 mM with 5% glycerol,
was compared with the individual pre-treatment cholinesterase activities measured using
the Cobas c311 analyzer. Each paper-based reading was paired with the reference activity
of the same donor. This comparison included the six human serum samples; commercial
serum was excluded from the correlation analysis.

2.7. Image Acquisition and RGB Analysis

Images of the liquid-phase assays were acquired using a smartphone camera. Paper-
based assays were digitized using a Brother DCP-1600 series scanner at 600 dpi, maintaining
the same orientation for all samples. Images were saved in JPEG format and analyzed
using Image]. Red, green, and blue channel intensities were measured within regions of
interest of the same size, positioned over the indicator reaction zone. The blue channel was
used to compare paper-based responses across substrate formulations, serum groups, and
serum volumes. The use of blue-channel intensity was guided by our previous paper-based
assay [25] and the color transition observed in the present experiments. Its performance
against Cobas activity was not compared with that of other color metrics.
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2.8. Statistical Analysis

Data are presented as mean + SD. Analyses were performed separately for commercial,
female, and male serum. Two-way ANOVA was used to evaluate substrate formulation and
serum volume within each application and reading condition, and substrate formulation
and application/reading condition at each serum volume. Under H20, serum volume was
analyzed together with substrate type or substrate formulation with and without glycerol.
For human serum, repeated-measures two-way ANOVA was used for both factors, with
measurements matched by donor. Sphericity was not assumed, and the Geisser-Greenhouse
correction was applied. Ordinary two-way ANOVA was used for commercial serum. Mul-
tiple comparisons were adjusted using Siddk’s test. Significant ANOVA effects for the
experiments without and with glycerol are reported in Supplementary Tables S1 and S2,
respectively. These exploratory analyses compared responses under the tested conditions
and were not intended to support population-level inference. Spearman’s r, rank correlation
was used to assess the relationship between blue-channel intensity obtained with BChCl
and individual pre-treatment cholinesterase activities measured using the Cobas c311 au-
tomated clinical chemistry analyzer (Roche Diagnostics GmbH, Mannheim, Germany) in
the six human serum samples. Statistical significance was set at p < 0.05. Analyses were
performed using GraphPad Prism version 11.

3. Results
3.1. Serum Cholinesterase Activity and Heat Treatment

Serum cholinesterase activity was measured using a Cobas ¢311 automated analyzer
(Table 1). Female 1-3 and Male 1-3 identify individual donors. Baseline activities were
4818 U/L for commercial serum (Merck), 8945-9306 U/L for the three female serum samples,
and 8287-10,305 U/L for the three male serum samples. Commercial serum was heated at
60 °C for 30 min for use as a serum-only control in the paper assay. After heat treatment,
serum cholinesterase activity was reported by the laboratory as below the detectable range.
Commercial serum (Merck) was used as a serum-only control in the paper assay.

3.2. Initial Evaluation and Selection of Cholinergic Substrates

BChCl, AChCI, and BChlI were initially evaluated under liquid conditions to compare
their colorimetric responses. Serum volumes of 4, 6, and 8 uL were combined with either
4 or 8 UL of each substrate at concentrations ranging from 10 to 60 mM. Figure 1 shows
representative responses at 30 and 60 mM; the complete set of conditions and technical
replicates is provided in Supplementary Figure S1. Visual inspection showed that higher
concentrations of AChCI and BChCl generally produced a more evident color change
toward yellow. Among the substrates evaluated, acetylcholine chloride showed the clearest
and most readily distinguishable response across the tested conditions. Butyrylcholine
chloride also produced a favorable colorimetric response at higher concentrations and was
retained as a comparative substrate because the Cobas c311 reference method measures
serum cholinesterase activity using the related substrate butyrylthiocholine. In contrast,
BChlI showed less evident color differentiation across the evaluated concentrations and was
excluded from the subsequent experiments. Based on this preliminary visual assessment,
AChCI and BChCl were selected for subsequent paper-based evaluation.

3.3. Basal Color of the Indicator Paper and Assay Components

This initial evaluation relied on visual observations, as clear color changes were ex-
pected and subtle differences in intensity were not the focus. Therefore, RGB measurements
were not performed.
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Figure 1. Initial visual evaluation of cholinergic substrates under liquid conditions. The upper portion
of each vial contains air, while the lower portion contains the reaction mixture (substrate, BTB indicator,
and plasma). The color changes from greenish (approximately pH 7.5) to yellow (approximately
pH 6) as a result of enzyme activity, depending on the substrate used. Representative images of
butyrylcholine chloride (BChCl) (A), acetylcholine chloride (AChCl) (B), and butyrylcholine iodide
(BChI) (C) at 30 and 60 mM. Within each panel, columns show substrate volumes of 4 and 8 uL,
each at the two concentrations, and rows show serum volumes of 4, 6, and 8 pL. Reactions were
performed using commercial serum (Merck) and incubated at 20 °C for 20 min. One representative
technical replicate is shown per condition. The complete concentration range (10-60 mM) and all
three technical replicates are provided in Supplementary Figure S1.

The pH indicator paper remained yellow after the addition of AChCI or BChCl, with or
without glycerol. A similar color was observed with ultrapure water, suggesting that neither
the substrates nor glycerol noticeably affected the original color of the indicator (Figure 2). In
contrast, both untreated and heat-treated commercial serum (Merck) changed the indicator
paper from yellow to green, a color consistent with the near-neutral pH typically found in
human serum. However, serum pH and buffering capacity were not measured in this study;,
so this interpretation is based on the observed indicator color. Interestingly, both serum
samples produced very similar colors despite their marked difference in cholinesterase
activity. While untreated serum retained its enzymatic activity, the activity of heat-treated
serum was below the detection limit of the reference method (Table 1). This suggests that,
in the absence of substrate, cholinesterase activity has little visible influence on the basal
color of the indicator paper.

These observations also show that serum itself contributes to the colorimetric response,
regardless of its enzymatic activity. Since these controls were performed without substrate,
the observed color changes cannot be attributed to substrate hydrolysis. This contribution
from the serum must therefore be considered when interpreting the final RGB measurements
of the paper-based assay.
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Acetylcholine chloride — without glycerol
10 mM 20 mM 30 mM
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Acetylcholine chloride — with glycerol
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Butyrylcholine chloride — without glycerol
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el 18 1

Butyrylcholine chloride — with glycerol
20 mM 30 mM 40 mM

E F G
Ultrapure water

Figure 2. Basal color of the indicator paper and assay components. Acetylcholine chloride (AChCI)
without glycerol (A) and with glycerol (B), and butyrylcholine chloride (BChCl) without glycerol
(C) and with glycerol (D) were evaluated at the indicated concentrations. Heat-treated commercial
serum (Merck; 60 °C for 30 min) without added substrate (E), untreated commercial serum (Merck)
without added substrate (F), and ultrapure water (G) were included as controls.

3.4. Evaluation of the Colorimetric Response in the Absence of Glycerol

The colorimetric response was evaluated using blue-channel intensity, with lower
values corresponding to the observed transition of the indicator paper toward yellow. Eight
substrate formulations combining AChCI or BChCl at 30 or 60 mM and volumes of 4 or
8 uL were tested with commercial serum (Merck), female human serum, and male human
serum. As described in Section 2.5, serum volumes of 4, 6, and 8 uL were evaluated under
four conditions without glycerol: dried substrate with immediate reading (SI) or reading
after 20 min (520), and substrate without prior drying with immediate reading (HI) or
reading after 20 min (H20). Figure 3 presents the blue-channel intensity measurements
under these conditions. Representative assay images and the corresponding RGB intensity
plots are provided in Supplementary Figures S2 and S3, respectively. The effect of substrate
formulation depended on the application and reading conditions. Significant effects were
observed in all three serum groups under SI, in commercial and female serum under
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520, and only in commercial serum under HI (Table S1). H20 was selected for further
evaluation because it generally produced lower blue-channel intensities with the 8 uL,
60 mM formulations, particularly with BChCl. With 8 yL of BChCl at 60 mM and 4 L of
serum, H20 produced lower intensity than S20 in commercial and female serum (p = 0.0491
and p = 0.0227, respectively). In female serum, H20 also produced lower intensity than SI
at serum volumes of 6 and 8 puL (p = 0.0292 and p = 0.0407, respectively). However, these
differences were not consistent across all conditions. With 8 uL of AChCl at 60 mM, H20
did not differ significantly from the other conditions at any serum volume (all p > 0.05).
Under H20, substrate formulation affected intensity in commercial, female, and male serum
(p <0.0001, p = 0.0025, and p = 0.0029, respectively). With 8 uL of substrate and 4 puL of
serum, increasing AChCl concentration from 30 to 60 mM reduced intensity in all three
serum groups (p < 0.0001, p = 0.0287, and p = 0.0166, respectively), supporting the selection
of 60 mM AChCI. No significant concentration effect was found for BChCIl under H20
(p > 0.05). At 60 mM and 4 puL of serum, increasing substrate volume from 4 to 8 uL
generally reduced mean blue-channel intensity, but the differences were not significant
(p > 0.05). The 8 uL volume was therefore retained as a working condition based on this
trend. At 8 puL and 60 mM, AChCI and BChCl showed no significant differences at any
serum volume (p > 0.05), so both were retained for evaluation with glycerol.

Under H20, serum volume had no significant overall effect in commercial, female, or
male serum (p = 0.4185, p = 0.1150, and p = 0.6259, respectively). Therefore, 4 uL was
selected to minimize sample consumption, although all three volumes were retained for
the subsequent glycerol experiments. Together, these results supported the selection of
H20, using 8 yL of substrate at 60 mM and 4 pL of serum, as the working conditions for
further evaluation rather than a statistically established optimum. An important observation
was that very little moisture remained in the LF1 reaction zone after 20 min. This raised
the possibility that, in some cases, the yellow color of the pH indicator paper reflected
insufficient wetting during manual stamping rather than substrate hydrolysis. Glycerol was
therefore added in the following experiments with the aim of maintaining moisture in the
reaction zone and facilitating liquid transfer. These effects were not measured directly.

3.5. Evaluation of the Colorimetric Response in the Presence of Glycerol

This evaluation aimed to determine whether the experimental conditions previously
selected without glycerol remained suitable after its addition. The same eight substrate
formulations were tested, each supplemented with 5% glycerol. Commercial human
serum (Merck) and serum samples from male and female volunteers were applied to
the LF1 paper at volumes of 4, 6, and 8 uL under the four experimental conditions (SI,
520, HI, and H20). Figure 4 presents the blue-channel intensity measurements. Rep-
resentative assay images and the corresponding RGB intensity plots are provided in
Supplementary Figures S4 and S5, respectively.

Substrate formulation significantly affected blue-channel intensity in all three serum
groups under SI and S20, and in commercial and female serum under HI (Table S2). With
8 uL of substrate at 60 mM, H20 produced the lowest mean blue-channel intensity among
the four application and reading conditions for both AChCl and BChCl at every serum
volume in commercial, female, and male serum. Direct comparisons supported this pattern
in several cases. With 8 pL of AChCl at 60 mM and 4 uL of serum, H20 produced lower
intensity than SI and 520 in commercial serum (p = 0.0020 and p = 0.0342, respectively)
and male serum (p = 0.0044 and p = 0.0388, respectively). The corresponding differences
in female serum were not significant (p = 0.1454 and p = 0.0763, respectively). With 8 L
of BChCl at 60 mM and 4 L of serum, H20 produced lower intensity than SI and S20 in
commercial serum (p = 0.0189 and p < 0.0001, respectively), and lower intensity than HI in
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male serum (p = 0.0492). In female serum, H20 did not differ significantly from SI, S20, or HI
at this serum volume (p > 0.05). H20 was therefore retained based on its consistently lower
mean intensity, although it was not significantly different from every alternative condition.
Under H20, substrate formulation affected intensity in commercial, female, and male serum
(p < 0.0001, p = 0.0029, and p = 0.0040, respectively). With AChCl at 60 mM, increasing
substrate volume from 4 to 8 L produced numerically lower intensities at all serum volumes
in each serum type, but none of these differences were significant (p > 0.05). Thus, 8 uL was
maintained based on the observed response and to preserve the formulation selected without
glycerol. Increasing AChCI concentration from 30 to 60 mM at 8 uL also had no significant
effect at any serum volume in any serum type (p > 0.05). The concentration of 60 mM
was therefore retained for consistency between experiments, rather than as a demonstrated
improvement over 30 mM in the presence of glycerol. With BChCI at 8 yuL, increasing
concentration from 30 to 60 mM reduced intensity only in commercial serum using 4 uL
of serum (p = 0.0371). At 60 mM, increasing BChCI volume from 4 to 8 uL significantly
reduced intensity only in female serum using 4 pL of serum (p = 0.0039); the remaining
volume comparisons were not significant (p > 0.05). However, direct comparisons between
AChCI and BChCl at 8 uL and 60 mM showed no significant differences at any serum
volume in commercial, female, or male serum (p > 0.05). Both substrates were therefore
retained under the same conditions for subsequent evaluation.

Under H20, serum volume had no significant overall effect in commercial or female
serum (p = 0.1516 and p = 0.6884) but significantly affected male serum (p = 0.0069).
Overall, H20 with 8 puL of substrate at 60 mM and 5% glycerol was retained for further
evaluation, although its superiority was not always statistically significant. Serum volume
and glycerol effects were further examined in Section 3.6.

3.6. Selection of Assay Conditions and Comparison with Reference Cholinesterase Activity

The effect of adding 5% glycerol was evaluated using 8 uL. of substrate at 60 mM,
without prior drying and with reading after 20 min (H20; Figure 5A). With AChCl, glycerol
reduced mean blue-channel intensity at all serum volumes, although significant differences
were observed only in commercial serum at 6 pL (p = 0.0221), female serum at 8 pL
(p = 0.0297), and male serum at 4 pL (p = 0.0058). With BChCl, a significant reduction
was found only in commercial serum at 6 uL. (p = 0.0026). The remaining comparisons
were not significant (p > 0.05). Although the effect of glycerol varied with serum group
and volume, 5% glycerol was retained to help maintain moisture in the LF1 reaction zone,
addressing the limited moisture observed after 20 min in the experiments without glycerol.
At the selected serum volume of 4 uL, glycerol significantly reduced blue-channel intensity
with AChCl only in male serum.

When the analysis was restricted to formulations containing glycerol (8 uL of AChCl
or BChClI at 60 mM), serum volume had no significant overall effect in commercial, female,
or male serum (p = 0.1505, p = 0.3125, and p = 0.1365, respectively). Comparisons between
4, 6, and 8 pL were also not significant with either substrate (p > 0.05). Therefore, 4 uL
was selected to minimize sample consumption. AChCl and BChCl showed no significant
differences at any serum volume (p > 0.05). AChCl was selected because it produced a
more easily distinguishable color change during the initial screening, rather than because
of a statistically demonstrated advantage over BChCI under the final assay conditions.

Blue-channel intensity obtained with BChCl using 4 puL of serum and 8 yL of sub-
strate at 60 mM with 5% glycerol under H20 conditions was compared with the indi-
vidual pre-treatment cholinesterase activities measured using the Cobas ¢311 analyzer
(Table 1; Figure 5B). No significant correlation was found in the six human serum samples
(Spearman’s r, = 0.543, p = 0.2972). The small sample size (n = 6) and narrow activity
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range (8287-10,305 U/L) limit this comparison. Samples with low or moderately inhibited
cholinesterase activity were not included, so assay performance under these conditions

remains unknown. This comparison evaluated the BChCl formulation under the tested

conditions. The selected AChCI formulation was not compared directly with Cobas mea-

surements. The correlation analysis alone does not establish agreement between methods.

sI

S$20

HI

H20

A. Blue-channel intensity under different substrate application and reading conditions

@
-
S

Commercial serum

ean

Male human serum

Female human serum

300

£ £
_-E 200 J— e £ 200
= E .
2 K
5 &
§ i 100
& &
o
P B P B o B P
3 o o ,»o“ S o S o5 ’”o
& & T T T T P s
Substrate condition: Substrate condition Substrate condition
300~ 300 300
z cone = =
2 ceee 2 2
£ 200 £ 200 £ 200
2 2 ]
£ £ €
'i 100 i 100 i 100
@ @© @
o~ o o
0\:9 o\f ‘9\:9 0\9 A b\f 0\:9 o\l? wp\@ o\’? 0:9 0\9 0\9 0\9 ‘9\'? o’? 0\:? &’P 0\:9 ,09 c,ﬂ? @!P o\:'? 0\9
& o 5 S S oS ’96“ S o o o o o N (gt g8 o o o o
o g"'. o §”" N ,ﬁ’”s s’x & f Q”. o e”»o o ,p” e’x S o Q” ' o
¥ & & & & & & & ¥ & & & g & & & ¥ & & & & & & &
Substrate condition Substrate condition Substrate condition
300~
F .-
! -
_-E 200 _***
] .
£ .
'§ 100
@

S >SS S S S o
e g g Sl Sl S 5P o o o P o8 P o P B o o o o P o
W80 2 o5 o2 € v»d" o€ S o“,c:‘s' <€

S & & P o > & ¥ &% o
LA IR Rl S @
Substrate condition BT SR N & NN T R N
Substrate condition Substrate condition

Serum volume (uL)
4 I 6 pL B s L

Figure 3. Colorimetric response of the paper-based assay in the absence of glycerol. Blue-channel
intensity in commercial serum (Merck), female human serum, and male human serum under four
conditions: dried substrate with immediate reading (SI), dried substrate with reading after 20 min
(520), substrate without prior drying with immediate reading (HI), and substrate without prior drying
with reading after 20 min (H20). Acetylcholine chloride (AChCl) and butyrylcholine chloride (BChCI)
were evaluated at 30 and 60 mM using substrate volumes of 4 and 8 L and serum volumes of 4, 6, and
8 uL. Values are mean + SD (n = 3 per formulation at each serum volume and application/reading
condition), representing three independent donors per sex or three technical replicates from a single
Merck vial. Asterisks indicate Siddk-adjusted comparisons within each serum volume: * p < 0.05,
**p <0.01, ** p < 0.001, and **** p < 0.0001. Purple, blue, and green bars represent serum volumes
of 4, 6, and 8 pL, respectively. Representative assay images are provided in Supplementary Figure S2.
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Figure 4. Colorimetric response of the paper-based assay in the presence of 5% glycerol. Blue-
channel intensity in commercial serum (Merck), female human serum, and male human serum under
four conditions: dried substrate with immediate reading (SI), dried substrate with reading after
20 min (S20), substrate without prior drying with immediate reading (HI), and substrate without
prior drying with reading after 20 min (H20). Acetylcholine chloride (AChCl) and butyrylcholine
chloride (BChCl) were evaluated at 30 and 60 mM using substrate volumes of 4 and 8 yL and serum
volumes of 4, 6, and 8 pL. Glycerol concentration was 5% (v/v) in the substrate solution before serum
addition. Values are mean * SD (n = 3 per formulation at each serum volume and application/reading
condition), representing three independent donors per sex or three technical replicates from a single
Merck vial. Asterisks indicate Sidék—adjusted comparisons within each serum volume: * p < 0.05,
**p <0.01, ** p < 0.001, and **** p < 0.0001. Purple, blue, and green bars represent serum volumes
of 4, 6, and 8 L, respectively. Representative assay images are provided in Supplementary Figure S4.
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Figure 5. Effect of glycerol and comparison with reference cholinesterase activity. (A) Blue-channel
intensity obtained with acetylcholine chloride (AChCl) and butyrylcholine chloride (BChCl), with
and without 5% glycerol (G), using 4, 6, and 8 uL of commercial, female, and male serum. Bars
show mean + SD, with individual values plotted (n = 3): three technical replicates from one Merck
vial or three independent donors per sex. Asterisks indicate Sidak-adjusted comparisons between
formulations with and without glycerol: p < 0.05 (*) and p < 0.01 (**). (B) Relationship between blue-
channel intensity obtained with BChCl and cholinesterase activity measured using the Cobas c311
analyzer. Each point represents one human serum sample (n = 6; Spearman’s r, = 0.543, p = 0.2972).
(C) Representative paper responses under the selected conditions using AChCl, 5% glycerol, and
4 pL of serum. All assays used 8 uL of substrate at 60 mM, without prior drying and with reading
after 20 min (H20). Glycerol concentration is expressed as % (v/v) in the substrate solution before
serum addition. In each image, the upper square is the pH indicator paper used for color detection,
and the lower square is the LF1 reaction paper.

Based on these results, the selected working conditions were 4 yL of serum and 8 uL
of AChCI at 60 mM with 5% glycerol, without prior substrate drying and with reading
after 20 min (H20). These conditions were retained for further assay development. Glyc-
erol concentration refers to the substrate solution before serum addition. Representative
responses obtained with commercial, female, and male serum under these conditions are
shown in Figure 5C.
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4. Discussion

Our previous study established a portable paper-based biosensor for cholinesterase
activity screening in capillary blood using RGB analysis [25]. The present study used a
two-layer LF1/pH-indicator paper platform to examine how substrate formulation, drying,
reaction time, glycerol addition, and serum volume influence the colorimetric response. The
aim was to identify suitable conditions for the reaction and detection layers before integrating
them into a complete device, rather than establish quantitative analytical performance or
clinical diagnostic accuracy. The experiments also revealed a contribution from the serum
itself to the indicator color, which must be considered when interpreting the final response.

AChCI and BChCl produced distinguishable color changes in solutions and were
selected for evaluation on paper, whereas BChl showed less evident color differentiation.
However, these observations do not establish whether the weaker response of BChl was
related to its iodide counterion. Previous paper-based cholinesterase assays have used
acetylcholine chloride with a pH indicator [16] or acetylthiocholine with a chromogenic
reagent [14,15]. Bagheri et al. measured BChE activity in human serum through the
fading of Prussian Blue caused by enzymatically generated thiocholine, using a scanner
and Image] [26]. More recent approaches include a two-layer foldable paper device for
AChE detection [27] and a filter-assisted system for BChE detection in clinical samples with
smartphone RGB analysis [28]. Both use thiocholine-dependent reactions to generate the
colorimetric response. In our assay, detection relied on a pH indicator, so the final color
may reflect both reaction-associated acidification and the acid-base properties of the serum.

AChCl and BChCl did not differ significantly under the selected H20 conditions, and
AChCl was retained because of its more distinguishable visual response during the initial
screening. H20 generally produced lower blue-channel intensities with 8 uL of substrate
at 60 mM, although the differences were not significant in every comparison. Applying
the substrate without prior drying eliminated the need for reagent rehydration, which can
influence colorimetric performance in paper-based devices [20]. However, the contribution
of rehydration and mixing to the observed differences was not directly measured. With-
out glycerol, increasing AChCl concentration from 30 to 60 mM under H20 significantly
reduced blue-channel intensity in commercial, female, and male serum when using 8 uL
of substrate and 4 pL of serum. This supported selecting 60 mM for further experiments.
With glycerol, the same concentration increase did not produce significant differences with
AChCI, while BChCl showed a significant reduction only in commercial serum at 4 pL. In-
creasing substrate volume from 4 to 8 pL at 60 mM generally reduced blue-channel intensity
with AChCI, but without significant differences. With BChCl, a significant reduction was
observed only in female serum at 4 pL. Therefore, 8 uL of substrate at 60 mM was retained
based on the observed response and consistency with the formulation previously selected
without glycerol.

An important observation in the experiments without glycerol was the limited moisture
remaining in the LF1 reaction zone after 20 min. This raised concerns about incomplete
wetting of the pH indicator paper during stamping, which could leave the paper yellow
even without an adequate transfer of the reaction mixture. Glycerol was therefore added
to help maintain moisture in the reaction zone. With AChCl, glycerol reduced mean blue-
channel intensity at all serum volumes, although significant differences were found only
in commercial serum at 6 pL, female serum at 8 L, and male serum at 4 uL. With BChCl,
a significant reduction was observed only in commercial serum at 6 uL. These findings
supported retaining 5% glycerol in the working formulation, although its effect varied among
samples and volumes. Glycerol can absorb atmospheric moisture, reduce evaporation, and
modify solution viscosity [29-31]. These properties may have influenced the observed
response. However, moisture loss, retained liquid volume, wetted area, transfer efficiency,
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and reaction kinetics were not measured. The changes in blue-channel intensity therefore
cannot establish whether glycerol acted through improved hydration or liquid transfer.
Manual stamping may also have introduced variability in liquid transfer because applied
pressure, alignment, and contact area could vary between applications. The contribution of
these factors to the observed signal variability was not determined.

Consequently, lower blue-channel intensity cannot be attributed to a specific mecha-
nism or interpreted as increased cholinesterase activity, analytical sensitivity, or accuracy.
Under H20 with glycerol, serum volume had no significant overall effect in commercial,
female, or male serum, and comparisons between 4, 6, and 8 1L were not significant with
either substrate. Therefore, 4 uL was selected to minimize sample consumption.

No significant correlation was found between blue-channel intensity obtained with
BChCl and reference cholinesterase activity in the six human serum samples (Spearman’s
ry = 0.543, p = 0.2972). Although greater enzymatic acid production might be expected to
reduce blue-channel intensity, this relationship was not observed consistently. Differences
in serum pH and buffering capacity may have influenced the response, although these
properties were not measured. The narrow activity range (8287-10,305 U/L) and small
sample size also limit interpretation. Importantly, this exploratory comparison used BChCl
rather than the finally selected AChCl formulation, so the relationship between the selected
assay response and reference cholinesterase activity remains to be established. Commercial
serum also showed no higher blue-channel intensity despite its lower enzyme activity,
although differences in sample characteristics and processing limit direct comparison.
These findings suggest that absolute blue-channel intensity alone is not yet sufficient to
estimate serum cholinesterase activity reliably.

The basal controls provided further insight into the colorimetric response. The pH
indicator paper (transition range: 6.4-8.0) remained yellow after exposure to ultrapure
water or substrate solutions, with or without glycerol. In contrast, both untreated and
heat-treated commercial serum changed the indicator from yellow to green, consistent with
the near-neutral pH of human serum. Interestingly, both serum samples produced similar
green colors despite their marked difference in cholinesterase activity. This suggests that,
without added substrate, enzymatic activity had little visible influence on the basal indicator
color under the tested conditions. When serum reacts with a cholinergic substrate, the
expected color change arises from acid production during enzymatic hydrolysis. However,
this response also depends on the initial pH and buffering capacity of the sample, which
may vary among individuals and with storage conditions. As a result, the final RGB signal
may reflect both sample-related acid-base effects and reaction-associated acidification. The
serum-only controls in Figure 2E,F contained no substrate and therefore cannot establish
how active and heat-treated serum would differ after a 20-min reaction with substrate.
The selected AChCl formulation containing 5% glycerol was not tested with heat-treated
serum under H20 conditions, so its ability to distinguish untreated from heat-treated serum
remains unestablished. In addition, incomplete wetting of the indicator paper may influence
the measured color, as observed in the experiments without glycerol. Although image acqui-
sition was standardized, individual serum pH and buffering capacity were not measured,
and sample-specific background correction was not performed. The endpoint color there-
fore cannot be attributed solely to cholinesterase activity. Previous studies have shown that
image acquisition conditions and RGB data processing can influence colorimetric measure-
ments in paper-based assays [13,22,32,33]. Future experiments should therefore evaluate a
matched background measurement for each sample and determine whether correcting for
this contribution improves the relationship with reference cholinesterase activity.
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Female and male serum samples were analyzed separately to describe the response
within each group. However, with only three donors per sex, the study was not designed to
investigate sex-related differences. The limited number of biological samples also reduces
statistical power, meaning that nonsignificant differences cannot be taken as evidence of
equivalent responses. Similarly, results obtained from a single commercial serum vial apply
only to the material tested.

Despite these limitations, the selected configuration of 4 yL of serum and 8 L of
AChClI at 60 mM with 5% glycerol, without prior substrate drying and with reading after
20 min, provides a starting point for further microdevice development. Integrating a blood-
separation component will require control of the liquid volume reaching the reaction zone
and verification that residual blood cells do not interfere with color detection. If dried
reagents are incorporated, their rehydration and subsequent colorimetric response will
need separate evaluation. Reliable field operation will also require consistent reaction times
and image acquisition conditions, together with studies of reagent stability and performance
under different temperatures and humidity levels. Li et al. combined a paper-based assay
with smartphone-assisted colorimetric and photothermal detection of BChE and alkaline
phosphatase [34]. For the present assay, portable image acquisition would need to be
evaluated together with sample-background correction and calibration against reference
cholinesterase activity. Importantly, future development should consider both the basal
color contribution of each sample and the efficiency of liquid transfer between the reaction
and indicator layers. An initial reading or a matched sample control could help correct for
background effects, although this approach must be tested experimentally. The resulting
signal should then be calibrated against individually matched Cobas measurements over a
broader range of cholinesterase activities, including low-activity samples. These studies will
help determine whether the platform can reliably distinguish activity levels and eventually
support quantitative measurements.

5. Conclusions

This study defined a working configuration for the reaction and detection components
of a paper-based cholinesterase assay that combines LF1 paper with pH indicator paper.
This provides preliminary operating conditions for future device development rather than
a validated quantitative assay. The selected configuration used 8 uL of substrate at 60 mM,
applied without prior drying and read after 20 min. AChCI and BChCl did not differ
significantly under these conditions. AChCl was retained for its visual response during the
initial screening. A serum volume of 4 uL was chosen because larger volumes offered no
consistent improvement. The selected formulation contains 5% glycerol (v/v). The selected
conditions provided a suitable colorimetric response while limiting sample consumption.
However, not all selected conditions showed statistically significant differences from the
alternatives tested.

Commercial serum contributed to the basal indicator color, indicating that the endpoint
RGB signal may include sample-related effects in addition to reaction-associated acidifica-
tion. No significant correlation was detected between blue-channel intensity obtained with
BChCl and reference cholinesterase activity in the six human serum samples. Quantitative
use will therefore require evaluation of a per-sample background correction, together with
calibration against reference cholinesterase activity, including low-activity samples. Several
properties remain to be established before this configuration can be integrated into a field
microdevice: precision, formulation stability, behavior under varying temperature and
humidity, and performance with the cell-free fraction separated from whole blood and
with dried reagents. Before the assay can be used to quantify serum cholinesterase activity,
further studies will need to establish its calibration range, sensitivity, limits of detection
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and quantification, precision, recovery, reproducibility, selectivity, and agreement with the
reference method.

6. Patents

J.Z-H. and C.E.Z. are named inventors on a patent application related to this work
(application No. 202602888), filed on 27 August 2026.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios16110628/s1, Figure S1 presents the complete photographic
record of the initial liquid-phase substrate evaluation. Figures S2 and S4 contain representative
photographs of the paper-based assay without and with 5% glycerol, respectively. Figures S3 and S5
contain the corresponding RGB channel intensity plots. Tables S1 and S2 summarize significant
two-way ANOVA effects for experiments without and with 5% glycerol, respectively.
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