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ABSTRACT: Reproducible and in situ microbial detection, particularly of microbes
significant in urinary tract infections (UTIs) such as Candida albicans, provides a unique
opportunity to bring equity in the healthcare outcomes of disenfranchised groups like women
in low-resource settings. Here, we demonstrate a system to potentially detect vulvovaginal
candidiasis by leveraging the properties of multifilament cotton threads in the form of
microfluidic-thread-based analytical devices (μTADs) to develop a frugal microbial
identification assay. A facile mercerization method using heptane wash to boost reagent
absorption and penetration is also performed and is shown to be robust compared to other
existing conventional mercerization methods. Furthermore, the twisted mercerized fibers are
drop-cast with media consisting of L-proline β-naphthylamide, which undergoes hydrolysis by
the enzyme L-proline aminopeptidase secreted by C. albicans, hence signaling the presence of
the pathogen via simple color change with a limit of detection of 0.58 × 106 cfu/mL. The
flexible and easily disposable thread-based detection device when integrated with menstrual
hygiene products showed a detection time of 10 min using spiked vaginal discharge. The developed method boasts a long shelf life
and high stability, making it a discreet detection device for testing, which provides new vistas for self-testing multiple diseases that are
considered taboo in certain societies.

■ INTRODUCTION

Presenting as the most common outpatient disease, the
incidence of urinary tract infections (UTIs) is reported at
least once in 50−60% of adult women worldwide.1 The regular
occurrence and recurrent nature of certain UTIs manifest
themselves as increased burdens on primary healthcare
systems, as their incidence as a complication has been linked
to multiple additional diseases such as diabetes and
postpregnancy infections.1−6 Along with a significant economic
burden,7 UTIs have a prominent global social burden as well,
leading to a significant drop in the quality of life in the form of
sexual, physical, and emotional deterioration particularly in the
lives of women.2,8,9 The development of UTIs exacerbates the
existing inequalities present in societal structures particularly
affecting economically and socially disenfranchised women,
which tend to have lower access to healthcare facilities.2,9−11

The disparity is further cemented by the lack of resources
present for the reliable diagnosis of UTIs like bacterial
vaginosis (BV) and vulvovaginal candidiasis (VVC), denying
high-risk groups information vital for informed decision
making.4,7 Particularly in the case of VVC, the gold standard
of diagnosis consists of a combined approach integrating
microscopic examination from a vaginal or vulval swab with
relevant symptoms presenting on the patient.3,6

Around 75% of women belonging to childbearing age
experience VVC once in their life. Up to 9% of women in
different populations experience >3 episodes per year,
considered as recurrent vulvovaginal candidiasis (RVVC).12

Denning et al. estimated that by 2030, the population of
women with RVCC each year will increase to almost 158
million. This alone leads to the economic burden from lost
productivity of up to US$14·39 billion annually.4 These
facilities are limited to testing labs frequently absent or
overburdened in low-resource areas and do not facilitate
reliable in situ self-diagnosis of the infection, making cost a
limiting factor in the diagnosis of UTIs in high-risk low-income
groups. This inequality is most pronounced in developing areas
where the lack of substantial public outreach and existing
societal taboos results in instances of shame and guilt
associated with contracting UTIs, lowering the overall number
of cases reported and tracked.13,14 The lack of reliable, rapid,
and inexpensive tools to self-diagnose a UTI in a discreet

Received: February 13, 2021
Accepted: April 22, 2021
Published: May 3, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

12667
https://doi.org/10.1021/acsomega.1c00806

ACS Omega 2021, 6, 12667−12675

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anusha+Prabhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hardik+Singhal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+S.+Giri+Nandagopal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reshma+Kulal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prakash+Peralam+Yegneswaran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naresh+Kumar+Mani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naresh+Kumar+Mani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c00806&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00806?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00806?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00806?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00806?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/19?ref=pdf
https://pubs.acs.org/toc/acsodf/6/19?ref=pdf
https://pubs.acs.org/toc/acsodf/6/19?ref=pdf
https://pubs.acs.org/toc/acsodf/6/19?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c00806?rel=cite-as&ref=PDF&jav=VoR
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


manner presents a sizable problem affecting a large section of
vulnerable people leading to underdiagnosis3,7 of the problem
and a severe gap of information due to the inability to test a
large representative part of the population.
The loss of equity due to the erosion of autonomy disallows

personal choice in health significant decisions that furthers the
burden of the disease and loss of productivity, undermining the
social upliftment of many disenfranchised people.15 Sustainable
and more equitable growth on the lines of the sustainable
development goals put forth by the United Nations,
particularly goal 3 and goal 5, calls for the promotion of
good health and well-being supplemented by gender equality.16

These targets heavily rely on the availability of relevant
healthcare data to individuals, particularly women. Empower-
ing women by providing an avenue for them to personally
contribute to their own healthcare needs requires developing
testing techniques and modalities, which allow for self-
diagnosis of diseases of global interest, particularly UTIs.1,2

To benefit the primary stakeholders, nontraditional solutions
striking a balance between cost and performance as a means to
solve contextual challenges must be developed. A viable
approach toward this end can be pursued by deploying
microfluidic devices. Microfluidics possesses multiple favorable
properties such as low-volume operation, greater fluid
manipulation, facile operation, and modular construction
facilitating miniaturization and high portability, which make
them highly relevant in multiple interdisciplinary research
applications particularly in the field of diagnostics and
biosensing.17−22 Initially being fabricated by labor- and cost-
intensive processes like photolithography23 and micromachin-
ing out of materials like poly(dimethyl siloxane) and
poly(ethylene terephthalate),24 the current generation of
devices tend to employ materials that favor cost-effectiveness
and high scalability.25 They achieve these targets by
implementing cheaper and more readily available materials
such as cellulose-based substrates like paper with more “Do it
yourself” approaches to fabrication, which can further be

automated.26−32 Paper-based analytical devices or μPADs have
seen applications in fields such as diagnostics,29,33,34 environ-
mental monitoring,28 manufacturing, and food safety control.35

A further simplified version of analytical devices leverages
threads as the base medium has garnered significant attention
recently.36−45 These thread-based analytical devices or μTADs
provide further advantages of not needing the creation of
barriers and wells on the substrate itself. μTAD manufacturing
does not need multiple complicated steps and is usually done
via household items such as sewing needles or machines.41,45,46

These devices also easily integrate into objects such as sensors
and can provide additional tensile strength to the added
object.37 The base processes of operation in the μTAD are
driven by capillary action between the threads that drive the
sample to the sites where reagents are immobilized so as to
promote a reaction.38 These reagents can be designed to
leverage detection techniques such as colorimetry,47−49 which
provides a qualitative signal to the eye or to a smartphone-
based detection, which are further highlighted by the thread's
white color.49−51 Owing to their utility, μTADs have been used
to perform a myriad of assays including glucose assays,52

enzyme-linked immune-sorbent assays (ELISA),53 immuno-
chromatographic assays.54−61

Using the tenants of frugal science that promote the
development of cost-effective and highly scalable solutions,62

we have combined multifilament threads with a simple
colorimetric test, which uses an enzyme−substrate reaction
as a means of detecting the target biomarker. Generally, the
wicking property is essential in thread devices and is generally
impeded by the presence of hydrophobic substances like wax
and binders added to cotton threads in the manufacturing
process.42,63 This issue has been combatted by mercerizing the
thread to improve tensile and absorbing properties.62 Conven-
tionally, many groups have used hydrochloric acid (HCl)64,65

or sodium hydroxide (NaOH)41 and integrated sonication66 as
a means of mercerization. Using the aforementioned tedious
approaches for the removal of leftover residues in threads may

Figure 1. Schematic illustration of mercerized microfluidic-thread-based analytical devices (μTADs) and their utility in menstrual hygiene products.
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affect the pH of the substrate, thereby hindering the outcome
of the colorimetric test.67 To answer this burgeoning problem,
our group chose to explore and develop a noncaustic and easy-
to-use mercerization option using heptane wash in our
experiments. Then, we leveraged the mercerized μTADs as a
tool for microbial assay, which employs a colorimetric
substrate specific to a secretory enzyme of Candida albicans.
The relevant colorimetric substrate was drop-cast onto the
thread device, which wicked it up and created a device, which
could signal the presence of microbe qualitatively with a clear
and distinct color change. We have also integrated μTADs into
menstrual hygiene products, allowing for the detection of C.
albicans in simulated vaginal discharge samples, signaling an
infection (Figure 1). To the best of our knowledge, this is the
first study involving μTADs and menstrual hygiene products
like napkins and tampons for in situ detection of vulvovaginal
candidiasis in a robust and discreet manner, which can be
deployable in resource-constrained settings.

■ RESULTS AND DISCUSSION

Characterization of Mercerization Methods. Commer-
cial mercerization methods tend to use harsh chemicals with
high pH, which if left as a residue can be hard to remove and
may influence the results of colorimetric, immuno, and pH-
based assays performed on it. To test the effect of the
mercerization method on a pH assay, we used a thread
substrate to perform a pH-based colorimetric test in which
phenol red dye was drop-cast on the thread matrix. Then, the
color change of the dye was noted to assess the pH of the
thread. We observed that the in-lab developed heptane wash
technique, compared to other mercerization methods (Figure
2), was not caustic and easy to clean, therefore not impeding
the color change in the thread by possible residues. The
developed method allows for the addition of a new method to
the arsenal of mercerization methods, potentially increasing
sensitivity in assays in which pH is the principle indicating
property being pursued. The thread’s wicking properties are
the most essential part of a μTAD, and since the mercerization
methods are applied to boost the same, it is essential to
compare different methods available in their mercerizing merit.
We performed experiments to ascertain the water absorbency
and water penetration rates of two commercially available
threads that were used as the matrix for developing μTADs.
The threads used were twisted multifilament cotton (TMC)
thread and piping white glazed cotton (PWGC) thread. These
two particular threads are representative of the majority of
threads found in the market. The mercerization methods

tested include a sodium carbonate (Na2CO3) treatment, a
sodium chloride (NaCl)−hydrogen peroxide (H2O2)−hydro-
chloric acid (HCl) treatment, and our lab’s proposed heptane
treatment.
We assessed the penetration rate of water through 10 cm of

thread after adding 150 μL of the sample to both the threads
and the distance the water wicked to was noted with respect to
time and plotted for all of the methods and untreated thread
(Figure 3). We found that mercerized threads possessed

significantly more rapid penetration rates, possibly due to the
removal of hydrophobic substances and binders. On the other
hand, untreated threads displayed poor or nil penetration of
dye due to the presence of hydrophobic and waxy residues. In-
between the mercerization methods, varying results were found
for both threads. In the TMC thread (Figure 3a), heptane
wash performed better than the NaCl−H2O2−HCl treated
thread, but the best results were given by Na2CO3 treatment.
In the PWGC thread (Figure 3b), the heptane wash had
comparable results to the Na2CO3 treatment, but the NaCl
treatment afforded the best results. In both results, the heptane

Figure 2. pH study and comparison of mercerization methods: (a) TMC thread and (b) piping thread.

Figure 3. Water penetration rate (comparison) of (a) TMC thread
and (b) piping thread.
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wash performed best as a general method of mercerization with
reliably robust results in both threads.
A water absorbency assay was also performed on the TMC

and PWGC threads in which the water absorbency was found
out of 100% for all of the methods and plotted (Figure 4). The

heptane wash performed best in the TMC thread (Figure 4a)
and was comparably effective to the other methods in the
PWGC thread (Figure 4b), where the Na2CO3 showed the
best performance. We found that heptane wash was the best
general-purpose mercerization method compared to other
commercial methods.
A typical stress−strain curve is shown in Figure 5. We

observed that treatment of TMC and PWGC with heptane,
NaCl-H202-HCl, and Na2CO3 has a considerable effect on the
tensile strength. TMC thread showed maximum tensile stress
around 53.25 MPa, which is significantly higher than their
treated counterparts, which has a breaking point around 29
MPa. However, in the case of PWGC thread, both untreated
and heptane-treated threads showed similar tensile stress
values. On the other hand, NaCl- and Na2CO3-treated threads
showed slightly lesser tensile stress.
Thread-Based Colorimetric Microbial Assay. As a way

to test the efficacy of the medium, we used thread as the matrix
for a detection assay for C. albicans, a major opportunistic
fungal pathogen causing invasive and debilitating female
genital diseases.2,3,6,8 The gold standard methods for
diagnosing C. albicans infections include culture and nucleic
acid-based testing, which are labor- and technically intensive.
Instead, we implemented a method using L-proline β-
naphthylamide (PRO) substrate for targeting the enzyme L-
proline aminopeptidase, secreted by C. albicans to indicate its
presence in solution68 within 10 min colorimetrically with a
pink hue using cinnamaldehyde as an indicator. The assay
demonstrated competence quantitatively, indicating the

presence of C. albicans, as we observed that the intensity of
the pink color increased as the concentration of C. albicans was
increased (Figure 6).
Leveraging the quantitative change of color is a way to

visually signal the presence of C. albicans. We developed a
frugal and robust μTAD and assessed implementing the thread
as an alternative substrate to the culture-based time-intensive
methods used in diagnostic labs. We also assessed the effect of

Figure 4. Water absorbency assay (comparison) of (a) TMC thread
and (b) piping thread. Each experiment was performed three times.
Average value ± standard deviation was measured.

Figure 5. Stress−strain curve for different mercerization methods: (a)
piping thread and (b) TMC thread.

Figure 6. Thread-based colorimetric assay using heptane-mercerized
(a) TMC thread and (b) piping thread.
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mercerization on the intensity of the color change by plotting
the G-channel intensities of all of the color changes in the

treated and untreated thread with respect to the concentration
of C. albicans present (Figure 7), particularly by heptane wash.

Figure 7. G-channel intensity comparison of mercerization methods in (a) TMC thread and (b) piping thread. Each experiment was performed
three times. Average value ± standard deviation was measured.

Figure 8. C. albicans detection in spiked vaginal discharge using thread-device embedded in sanitary napkins: (a) TMC thread and (b) piping
thread.
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Compared to the untreated thread, heptane-treated thread
showed better results for lower concentrations of C. albicans
and comparable results for higher concentrations, a phenom-
enon more pronounced in the PWGC thread (Figure 7b) than
the TMC thread (Figure 7a). Compared to other methods of
mercerization, heptane wash showed comparably robust results
to the Na2CO3-treated thread. In the PWGC thread, we
observed relatively better performance of heptane wash
compared to the other mercerization methods and to the
mercerization in the TMC thread. These results further prove
the utility of heptane wash as a viable mercerization alternative
to traditional methods.
Vulvovaginal Candidiasis Detection Device. The true

utility of the μTAD developed is explored as a wearable,
robust, and in situ detection device for vaginal infections. The
flexible and discreet nature of the device allows for its seamless
integration into menstrual hygiene products, particularly
sanitary napkins and tampons (Figures 8 and 9). When the

μTAD was combined with menstrual hygiene products, the
signaling ability was tested using simulated vaginal discharge
samples. The results showed robust signaling and color change,
which could be used to detect infection. Biochemical
indication of infection tends to be a long and arduous process
involving diagnostic labs and culture times of up to 24−72 h
requiring significant prior expertise to perform. The high
volumes of biohazardous waste produced can pose great
disposal and storage issues as well. As a result, low-resource
settings tend to lack access to robust testing facilities. Our
proposed method is frugal, robust, and simple enough to be
performed at home discreetly with little to no technical
expertise. When integrated with menstrual hygiene products,
the device does not need additional disposal methods and can
be disposed of safely, mainly through incineration, like other
menstrual hygiene products. These devices have been shown
to have a significant shelf life and can be used immediately,
circumventing the need for fresh reagent preparation.
Realistically, the number of pathogens that lead to the

development of UTIs span a wider range. Compared to the
number of infections caused by Candida species, Enter-
obacteriaceae cause the majority of UTIs detected.69,70 As a
means to widen the net cast by the device when testing for
UTIs, multiplexing multiple detection modalities such as nitrite
tests and leukocyte esterase activity tests onto a singular
platform can help span the whole gamut of potential
pathogenic infections.71 We identify the utility of the medium
and device we have proposed to provide fabricating guidelines
for devices that potentially leverage the robust properties of the
thread-based assay toward detecting UTIs with sufficient
accuracy. Multiple threads spanning the surface of detection
can be used to simultaneously perform multiple assays, a
method that has been demonstrated before in other

applications.72 This method can boost the number of data
points that can be offered to a tester without sacrificing the
device’s flexibility when integrated into a menstruation
product.

■ CONCLUSIONS

Our research evidently establishes the utility of thread as a
viable substrate for microbial detection assays showing
multiple desirable properties such as low cost and ease of
disposal. We developed a completely novel device for the
detection of a globally significant disease, vulvovaginal
candidiasis, which relies on enzyme (L-proline aminopepti-
dase) and substrate (L-proline β-naphthylamide) reaction to
the presence of pathogen or microbe. Furthermore, our
research proposes a new and viable mercerization method of
using heptane wash (≈0.21 US$) to boost absorption and
penetration rates in threads and shows how this method is
highly robust compared to other methods of mercerization.
The efficacy of the method demonstrated provides another
option for mercerizing threads, which can benefit from the
advantageous properties of heptane, mainly its nonpolar and
noncaustic nature, availability, and ease of separation. We also
achieved a low cost of 0.22−0.28 US$ for the thread-integrated
sanitary napkin or tampon test for C. albicans. Additionally, the
ease of manufacture and high scalability of its production due
to easily automated production and less added parts make it
perfect for use in resource-scarce settings. This approach also
pave the way for other wearable devices used to detect diseases
that disenfranchise women, especially those that are sexually
transmitted. We envisage to improve and further explore better
manufacturing methods aimed toward reducing evaporation-
linked degradation and integrating image processing techni-
ques through smartphones to boost detection time and
objectivity in results.

■ EXPERIMENTAL SECTION

Materials. Twisted multifilament cotton (TMC) thread
(Simco) and piping white glazed cotton (PWGC) thread
(Simco) were purchased from a local craft store. Sodium
chloride (NaCl), hydrogen peroxide (H2O2), sodium carbo-
nate (Na2CO3), acetic acid, glycerol, urea, and glucose were
procured from Merck, India. Hydrochloric acid (HCl), n-
heptane, and potassium hydroxide were obtained from Loba
Chemie and SRL, India. L-proline β-naphthylamide (PRO) and
p-dimethylaminocinnamaldehyde (DCA) were purchased from
Sigma-Aldrich, India, and Loba Chemie, India. Calcium
hydroxide, bovine serum albumin (BSA), and lactic acid
were procured from Titan Biotech, HiMedia, and Finar
Limited, India. Sanitary napkins and tampons (Bella) were
procured from a local pharmacy. C. albicans (ATCC 24433)
was taken from the culture collection at Mycology Laboratory,
Department of Microbiology, Kasturba Medical College,
Manipal.

Thread Mercerization. Method 1: NaCl-, H2O2-, and HCl-
Based Method. Twisted multifilament cotton (TMC) and
piping white glazed cotton (PWGC) thread pieces (3 cm)
were taken and boiled in 2 M NaCl solution at 100 °C for 30
min on a heating mantle. Then, the thread pieces were
transferred to 0.01% H2O2 and soaked for 5 min, followed by
soaking in 0.01 M HCl for 5 min. Further, the thread pieces
were soaked and washed in Milli-Q water three times for 10
min each and then dried in a hot-air oven at 100 °C for 1.5 h.

Figure 9. C. albicans detection in spiked vaginal discharge using
thread-device embedded in tampons: (a) TMC thread and (b) piping
thread.
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Method 2: Na2CO3-Based Method. TMC and PWGC
thread pieces (3 cm) were boiled in 10 mg/mL sodium
carbonate (Na2CO3) solution at 100 °C for 5 min on a heating
mantle, followed by soaking and washing in Milli-Q water
three times for 10 min each. The thread pieces were dried in a
hot-air oven at 100 °C for 1.5 h.
Method 3: Heptane Wash-Based Method. TMC and

PWGC thread pieces (3 cm) were dipped in appropriate
volume of n-heptane solvent and washed thoroughly three
times (for about 30 s each), replacing the solvent before every
wash. The thread pieces were then washed in Milli-Q water
three times and dried in a hot-air oven at 100 °C for 1.5 h.
pH Study of Threads Treated with Different Mercer-

ization Techniques. To assess the effect of the mercerization
techniques on the pH of the thread, different mercerized TMC
and PWGC thread pieces (3 cm) were taken and 100 μL of
phenol red pH indicator dye solution was added to it. The
change in the color of the indicator on the thread based on the
pH of the thread was captured using Canon Eos 3000D DSLR
camera, and the pH values of the thread pieces corresponding
to the different mercerization treatments were measured using
pH strips.
Penetration Rate of Threads. To analyze the water

penetration rate in different mercerized TMC and PWGC
threads (10 cm), 150 μL of phenol red indicator solution in
water was added and the distance moved by the dye in thread
with time was noted using a ruler and stopwatch.
Percentage Water Absorbency of Threads. TMC and

PWGC thread pieces (3 cm) treated through different
mercerization techniques were taken and their dry weight
was measured using a weighing balance. Further, they were
dipped and soaked for 5 min in 1 mL of water taken in vials
separately. The water-soaked thread pieces were then weighed
again, and this weight was recorded as the wet weight of the
threads. The percentage water absorbency was measured using
the formula [((wet weight − dry weight)/ wet weight) × 100].
Tensile Testing. The experiment of tensile testing was

done in the universal testing machine (Instron 3366). In
general, tensile test is used to measure the tensile strength of
the specimen by applying load on two ends. In this study,
tensile testing was done for the TMC and PWGC threads
treated with heptane, NaCl-H202-HCl, and Na2CO3 and
untreated thread (control) using universal testing machine.
Threads measuring 10 cm were clamped onto the grip
mechanism connected to the machine, and the load was
provided.
Thread-Based Colorimetric Detection of C. albicans.

PRO substrate solution (50 μL, 2 mg/mL) was added to the
three sets of mercerized TMC and PWGC threads (3 cm) and
dried for 15 min after the substrate solution wicked properly
through the threads. Next, 100 μL of C. albicans cell
suspensions (different cell concentrations or CFU/mL spiked
in water) was added to the thread pieces and incubated at 37
°C for 15 min. DCA indicator solution (80 μL, 5.1 mg/mL)
was added, and the color change in the thread device was
captured after 10 min using a Canon Eos 3000D DSLR
camera. The green channel intensity values of the color formed
in the different threads were measured from the images using
Fiji software and normalized suitably.
Further, we embedded the PRO substrate-imbibed 3 cm

TMC and PWGC thread pieces (heptane wash mercerized) in
the inner layer of sanitary napkins and tampons. Simulated
vaginal discharge samples (300 μL/thread; 3.510 g/L sodium

chloride, 1.4 g/L potassium hydroxide, 0.222 g/L calcium
hydroxide, 0.018 g/L bovine serum albumin, 2 g/L lactic acid,
1 g/L acetic acid, 0.160 g/L glycerol, 0.4 g/L urea, 5 g/L
glucose, pH 4.6) spiked with C. albicans (2.24 × 106 CFU/
mL) were added to the sanitary napkins and tampons and
incubated at 37 °C for 15 min. DCA indicator (80 μL/thread)
was added to the thread-embedded spots of sanitary napkins
and tampons, and the color change in the regions was captured
after 10 min using a Canon Eos 3000D DSLR camera.
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