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This study employs zero-cost (=0.01 $) and durable thread-based devices to evaluate the quality of
simulated and commercial sanitizer samples through dye displacement assay (DDA). A diverse range of
sanitizer compositions, including ethanol concentrations of 55%, 75%, and 95% (v/v), were analysed. This
investigation encompasses an assessment of the marker type (Doms and Hauser brands) on the
migration distance of the dye region marked on thread devices. Our results demonstrate a proportional
increase in the migration distance of the dye with increasing ethanol concentrations due to a decrease
in the coefficient of viscosity and solvation power of ethanol on dye molecules. Additionally, a field trial
for the thorough assessment of commercial sanitizer quality using thread-based devices further

underscores the efficacy of this methodology. A calibration plot for a braided thread with Doms marker
Received 15th June 2024 d id liabl t titativel th th 0 tent in diff t ial
Accepted 6th November 2024 ye provides a reliable means to quantitatively assess the ethanol content in different commercia
sanitizer compositions. Our findings collectively highlight the significance of this innovative method as

DOI: 10.1039/d4ra04379k a valuable tool for quality control and assessment for public health and hygiene as well as for preparing
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1 Introduction

Since the earliest reports of its occurrence in Wuhan, Hubei
Province, China, in November-December of 2019," severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread to
various countries across the world, resulting in social, financial
and health crises>* at a global scale. In March 2020, the World
Health Organization (WHO) promptly classified it as
a pandemic*® with a rapid transmission rate and virulence®
owing to its mutations.”® Consequently, there was a demand for
timely and effective diagnosis using the reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR),’ lateral flow
assays'® and numerous other ultra-rapid test kits."*> Addition-
ally, several measures such as social distancing," wearing face
masks and gloves,”* and frequent use of disinfectants and
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sanitizers' were followed to curb the spread of the virus. Among
these, hand sanitizers, especially alcohol-based hand sanitizers
(ABHSs), have garnered popularity owing to their low cost and
high efficacy in minimizing infectious transmission as a result
of targeting and altering the structure of the protective viral
envelope, thereby affecting the viral life cycle and hence its
transmission.’® However, the efficiency of sanitizers directly
depends on variables including the type and concentration of
alcohol.””

For instance, ethanol-based sanitizers have been known to
exhibit greater and more robust viricidal activity than their
isopropanol counterparts.® For their effective action, the WHO
has recommended a concentration of 80% (v/v) ethanol in
2015."%° Considering the tremendous surge in the trade of
hand sanitizers, the subsequent shortage in supply, the desire
for higher profits coupled with the lack of good manufacturing
practices (GMPs) and verification by authorities have raised
various concerns on their quality.” This has led to instances
where the formulation is either diluted with water to yield less
than 60% (v/v) ethanol or ethanol is replaced with additives
such as methanol, which is not a specified ingredient.>® Such
activities not only reduce the efficacy of sanitizers against
infection but also lead to toxicity. Furthermore, they exert
a financial burden on the population, highlighting the
requirement for robust analytical tools to assess ethanol levels
in sanitizers.

Conventional methods such as gas chromatography,*
specific gravity testing using alcoholmeters® and FTIR* have
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been applied for determining the ethanol content in sanitizers.
However, they often involve time-consuming protocols, experts
and complex sample treatments.>® Moreover, the most
commonly used methods, namely, near- and mid-infrared
spectroscopy, although robust, rapid and reliable, continue to
be designed mainly for quality control by manufacturers® and
thus are not affordable by the general public, especially for
POCT. To address the aforementioned limitations, we introduce
a dye displacement assay (DDA) on thread-based microfluidic
devices for the precise monitoring of the sanitizer quality.

In this work, we leveraged braided thread devices with 1 cm
region shaded with black marker pen. Upon the introduction of
the sanitizer sample to the shaded region of the thread devices,
dye displacement occurs mainly due to its solubilization by the
ethanol present in the sanitizer. The migration distance
exhibited by the dye directly corresponds to the concentration
of ethanol in sanitizers. To the best of our knowledge, this is the
first research leveraging thread devices as zero-cost wearable
devices for monitoring sanitizer quality. In the literature, Aya M.
El-Hassanein et al., and Warongrit Sukma et al., have developed
a colorimetric approach for assessing the sanitizer quality;***
however, the utilization of thread-based wearable devices offers
advantages like portability, robustness and less cost over their
methods. Our research group has already demonstrated a frugal
way of leveraging plain thread-based devices for the
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colorimetric detection of pathogens®®?° and other applica-
tions.** The schematic illustration showing the thread-based
wearable sensors for monitoring the sanitizer quality using
the dye displacement assay is given in Fig. 1.

2 Materials and methods
2.1 Materials

Twisted Multifilament Cotton threads (Simco) were purchased
from local stores. The black markers of Hauser and Doms were
procured from a local stationary shop. The chemicals utilized in
this research, specifically 99.9% ethanol, was obtained from
Changshu Hongsheng Fine Chemical Co., Ltd, while 99-100%
pure glycerine was sourced from Oom Laboratories. Addition-
ally, a 30% solution of hydrogen peroxide (H,0,) was procured
from MERCK, India.

2.2 Fabrication of thread-based wearable devices

Thread-based analytical devices were fabricated by combining
three segments of thread, each measuring 28 ¢cm, which were
precisely cut from the cotton threads. These threads were
intricately knotted at the upper end and subsequently braided,
ensuring uniformity and consistency in the devices. Notably,
a 1 cm mark was introduced onto the braided threads using

Thread-Based Wearable Sensors for Monitoring Sanitizer Quality
Using Dye Displacement Assay

Thread-based wearable sensor for monitoring sanitizer quality
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Fig. 1 The schematic showing the thread-based devices for monitoring sanitizer quality using dye displacement assay.
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permanent markers. This process served as a critical calibration
step, enabling accurate measurements during subsequent
analyses.

2.3 Preparation and evaluation of simulated sanitizer
compositions for thread-based wearable sensor monitoring

The simulated sanitizer samples were prepared to replicate
a spectrum of compositions with varying ethanol percentages. It
was ensured that the concentrations of glycerine and hydrogen
peroxide remained constant, while the ethanol-water ratios
were systematically adjusted. Following this, the prepared
simulated sanitizers were effectively utilized for monitoring
sanitizer quality using the developed thread-based wearable
devices.

2.4 Assessment of simulated sanitizer samples using thread-
based wearable sensors

100 pL sanitizer sample was added onto braided thread devices.
High-resolution images of the devices were captured using
a Canon 80D camera. Following a standardized incubation
period of 60 seconds, the distance displaced by the ink was
measured using a calibrated ruler. The distances travelled by
the ink upon the addition of different concentrations 55% (v/v),
75% (v/v), and 95% (v/v) were plotted on a graph, enabling the
comprehensive analysis of the results. As a control experiment,
water was used. Further, to maintain consistency and ensure
the reproducibility of results, the trials were conducted in
triplicates. Two types of markers, Hauser and Doms, were
employed in this experiment, providing additional insight into
the potential influence of the marker type on the experimental
outcomes.

2.5 Comprehensive evaluation of commercial sanitizer
quality using thread-based wearable devices

Five different samples of commercial sanitizers obtained from
local vendors were collected and carefully preserved. Subse-
quently, each sample underwent testing using the fabricated
thread-based wearable devices by dropping 100 pL of the
sample. This comprehensive approach enabled the real-time
monitoring of sanitizer quality, demonstrating the effective-
ness of the developed methodology.

2.6 FT-IR analysis of plain thread, coated thread and thread
with ethanol

The assessment of functional groups present in plain thread,
coated thread and thread with ethanol was performed using an
FT-IR spectrometer (Shimadzu, India) in the ATR mode in the

range of 400-4000 cm™ .

2.7 Measurement of coefficient of viscosity

In order to understand the dependence of ethanol concentra-
tion on the wicking action of the thread-based wearable devices,
viscosity measurements were performed on various samples.
Solutions (20 mL) with different concentrations of ethanol, viz.,
55%, 60%, 65%,70%, 75%, 80% and 85% (v/v), were prepared,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which also comprised 1.45% glycerine and 0.5% hydrogen
peroxide in water.

Viscosity measurements were performed using an Anton
Paar MCR 702e rheometer (Anton Paar GmbH, Austria).
Approximately 2 mL of the solution was loaded onto the
rheometer. The measurements were done at room temperature
using 25 mm parallel plate geometry. Data acquisition was
performed using RheoCompass software (Anton Paar GmbH,
Austria).

The obtained data consisted of shear rates and the corre-
sponding shear stress values. For a Newtonian fluid, the shear
stress and the shear rate follow the relation

o =né (1)

where o is the shear stress, 7 is the viscosity and ¢ is the shear
rate. Data analysis for each concentration was done by dividing
it into windows of four consecutive data points. Each window
was fitted to the equation of a straight line (using MATLAB
Curve Fitting Toolbox) and the slope was extracted. These
slopes, which correspond to the viscosity, were then averaged to
obtain the final viscosity value. The sample standard deviation
was also calculated to obtain error bars.

2.8 Statistical analysis

The experimental results detailing the manual distance covered
by the dye after the addition of varying concentrations of
ethanol, specifically, 55% (v/v), 75% (v/v), and 95% (v/v), were
presented as mean values accompanied by their respective
standard deviations (SD). The statistical significance pertaining
to the mean dye displacement from the sample loading zone
was evaluated using the one-way ANOVA test using GraphPad
Prism 8 software. For all analyses, a significance level of p <0.05
was deemed indicative of statistical significance.

3 Results and discussion

3.1 Assessment of simulated sanitizer samples using thread-
based wearable devices via dye displacement assay (DDA)

The study employed low-cost and robust thread-based wearable
devices to assess the quality of simulated sanitizer samples
using a dye displacement assay (DDA). In this study, a range of
simulated sanitizer samples was prepared to mimic diverse
sanitizer compositions, encompassing a spectrum of ethanol
percentages, including 55% (v/v), 75% (v/v), and 95% (v/v).
Protocols were implemented throughout the formulation
process to ensure consistent concentrations of glycerine and
hydrogen peroxide while systematically adjusting the ratios of
ethanol to water (ESI Table 1t). In addition, our investigation
involved assessing the influence of marker type on ink migra-
tion distance utilizing two specific brands (Doms and Hauser).
We noticed that as the ethanol concentration of the simulated
sanitizer solutions increased, there was an increase in the
migration distance of the dye (Fig. 2a and b).

Furthermore, the migration distances demonstrated by both
Doms and Hauser markers were graphically represented (Fig. 3a
and b). Fig. 3a revealed a substantial increase in the dye
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Fig. 2

(a) Migration distance of the Doms marker dye upon addition with simulated sanitizer solutions containing varying ethanol concentrations,

specifically 55%, 75%, and 95% (v/v). (b) Migration distance of the Hauser marker dye upon addition with simulated sanitizer solutions containing

varying ethanol concentrations, specifically 55%, 75%, and 95% (v/v).

a)

% %k %k

* %k %k 1 Doms
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Fig. 3

b)

% %k %k
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Concentration of simulated sanitizer sample (% v/v)

(a) Mean migration distance of the Doms marker dye as a function of ethanol concentration, specifically 55%, 75%, and 95% (v/v). (b) Mean

migration distance of the Hauser marker dye as a function of ethanol concentration, specifically 55%, 75%, and 95% (v/v). Control is the water

sample.

migration distance from 55% (v/v) to 95% (v/v) ethanol
concentration, indicating a statistically significant difference (p
< 0.001). Similarly, for Fig. 3b, the same trend was observed for
the ethanol concentration 55% (v/v) and 95% (v/v) with (p <
0.001). However, the migration distance exhibited by the Hauser
marker upon the addition of 75% (v/v) ethanol did not show
a statistically significant difference compared to its 55% (v/v)
counterpart. The lack of a statistically significant difference in
the migration distance between 55% (v/v) and 75% (v/v) ethanol
with the Hauser marker could be ascribed to the specific
composition and solubility attributes of the marker ink. It is

37158 | RSC Adv, 2024, 14, 37155-37163

also possible that the formulation of the Hauser marker is
comparatively less responsive to ethanol concentration of 75%
(v/v).

The observed increase in the ink migration distance with
increasing ethanol concentrations of the simulated sanitizer
samples is closely tied to the reduction in the solution
viscosity,* disruptive power of ethanol, which reduces the
intermolecular forces (hydrogen bonds) among water mole-
cules* and also lowers the resistance to flow.** As a result, the
dye experiences increased mobility along the thread-based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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wearable devices, consequently increasing the migration
distance from the point of application.

In addition to the influence of ethanol concentration on
solution viscosity, another significant factor contributing to the
variation in migration distance lies in the composition of the
marker dye itself. In general, permanent marker ink is made up

View Article Online
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of a hydrophobic formulation, which includes a main carrier
solvent, a glyceride, a pyrrolidone, a resin, and a colorant or
dye.**” The dynamic relationship between the composition of
the marker ink and its solubility in ethanol (a universal solvent,
which can dissolve both hydrophilic and hydrophobic
compounds) is a major factor contributing to varying migration

Doms Marker
Commercial
Sanitizer Control (Thread- Control (Thread- Thread-based Thread-based
Brands based wearable based wearable wearable sensor wearable sensor with
sensor with water) sensor with with sanitizer sanitizer samples
water) samples
1
2
3
4
5

Fig. 4 Practical application of thread-based wearable sensors for estimating pure ethanol content via Doms marker dye migration, utilizing

different commercial sanitizer samples (samples 1-5).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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distance on threads. As the ethanol concentration rises, the
solvent's chemical nature enhances the solubility of the marker
dye. This enhanced affinity prompts the dye molecules to
disperse more readily within the ethanol-rich solution. Conse-
quently, the ink experiences reduced resistance when migrating
along the thread devices, leading to a notable increase in their
migration distance. Thus, the understanding gained from this
study offers promising prospects for assessing sanitizer quality
in resource-limited settings. Given that the principle of ink
migration in response to varying sanitizer compositions has
been established, this method could potentially serve as a cost-
effective and accessible means for evaluating sanitizer efficacy.

3.2 Comprehensive evaluation of commercial sanitizer
quality using thread-based wearable devices

A thorough assessment of commercial sanitizer's quality was
conducted utilizing the developed thread-based wearable
devices. Five distinct samples of commercial sanitizers,
procured from local vendors, were collected and preserved for
analysis. Based on the migration distance, a clear distinction in
ethanol content among the sampled sanitizers can be inferred
(Fig. 4). We also conducted control study with water and
observed no difference in the dye migration. This shows that the
dye migration is mainly due to the change in the ethanol
concentration. Further, the ethanol content in each of these
samples was quantitatively assessed. Fig. 5 represents the
migration distance of the dye (Doms brand) with different

6-

Bl Doms

Dye displacement (in cm)

Com 1 2 3 4 5

Commercial sanitizer samples

Fig. 5 Migration distance of the Doms marker dye upon addition with
different commercial sanitizer samples: sample 1, sample 2, sample 3,
sample 4 and sample 5.
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commercial sanitizer samples. The calibration plot yielded
a well-fitted curve represented by the equation y = 0.051x +
0.405, where the slope (m) and y-intercept (c¢) were 0.051 and
0.405, respectively. These calibration plots provided accurate
means to quantitatively assess the ethanol content in the ana-
lysed sanitizer samples. By analyzing the distance displaced by
the ink upon the addition of five distinct sanitizer formulations,
the ethanol percentages were determined and tabulated
(Table 1).

Upon examination of the data presented in Table 1, samples
3 & 4 exhibited ethanol concentration >85 (%v/v), samples 1 & 2
exhibited ethanol concentration =75 (%v/v) and sample 5
exhibited <55 (%v/v). This observed difference in ethanol
content underscores the remarkable effectiveness of the
employed methodology in sensitively discerning subtle varia-
tions in sanitizer formulations. These findings unequivocally
emphasize the significance of this innovative method as an
invaluable tool for quality control and assessment within the
realm of public health and hygiene.

3.3 Surface functionality analysis using fourier transform
infrared (FT-IR) spectroscopy

To assess the quality of the sanitizer by means of ethanol
concentration, FT-IR spectral analysis was carried out to inves-
tigate the chemical interactions of DOMS marker-coated cellu-
lose thread with and without ethanol using a Shimadzu FT-IR
spectrophotometer in the range of 4000 to 400 cm™ "' (Fig. 6).
It has been noticed that the plain cellulose thread exhibits
stronger O-H and C-O-C glycosidic bands at 3335 and
1103 cm ™, respectively. However, DOMS marker-coated thread
exhibited reduced intensities in the spectra due to the domi-
nating hydrophobic behaviour of the permanent marker
(90%)¢ over the polar cellulose surface, unveiling the surface
erosion and possible degradation of the cellulose polymer.*®
Upon the addition of ethanol, a sudden increase in the inten-
sities*® was observed, which is due to the intermolecular
hydrogen bonding interaction (charge transfer) between the
chemicals present in the permanent marker (toluene, xylene or
urethane)*® and ethanol, leading to the removal of the aromatic
moieties of marker ink and the addition of hydroxyl groups of
ethanol on to the surface of the cellulose fibre. The degree of
solubilization of the marker ink by different concentrations of
ethanol hence supports the identification of sanitizer quality by
means of the distance travelled by the ink over cellulose thread.
The availability of aromatic chemicals as mentioned is affirmed
in the spectra at 1580 cm ™" (C=C).

Table 1 Ethanol content (%) in different sanitizer samples as determined via thread-based wearable sensor analysis with Doms marker ink

Commercial sanitizer sample types

Mean displacement of the Doms dye (y) (in cm)

Concentration of ethanol (x) (% (v/v))

1 4.06
2 4.23
3 4.86
4 4.76
5 3.06

37160 | RSC Adv, 2024, 14, 37155-37163

71.66
75

87.35
85.39
52.09

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FT-IR spectra of plain cotton thread, thread coated with the DOMS marker, thread coated with the DOMS marker in addition to 95% v/v

ethanol and DOMS marker ink.

3.4 Capillary action-based study of the sanitizer on the
fabricated thread-based wearable devices

The viscosities of solutions containing varying concentrations
of ethanol 55%, 60%, 65%, 70%, 75%, 80% and 85% (v/v) were
measured. It was found that the viscosity of the solution
decreases with an increase in the ethanol concentration, as
evident from Fig. 7. The measured viscosities range from 2.58 +
0.01 mPa s for 55% ethanol concentration to 1.73 = 0.01 mPa s
for 85% ethanol concentration. This decrease in viscosity has
a significant effect on the migration of the sanitizer solution
through the thread-based devices.

The effect of viscosity on the wetted length due to the wicking
action in a thread can be understood using Washburn's equa-
tion,** given as follows.

(v cos 6) Dt

L=
4n

[m]. (@)
Here, L is the wetted length, v is the interfacial tension, ¢ is the
contact angle between the liquid and the thread surface, D is the
effective capillary diameter, ¢ is the time and 7 is the viscosity of

the liquid. It has been shown earlier that the surface tension y

© 2024 The Author(s). Published by the Royal Society of Chemistry

does not show a significant change at a high concentration of
ethanol (approximately beyond 50%) and hence can be
assumed to remain a constant for ethanol concentrations above
55%.** Thus, the wetted length is primarily dependent on the

Viscosity (mPa.s)
N

=
(=}

55 60 65 70 75 80 85

Ethanol Concentration (%)
Fig. 7 Viscosity of sanitizer solutions containing different concentra-

tions of ethanol. The error bars correspond to the standard deviation
of 3 samples.
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viscosity of the solution for various concentrations. The ratios of
wetted lengths (corresponding to various concentrations) with
respect to that of the highest viscosity solution (i.e., 55%) are
1.02, 1.05, 1.08, 1.11, 1.19 and 1.22 for 60%, 65%, 70%, 75%,
80% and 85% concentrations, respectively. These ratios are very
close to those of the mean migration distances obtained from
the experiment for DOMS marker dye.

The manual measurement of migration distance using
marker dyes on the thread surface is a direct and visual method
that eliminates the need for complex instrumentation. This
simplicity not only expedites the evaluation process but also
makes it accessible to a wider range of users, including those in
resource-limited settings. This differentiation aligns with the
goal of providing reliable and accessible means contributing to
Sustainable Development Goal 3 (Good Health and Well-being)
by ensuring the availability of quality healthcare. The low-cost
fabrication of these wearable devices further emphasizes their
potential for widespread implementation.

Also, the primary materials used to fabricate thread-based
wearable devices for sanitizer quality include cotton thread and
marker dye (both are widely accessible and cost-effective). Typi-
cally, a reel of high-quality cotton thread, sufficient for producing
numerous wearable devices, is priced <1 $. The marker dye, an
essential component for the displacement assay, is equally
economical. A standard marker, such as Doms or Hauser,
commonly used in this study, costs about 0.24 $ per unit. Given
that a single marker can be utilized for multiple displacement
assays, the cost per test is negligible (roughly 0.01 $). This low-
cost production demonstrates the affordability and accessibility
of this innovative methodology, making it particularly suitable
for resource-limited settings and large-scale applications.

4 Conclusion

This study introduces a robust and ultra-frugal approach of
employing zero-cost thread-based wearable devices to assess
sanitizer quality through a dye displacement assay (DDA). The
observed proportional increase in the ink migration distance is
due to the increase in the ethanol concentration (55% v/v to
95% v/v) of the sanitizer samples. Additionally, the solution's
viscosity and the interplay between marker dye composition
and its solubility in ethanol elucidate variations in the migra-
tion behaviour. These findings offer a promising avenue for
evaluating the sanitizer quality, especially in resource-limited
settings. Moreover, real-world applications, including assess-
ing commercial sanitizers for market compliance, hold great
potential in gaining customer's confidence. Ultimately, this
innovative approach can significantly impact public health and
hygiene, offering an accessible means to evaluate sanitizer
efficacy and ensure the availability of high-quality sanitizing
agents, thus enhancing community safety during bacterial or
viral disease outbreak.

Data availability

The data supporting this article have been included as part of
the ESIT and in the main manuscript.
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