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Accurate quantification of small ions in mucin-rich biofluids such as saliva is often compromised by viscosity-
dependent diffusion effects. We propose an electrochemical viscosity-correction strategy based on the peak
potential separation (AEp) of the redox probe [Fe(CN)s]S’/ 4~ measured by cyclic voltammetry. The AE, value
under the fixed experimental conditions reflected sample-specific diffusion behavior and was employed as a
correction factor for ion concentrations determined by capillary electrophoresis (CE). The relationship between
AE,, and mucin concentration was validated using model viscosity standards, demonstrating a strong logarithmic
correlation within physiologically relevant ranges. Application of the AEy-based correction reduced dispersion of
salivary ion measurements compared with conventional normalization approaches such as specific gravity and
total protein correction. The analytical utility of the method was first examined through repeated measurements
in a single individual undergoing a cold pressor test (CPT). Furthermore, its robustness was evaluated in an
independent cohort of 12 healthy participants (6 cold stimulation and 6 control participants), where corrected
ion profiles showed clearer differentiation between experimental conditions than uncorrected data. This AE,-
based correction approach provides a rapid, non-destructive, and low-volume (10 pL) analytical strategy to
minimize viscosity-induced bias in ion analysis of complex biological matrices. The method enhances the
robustness of CE-based ionomics and offers a broadly applicable framework for analytical measurements in non-
Newtonian biofluids.

1. Introduction

Body fluids such as blood, urine, saliva, sweat, and tears are widely
used as diagnostic matrices because they contain a variety of metabo-
lites, electrolytes, proteins, and other biomolecules that reflect physio-
logical and pathological states [1]. Their analyses support a range of
applications, including disease diagnosis, therapeutic monitoring,
nutritional assessment, and stress evaluation [2]. In particular, small
inorganic ions and low-molecular-weight organic ions play crucial roles
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in maintaining osmotic balance, regulating cellular signaling, and sup-
porting metabolic activity [3]. Therefore, accurately quantifying these
ions is essential for clinical and metabolic studies.

However, ion analysis in body fluids is complicated by matrix effects.
Macromolecules such as proteins and glycoproteins interfere with
electrophoretic or chromatographic separations by altering ion mobility
[4]. These effects are particularly pronounced in non-Newtonian bio-
fluids such as saliva, sputum, or synovial fluid [5]. Such viscosity-related
biases can obscure true biological differences and decrease the
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reliability of biomarkers.

Recently, saliva has attracted increasing attention as a diagnostic
biofluid for stress assessment, infectious disease screening, and moni-
toring of health conditions [6]. Saliva sampling is non-invasive and
painless, making it better suited for point-of-care testing than blood
sampling [7-9].

Numerous salivary biomarkers have been identified, such as cortisol
[10-12], a-amylase [12,13], and secretory immunoglobulin A
[1114-16], typically measured by enzyme-linked immunosorbent as-
says [17-20], colorimetric methods [21,22], or mass spectrometry
[23-25]. Inorganic and small organic ions have been investigated owing
to their high abundance and physiological relevance [3,26]. They have
been analyzed using techniques such as capillary electrophoresis (CE)
[27,28], ion chromatography [29,30], ion-selective electrodes [31,32],
and colorimetric assays [33,34].

Our group developed CE-based multi-ion profiling methods for saliva
[35-38], which have been used to monitor salivary ion changes in
relation to food intake, smoking [35,36], weight loss in wrestlers [37],
and physical exercise [38]. More recently, we introduced a CE system
with a triple-layer chemically modified capillary incorporating multiple
ionic polymers that effectively analyzed salivary anions and cations in
4 min each [39].

However, salivary ion concentrations vary between samples
collected from the same individual under similar conditions. This vari-
ation is attributed to mucins (glycoproteins such as MUC5B and MUC?7)
[40,41], which affect salivary viscosity and interact with inorganic ions
via functional groups such as sialic acids [40]. High mucin content can
cause diffusion retardation and peak broadening, potentially affecting
the apparent quantification of ions in CE analysis [42,43].

Conventional normalization methods including internal standardi-
zation [44], specific gravity (SG) adjustment [45], total protein (TP)
correction [46], and total solute content normalization [47] have pri-
marily been developed for low-viscosity fluids such as urine and sweat
[48]. Their utility is limited in saliva and other viscous, non-Newtonian
fluids as they do not directly address macromolecule-induced diffusion
effects. A rheometric viscosity measurement can quantify such effects,
but it requires a larger volume of sample [49,50].

Electrochemical methods provide an alternative for indirect assess-
ment of matrix effects in small volumes. In cyclic voltammetry (CV), the
peak potential separation (AEp) is influenced by both diffusion and
electron transfer kinetics [51-53]. Therefore, AE, can serve as a prac-
tical correction factor reflecting matrix-induced effects on electro-
chemical response, rather than a direct measure of viscosity alone.

In this study, we used potassium ferricyanide as a redox probe to
determine AE,, in a low-viscosity reference electrolyte (4E, o) and in the
same electrolyte with added saliva (AE,;). The resulting ratio of AEp,
r = AE;, 0/AE,, ; was applied as a CF to adjust salivary ion concentrations
measured by CE. The relationship between AE, and mucin-induced
matrix effects was validated using mucin and methyl cellulose stan-
dards. Then, we applied the CF to saliva samples collected before and
after the cold pressor test (CPT), which is a physiological model of acute
stress on sympathetic nervous function [54,55]. The performance of the
CF method was compared with those of SG and TP-based normalization
approaches in reducing inter-sample variability and improving the
detection of stress-related ions.

2. Materials and methods
2.1. Reagents and solutions

All reagents were of analytical or biochemical grade. Electrolyte
solutions were prepared from phosphate-buffered saline (PBS), potas-
sium ferricyanide (PF), and KCl in ultrapure water. Viscosity standards
(methyl cellulose viscosity 400 and porcine gastric mucin) were dis-
solved in electrolyte solutions at defined concentrations. Detailed
compositions and preparation procedures are described in Section 1 of

Talanta 309 (2026) 129962

the Supplementary material.
2.2. Preparation of electrolyte solution

The electrolyte solution was prepared by diluting PBS with ultrapure
water to obtain a final composition of 0.1 x PBS, 1 mM PF, and 2 M KCI
in a total volume of 10 mL. A high ionic strength (2 M KCI) was used to
suppress migration effects and maintain diffusion-controlled electro-
chemical behavior. This solution was defined as the blank solution.
Viscosity standard solutions were prepared by adding methyl cellulose
400 or porcine gastric mucin to the blank solution at concentrations
ranging from 1 to 256 mg L.

For saliva analysis, real saliva was added to the blank solution
instead of the viscosity standard substances to achieve a 500-fold dilu-
tion. All solutions were prepared immediately before the CV
measurement.

2.3. Apparatus

CV was performed using an electrochemical measurement system
(HZ-5000, Meiden Hokuto Corporation, Japan) with a standard three-
electrode setup comprising a glassy carbon (GC) working electrode,
platinum counter electrode, and Ag/AgCl reference electrode. Capillary
electrophoresis was performed using chemically modified fused silica
capillaries with capacitively coupled contactless conductivity detection
(C*D). Specific gravity was measured using a handheld refractometer
and the TP concentration was determined using a Bradford assay.
Detailed specifications and preparation procedures are provided in
Section 2 of the Supplementary material.

2.4. Capillary electrophoresis

The anions and cations in saliva were analyzed separately using CE
with the optimized buffer system described in a previous study [39].
Internal standards were included for each ion mode. Capillary prepa-
ration protocols and buffer compositions are described in Section 3 of
the Supplementary material. The electropherograms of anions and cat-
ions optimized in this study are shown in Figs. S1 and S2, respectively.
The analytical performances are summarized in Table S1.

Samples were introduced via hydrodynamic injection using a
gravity-based method (7-cm height difference for 10 s). Internal stan-
dards were added to all samples, and ions were quantified based on the
analyte-to-internal-standard peak area ratios to minimize variability
associated with this method of sample introduction.

2.5. Saliva sample and cold pressor test

To evaluate the analytical performance of the AE,-based viscosity
correction, saliva samples were collected under CPT conditions, which
are used as a physiological model of acute stress (Fig. 1). First, the
repeated measurements were performed in a single healthy volunteer
across eight independent sessions conducted between March and
November 2024. In each session, saliva samples were collected 5 min
before and 5 min after immersion of both hands in cold water (<10 °C)
or control water (37 °C) for 1 min. These repeated experiments were
designed to examine intra-individual analytical variability and the effect
of viscosity correction under controlled conditions.

In addition, the robustness of the correction strategy was evaluated
in an independent cohort of 12 healthy participants, who were divided
into a cold stimulation group (n = 6) and a control group (n = 6). Saliva
samples were collected before and after the respective treatments using
the same protocol. This cohort analysis was conducted to assess whether
the AE,-based correction improved differentiation of ion profiles under
CPT conditions.

Approximately 2 mL of saliva was collected by the spitting method,
centrifuged at 6714xg for 30 min at 25 °C, and the supernatant was
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Fig. 1. Timeline of the cold pressor test procedure.

stored at —20 °C until analysis. All procedures were approved by the
Kochi University Ethical Review Board (approval no. ERB-111751) and
conducted in accordance with the Declaration of Helsinki.

Detailed collection protocols and ethical approval information are
provided in Section 4 of the Supplementary material.

Participants were prohibited from oral intake for 2 h before CPT.
Saliva samples were collected 5 min before and 5 min after the CPT/
control procedure; the sample volumes were approximately 2 mL for
each. A total of 40 samples were collected, including 16 samples
comprising repeated measurements from one individual (8 independent
trials x 2 samples) and 24 samples from an independent cohort of 12
healthy participants (6 cold stimulation and 6 control participants), each
sampled before and after the procedure. The water temperature used for
CPT was randomly selected for each participant.

2.6. Cyclic voltammetry

Before CV measurements, the GC working electrode was cleaned
using 0.05 pm alumina on polishing pads (Buehler, Lake Bluff, Illinois).
Then, the electrodes were rinsed with distilled water, sonicated in an
ultrasonic bath for 1 min, and dried in air. Prior to each measurement,
the sample solution was deoxygenated by bubbling with argon gas for
5 min. The peak potential difference (4E,) was calculated using Eq. (1).

AE, =Ep, — Epe )

where Ej, and E,,. are the peak oxidation and peak reduction potentials,
respectively. In this study, AE,, served as an indicator of the reversibility
of the redox reaction of PF. The optimal AE, is approximately 57 mV
based on the Nernst equation [51]. The correction factor (4E,;) was
calculated using Eq. (2).

AEp.r = AEp.O/AEp,i < 1 (2)

where AE, g and AE),; represent the AE;, obtained in the absence of saliva
and in the presence of a 500-fold dilution of saliva, respectively. As the
viscosity of saliva increases, AE,; rises, resulting in a CF < 1. The cor-
rected ion concentration (Cion corr_aE,) Was calculated using Eq. (3).

Cion.corr,AEp = GCjon,int. X CF (3)

where Cionint. represents the ion concentration obtained from CE
measurements.

Each CV measurement was performed sequentially and the GC
electrode was not polished between the blank and saliva solutions to
maintain a constant electrode surface area.

2.7. Specific gravity measurement

Specific gravity was manually measured using a UG-a refractometer
(ATAGO USA, Inc., Bellevue, WA, USA). Samples were equilibrated to

room temperature prior to the measurement. The refractometer was
calibrated with ultrapure water before use, cleaned with a lint-free tis-
sue after each measurement, and recalibrated after every sample to
ensure the accuracy of the measurements. Specific gravity normalization
was performed using Eq. (4) as described in a previous study [45]:

- 1) / (Ssample - 1) (4)

Cion.corr_S = Cion.int, X (Starget

where Siarger is defined as the target SG value of 1.0025 (mean value of
saliva samples, n = 16). The SG of saliva is between 1.002 and 1.012, so
this value is reasonable [56]. The Sgayple Value represents the measured
SG of each individual sample. Although this correction method has been
validated for urine samples, this represents its first application to saliva
analysis.

2.8. Total protein concentration measurement (Bradford assay)

Total protein concentration was determined using the Bradford
method [57] with bovine gamma globulin used as the standard.
Absorbance was measured at 595 nm using a SpectraMax 190 micro-
plate reader (Molecular Devices, LLC., San Jose, CA, USA). Total protein
normalization was performed using Eq. (5) as described in a previous
study [46].

Cion.corr-T = Cion.int, X Tlarget/Tsample (5)

where Tiarge: is defined as the target TP concentration of 0.614 mg mL!
(mean values of saliva samples, n = 16). The TP in saliva is between 0.32
and 3.99 mg mL’l, which is within the typical concentration [58,59].
Tgample Tepresents the measured TP of each individual sample [60].

2.9. Viscosity measurement

The sample viscosity was measured using a rheometer and an Ost-
wald viscometer. Shear viscosity (75) of the samples (ca. 3 mL) was
measured at 25 °C using a rheometer, equipped with a 25 mm diameter
parallel plate. After equilibrating the sample at a shear rate of 100 s
for 1 min, n; was obtained from the median of 90 consecutive mea-
surements at a shear rate of 0.1 s~1. Relative viscosity (7,) of the samples
(ca. 10 mL) was measured at 25 °C using an Ostwald viscometer. 5, was
calculated from the ratio of the flow time of the sample (¢) to that of the
solvent (tp).

2.10. Statistical analysis

All statistical analyses were performed using the Open-source Pro-
gramming Language and Statistical Environment R (ver. R-4.1.1.tar.gz)
[61]. Details of the statistical analyses and relative equations used in this
study are detailed in Section 5 of the Supplementary material [62-64].
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2.11. Safety Considerations

No unexpected, new, and/or significant hazards or risks were asso-
ciated with the materials, chemicals, or procedures used in this study.
All experiments—including electrochemical measurements, capillary
electrophoresis, and handling of human saliva—were conducted in
accordance with standard laboratory safety protocols and institutional
guidelines for working with human-derived samples.

3. Results and discussion
3.1. Effect of mucin concentration on the peak area of CE

To examine the influence of mucin-induced viscosity on the peak
areas of each ion, a mixed ion standard solution (0.01, 0.05, and
0.1 mmol L™1) was prepared using four concentrations of mucin (0, 50,
100, and 200 mg L) and analyzed by CE. A total of 14 ions were
evaluated in this study: nine anions (Cl-, NO2, NO3, SCN~, HCOs3,
HPOZ~, SO3~, HCOO™, and CHsCOO™) and five cations (Na*, K*, NHZ,
Mg?*, and Ca?") that are common in human saliva [39].

As shown in Fig. S3, the peak areas of anions with relatively low
electrophoretic mobility, such as HPO%~, HCO3, and CH3COO™, were
affected by increased viscosity resulting from mucin concentrations in
the sample solutions. In CE analysis, the injected sample migrates to-
ward the detector as a zone, resulting in electrical dispersion [43]. Ac-
cording to the Stokes-Einstein equation [65], the diffusion coefficient
(D) is inversely proportional to viscosity. Therefore, the reduced D
values in highly viscous solutions resulted in diminished electrophoretic
mobility for the analyte anions. Although the changes in peak areas were
attributed to viscosity-induced diffusion effects, other factors may have
also contributed. In particular, viscosity can affect the formation of the
initial analyte zone before equilibration with the background electrolyte
(BGE), leading to peak broadening. Interactions between mucin and
certain ions (e.g., electrostatic binding or complex formation) could also
influence the apparent peak areas independently of viscosity. Therefore,
the observed behavior likely reflects a combination of viscosity-related
diffusion effects [4,43] and ion—-mucin interactions [40,66].

Similarly, all tested cations were affected by viscosity, with only
Ca?" exhibiting decreased peak areas at higher mucin concentrations
(Fig. S3). This may be attributed to interactions with sialic acid residues
present at the ends of the O-linked glycan chains of mucin molecules
[40]. The behavior of Ca®" suggests that specific interactions with
mucin, such as binding to sialic acid residues, may also contribute to the
observed changes. Polyvalent cations binding to sialic acid can alter
mucin's tertiary structure and increase viscosity [66]. Because Ca?t can
bind at low concentrations (~1 mM), higher concentrations of poly-
valent cations can further influence mucin viscosity. These complex
interactions between mucin and inorganic ions may cause significant
errors in the observed salivary ion concentrations.

It is generally accepted that, during CE separation, the viscosity of
the analyte zone approaches that of the background electrolyte; thus, the
steady-state signal is not directly governed by the initial sample vis-
cosity. However, in practical CE analysis, the initial sample properties
can still influence the analytical signal through injection-related effects
and viscosity-dependent diffusion during the initial analyte zone
formation.

First, in hydrodynamic injections, the injected sample volume de-
pends on the solution viscosity, which can affect the amount of analyte
introduced into the capillary. Therefore, viscosity-dependent variations
in the injection volume cannot be completely excluded (refer to Fig. S4).
However, an internal standard correction was applied to all analyses,
aiming to reduce the impact of injection-volume variability on the
calculated ion concentrations. Therefore, the observed changes should
reflect not only differences in sample introduction, but also viscosity-
related diffusions and, in some cases, ion-mucin interactions.

Second, the formation of the initial analyte zone is influenced by
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viscosity-dependent diffusion, which affects both peak shape and the
dispersion of the analyte zone before reaching full equilibration with the
BGE. In addition, possible interactions between mucin and analyte ions
may influence the effective mobility and peak response.

Therefore, the observed changes in peak areas likely arose from the
combined effects of injection-related variation, viscosity-dependent
diffusion, and ion-mucin interactions, rather than from steady-state
viscosity alone.

3.2. Relationship between mucin concentration and AE,

Fig. 2 shows cyclic voltammograms of 1 mM Kg[Fe(CN)g] in the
presence of designated mucin concentrations, and the obtained rela-
tionship between mucin concentration and AEp. As the mucin concen-
tration increased, the AE, values rose and voltammogram peaks became
laterally broader. The AE, value strongly correlated with the logarithm
of mucin concentration in the range of 1-256 mg L™ (4E, = 10.4 In
[mucin] + 2.98, R? = 0.990). This may partly reflect the increase in
viscosity of the solution following the addition of mucin, which en-
hances flow resistance and prolongs the diffusion time in the bulk so-
lution [67]. Under the present experimental conditions, the
ferri/ferrocyanide redox system is expected to exhibit quasi-reversible
behavior at the applied scan rate, allowing AE,, to reflect combined ef-
fects of diffusion and electron transfer kinetics [68].

While the diffusion coefficients (D) of PF decreased with increasing
mucin concentrations (Table S2), the observed increase in AE, and its
saturation behavior in Fig. 2B indicate that factors beyond diffusion
contribute to the electrochemical response.

In particular, possible interactions between mucin and the electrode
surface or the redox probe may influence the effective electron transfer
kinetics, which could contribute to the observed increase in AE, [53].
Therefore, AE,, can be interpreted as reflecting the overall matrix effect,
including both viscosity-related diffusion changes and additional inter-
facial or kinetic contributions. Based on this relationship, the ratio AEp,
o/AE,; (Eq. (2)) is utilized as a correction factor (CF) to compensate for
matrix-induced analytical bias (Eq. (3)).

In summary, AE;, serves as a practical indicator of the overall matrix
effect within a physiologically relevant range, supporting its application
as a robust correction factor in salivary ion analysis.

3.3. Correction of salivary ions using CF

Next, we measured a mixed ion standard solution (0.05 mmol L1
each) using CE-C*D and corrected the detected peak areas of each ion by
applying the correction factor (CF) calculated from the relationship
between AE, and four mucin concentrations (0, 50, 100, and
200 mg L™1). The ions that were strongly affected by mucin concen-
tration in the absence of correction became nearly constant after
applying the CF (Fig. S5). To further assess the validity of the proposed
correction, selected cations and anions were analyzed using indepen-
dent analytical methods (Fig. S6). For cations, atomic absorption spec-
trometry (AAS) yielded values closer to the AE,-corrected CE results
than to the uncorrected values. Because AAS atomizes analytes in a high-
temperature environment, it is less affected by coexisting proteins or
mucin-derived matrix components. These results support the interpre-
tation that the AEp-based correction effectively compensates for matrix-
induced bias in CE cation analysis. Similarly, for most anions, ion
chromatography (IC) results showed better agreement with the cor-
rected values. Although both CE and IC are separation-based methods
that may be influenced by organic matrices, the improved consistency
after AE, correction underscores the mitigation of diffusion-related er-
rors. In contrast, the persistent underestimation only for Ca?" is
consistent with its specific chemical binding to mucin [40]. These results
demonstrate the applied method's ability to distinguish between phys-
ical viscosity effects and specific chemical interactions. However, they
also highlight a known limitation, i.e., the correction is ineffective for
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Fig. 2. (A) Cyclic voltammogram obtained at various mucin concentrations in 1 mM K3[Fe(CN)s] solution (Blank solution) using a GC vs. Ag/AgCl electrode. (B) The

relationship between mucin concentration and AE,,. All experiments were performed at a scan rate of 500 mV s

ions with a strong affinity for mucin. Crucially, viscosity effects persist
even at dilutions exceeding 1000-fold, i.e., a level where analyte con-
centrations fall below the limit of detection (LOD) of the CE system
rendering mathematical correction indispensable (Table S1). The
applicable range of the proposed AE,-based correction method corre-
sponds to mucin concentrations in the range of 1-256 mg L1, within
which there is a strong logarithmic relationship between AE, and mucin
concentration. Given that the mucin (MUC5B) concentration in actual
saliva falls within the range of 308.1-445.2 mg L™! [69], proper dilution
(25-fold for anions and 100-fold for cations in this study) would none-
theless make this method effective for nearly all ions in practice.

3.4. Correlation between shear viscosity, relative viscosity, and AE,

To compare AE, with the results of viscosity measurements, two
standard viscosity materials, methyl cellulose and mucin, were analyzed
using a rheometer, an Ostwald viscometer and CV (Fig. 3). For meth-
ylcellulose, all parameters (15, 17 and AE},) increased consistently with
increasing concentration. In contrast, distinct discrepancies were
observed for mucin depending on the measurement. While 7, (Fig. 3B)
and AE, (Fig. 3C) exhibited concentration-dependent increases, 7
(Fig. 3A) showed significant scattering, yielding no clear correlation.
The consistent trends observed in the Ostwald and CV methods suggest
that the viscosity of the mucin solution reliably increases with concen-
tration. Therefore, the data scattering in the rheometer measurements is

-1

likely attributable to the structural characteristics of mucin.

Mucin is susceptible to mechanical stress [49]; specifically, the shear
stress induced by the rotation of the rheometer plates may have desta-
bilized the gel network structure formed by the mucin molecules [50]. In
other words, it is difficult to dynamically measure the viscosity of a
non-Newtonian fluid like mucin using a rheometer. Furthermore, it
should be noted that Ostwald viscometers often exhibit measurement
variability in low-viscosity regions approaching that of water, which
may limit their precision for highly diluted samples. Cyclic voltammetry
detects viscosity-induced changes in molecular diffusion as a static
(non-mechanical) parameter. Therefore, AE, responds sensitively to
viscosity changes without physically disturbing the sample, making it a
reliable indicator for evaluating the viscosity of mucin-containing
samples, especially for non-Newtonian fluids such as saliva. Although
AEj, was strongly correlated with mucin-induced viscosity, it may still be
affected by experimental parameters such as scan rate, electrode surface
condition, and probe stability. Thus, the calibration curve (Fig. 3C)
should be interpreted as characteristic of electrochemical behavior in
complex biological matrices rather than an absolute standard.

3.5. Variations in salivary ion concentrations using the cold pressor test

Storage stability tests confirmed that AE,, values for saliva and mucin
remained stable at —20 °C for 7 days (Table S3), thus verifying that the
results were not impacted by sample degradation. Variations in salivary
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Fig. 3. Relationship between viscous standard substance concentration and shear viscosity (1), relative viscosity (17;) and peak potential difference (AEp). (A) Shear
viscosity measured using a rheometer (n = 90), (B) Relative viscosity measured using an Ostwald viscometer (n = 3) and (C) AE, measured by CV (n = 5). Mucin and

methylcellulose are represented by o and A\, respectively.
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ion concentrations and physiological indicators (pH, TP, CF, SG, BP, and
HR) before and after the CPT were visualized using slope graphs (Fig. S7
and Fig. 4). In repeated measurements, AE,-based correction altered the
apparent magnitude of ion concentration changes, indicating that
viscosity-related diffusion effects contribute to analytical variability in
CE measurements. Notably, CF values decreased after cold stimulation,
whereas TP values increased (Fig. 4). Previous studies have shown that
mucin secretion increases under low-temperature conditions [70],
which would elevate sample viscosity and consequently reduce diffusion
coefficients. Because AE, reflects diffusion-controlled electrochemical
behavior of the redox probe, the observed inverse relationship between
TP and CF is consistent with increased viscosity influencing electro-
chemical peak separation.

To quantitatively compare normalization strategies, total anion and
total cation concentrations were visualized as kernel density estimation
(KDE) heatmaps (Fig. 5). A narrower distribution corresponds to
reduced analytical dispersion. Compared with raw data (Fig. 5A), AE,-
based correction (Fig. 5B) produced a more compact distribution with
approximately 1.5-fold higher clustering density, particularly for an-
ions. This observation is consistent with diffusion-limited broadening
predicted by the Stokes-Einstein relationship, where increased viscosity
reduces diffusion coefficients and affects electrophoretic peak profiles.

The smaller improvement observed for cations may reflect partial
binding of multivalent cations to sialic acid residues in mucin, which can
modify effective mobility and conductivity response [66]. Such
ion-specific interactions are not directly addressed by bulk normaliza-
tion methods.

In contrast, SG-based normalization (Fig. 5C) improved cation clus-
tering but broadened anion dispersion. Because SG relies on refractive
index measurements influenced by hydration shells and ionic composi-
tion [71], it does not directly account for diffusion-related viscosity ef-
fects. TP-based normalization (Fig. 5D) increased variability for both ion
classes, suggesting that total protein concentration does not linearly
represent the diffusion behavior governing CE signal dispersion.
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These results demonstrate that AEy-based correction specifically
mitigates viscosity-associated diffusion bias rather than merely scaling
concentration values, thereby improving analytical robustness in mucin-
rich matrices.

3.6. Principal component analysis

Principal component analysis (PCA) was performed to evaluate the
effect of viscosity correction on multivariate ion profiles (Fig. 6). The
single-individual dataset (Fig. 4) was integrated with an independent
cohort of 12 healthy participants, resulting in a consolidated 40-sample
dataset for the multivariate analysis. Within this complete dataset, the
AE,-corrected data (Fig. 6B) exhibited clearer separation between the
cold stimulation and control conditions compared with the uncorrected
data (Fig. 6A). Consequently, although the individual changes shown in
Fig. 4 appeared modest when viewed in isolation, their combined vari-
ations were more clearly resolved within the multivariate PCA space.
Loading plots revealed that PC1 was primarily driven by Ca?*, NHf and
Cl™ reflecting inter-individual variability. Specifically, PC2 functioned
as an axis separating the cold and control groups, mainly driven by NO3,
SO7~, SCN~ and HPOZ . These ions exhibited strong negative factor
loadings, indicating their collective decrease in response to the cold
stimulation (Fig. S8). Importantly, the AEp-correction facilitated the
resolution of these CPT-related features within PC2, which were previ-
ously obscured by viscosity-induced noise in the uncorrected dataset.

This enhanced separation reflects a reduction in analytical variance
rather than an artificial amplification of biological signals—a phenom-
enon consistent with shifts in PCA structure reported following
normalization in metabolomic studies [72].

Rather than establishing definitive biomarkers, these identified ions
represent stress-associated variations that become more detectable after
correction of viscosity-induced bias. In particular, SO%~ and SCN~
showed increased loading contributions after correction. These ions are
linked to hydrogen sulfide metabolism [73,74], which is associated with
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Fig. 4. Changes in the corrected concentrations of salivary ions (meq L) before and after CPT (n = 8). Salivary pH values, total protein (TP) (mg mL '), correction
factor (CF), specific gravity (SG), blood pressure (BP, mmHg), and heart rate (HR, bpm) before and after CPT (n = 8). X-axis: B = CPT and A = after CPT.
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vascular regulation.

Overall, the PCA results demonstrate that AE,-based correction im-
proves multivariate analytical stability and enhances the interpretability
of ionomic data without artificially inflating group differences.

4. Conclusions

We developed an electrochemical viscosity-correction strategy based
on the AE, of a redox probe to mitigate diffusion-related bias in CE
analysis of mucin-rich biofluids. By linking AE, to sample-specific
diffusion behavior, this method provides a rapid, non-destructive, and
low-volume (10 pL) approach for correcting viscosity-associated
analytical dispersion.

Application of the AE,-based correction significantly improved the
robustness and multivariate stability of salivary ion profiling compared
with conventional normalization strategies such as specific gravity and
total protein adjustment. In both repeated measurements and an

independent cohort of healthy participants undergoing a CPT, the
correction enhanced the detectability of stress-associated ion variations
that were partially obscured in uncorrected data.

Rather than serving as a clinical diagnostic tool at this stage, the
proposed strategy establishes an analytical framework for minimizing
matrix-induced variability in complex biological samples. This approach
is broadly applicable to other non-Newtonian biofluids and provides a
foundation for improving reliability in ionomic analyses.
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AE, peak potential separation

n shear viscosity

nr relative viscosity

BP blood pressure

c'p capacitively coupled contactless conductivity detection
CE capillary electrophoresis

Cion corr_AE, corrected ion concentration
CPT cold pressor test

Ccv cyclic voltammetry

D diffusion coefficient

Epa peak oxidation potential

Epe peak reduction potential

GC glassy carbon

HR heart rate

KDE kernel density estimation

PBS phosphate-buffered saline

PF potassium ferricyanide

SG specific gravity

TP total protein
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