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Biotin/avidin-free sandwich aptamer-based lateral
flow assay (ALFA) for the diagnosis of
Trichomonas vaginalis
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The development of low-cost, rapid point-of-care tests (POCT) for the detection of the parasite
Trichomonas vaginalis is listed in the recent WHO global research priorities for sexually transmitted
infections (STls). Aiming to contribute to this call and aid in ending STls as a public health threat, we report
the development of a DNA aptamer-based POCT for T. vaginalis. Herein, we report an aptamer-based
lateral flow assay (ALFA) based on dual aptamers for the detection of T. vaginalis. This is the first report of
an ALFA that does not rely on biotin/streptavidin for either capture or reporter molecule. Aptamer capture
and recognition relies on the use of an UV-crosslinked aminated capture aptamer on the nitrocellulose
membrane and gold nanoparticles (AuNPs) functionalized with a thioctic acid-modified reporter aptamer.
The developed ALFA has an estimated laboratory production cost of less than 1 € per test, with the running
buffer and the ALFA strip stable for at least 1 year at room temperature (22 °C). The assay requires three
simple operator steps from sample procurement to result with a 15-minute runtime. The developed ALFA
can detect down to 1.6 x 10° T. vaginalis per mL and shows no cross-reactivity to common vaginal
microorganisms and no matrix effect from clinical cervicovaginal lavage (CVL) samples is observed.
Preliminary clinical evaluation using CVLs demonstrated that the assay has perfect concordance with wet-
mount assay on matching vaginal swabs. The developed rapid test offers a simple, stable, and low-cost

rsc.li/sensors diagnostic test for T. vaginalis.

Introduction

The World Health Organization (WHO) estimated that since
2021, one million new cases of sexually transmitted infections
(STIs) occur daily worldwide." To control the wide spread of
STIs, the target product profile for the STI point-of-care tests
(POCTs)* was created and is continually updated to guide
developers in fulfilling the REASSURED criteria (real-time
connectivity, ease of sample preparation, affordable, sensitive,
specific, user-friendly, robust/rapid, equipment-free and
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delivered to end users).” However, only a few POCTs fully
comply with the set guidelines. Accessibility, affordability,
and integration within health systems of available POCTs
remain a challenge in the global implementation of POCTs
for STI management."*>

In 2020, a total of 374.3 million new cases of non-viral
curable STIs were recorded among adults aged 15-46 years,
with 42% or 156.3 million cases due to infection with the
Trichomonas vaginalis parasite.” This parasite is an anaerobic/
microaerophilic flagellate that typically invades the human
urogenital tract, although extragenital cases such as oral® and
rectal””® have also been reported. Several assays are available
for the laboratory testing for 7. vaginalis including the
traditional wet-mount microscopy and commercially available
tests for culture, nucleic acid amplification assays, and
immunoassays.”'® However, access to testing, even by high-
risk groups is very limited, leading to the still widely
practiced syndromic management of STIs, including
trichomoniasis. The development of low-cost rapid diagnostic
tests for T. vaginalis has been listed in the recently released
WHO global research priorities for STIs."* The target product
profile for T: vaginalis POCT includes a minimal specificity of
99% and a clinical sensitivity of 85% for clinician-collected
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samples. Moreover, the minimal sample is vaginal swabs,
urine is the optimal option, and the assay should be
completed in at most three simple operator steps with
minimal instructions for interpretation.” To the best of our
knowledge, there are only two commercial Clinical
Laboratory Improvement Amendments (CLIA)-waived POCTSs
for T. vaginalis, namely the OSOM Trichomonas Rapid Test'>
and the Visby Medical Sexual Health Test.'>'* The OSOM
Trichomonas rapid test is an immunochromatographic
capillary-flow T. vaginalis rapid antigen test that takes only 10
minutes to perform, while the Visby Medical Sexual Health
Test is a single-use, fully integrated, automated PCR in vitro
diagnostic test for the rapid detection and differentiation of
DNA from Chlamydia trachomatis, Neisseria gonorrhoeae, and
T. vaginalis. Both assays are so far only intended for use with
vaginal swab samples, and there is still a need for rapid and
simple 7. vaginalis testing in males. A serodiagnostic POCT
for T vaginalis in women and men has been recently
reported®® whilst more complex, near-patient tests that are
compatible with female and male specimens include the
Xpert TV assay'® and the Truenat® Trich chip-based real time
PCR test."”

Our group is working on the development of new T
vaginalis diagnostic assays to fill the gaps in the T. vaginalis
POCT field and contribute to the 2030 goal of eliminating
STIs as a public health threat."® We previously reported the
identification and application of aptamers with dual binding
to T. vaginalis in a microplate-based enzyme linked aptamer
assay.’® While the microplate assay is high throughput, it is
not compatible for use as a POCT. In this work, the
microplate-based aptamer assay was translated to an
aptamer-based lateral flow assay (ALFA), the first of its kind
for T. vaginalis testing. It fully exploits the flexibility of DNA,
and the final design does not rely on the use of biotin/avidin
either for immobilisation or in the gold nanoparticle reporter
conjugate, thus reducing costs and increasing stability. The
developed assay can be used for the analysis of clinical CVLs
and has great potential for further development as an
alternative POCT for screening for 7. vaginalis.

Experimental
Materials

The previously identified DNA aptamers pair for 7. vaginalis
(A1_14mer: 5'-ty5-gggegggegggtog-3' and A6: 5'-
agctccagaagataaattacaggggegggggggcgggggaggcggaaggectgcta-
aagtegttgtgagegaaccaactaggatactatgaceee-3')"®  and  control
oligonucleotide 33A (5'-az3) were purchased from Biomers
(Ulm, Germany). The gold(m) chloride trihydrate (HAuCl,),
bovine serum albumin (BSA) and radio-immunoprecipitation
assay (RIPA) lysis and extraction buffer were purchased from
Fisher Scientific (Barcelona, Spain). The phosphate-buffered
saline (PBS; 10 mM phosphate, 137 mM NacCl, 2.7 mM KCl,
pH 7.4), BSA, 3,3',5,5"-tetramethylbenzidine (TMB), IGEPAL®
CA-630, boric acid, sodium citrate, tris(2-carboxyethyl)
phosphine (TCEP) and horseradish peroxidase were from
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Sigma (Barcelona, Spain). Sodium acetate, acetic acid, and
sodium chloride were obtained from Scharlab (Barcelona,
Spain). The 40 nm citrate-capped AuNPs was sourced from
BBI Solutions (Crumlin, UK).

The prepared buffers include binding buffer (BB; PBS with
1.5 mM MgCl,), sample solution (BB with 1% (v/v) IGEPAL®
CA-630), running buffer (BB with 7.5% (v/v) BSA) and
conjugate buffer (5 mM borate buffer, pH 8.8 with 10% (w/v)
sucrose and 1% (w/v) BSA). All solutions were prepared using
high-purity water.

The lateral flow strip material absorbent pad and
nitrocellulose membrane were purchased from GE Healthcare
Life Sciences (Germany), the conjugate pad (grade 8951) from
Ahlstrom (Finland) and the backing pad from DCN DX (USA).
Cassettes were purchased from TV Plastics (India).

Microbial isolates

The protozoa T. vaginalis American Type Culture Collection
(ATCC) JH31A4 and PH401 were obtained from the PARADET
research group of the Universidad Complutense de Madrid,
Spain. Cells were inoculated in Trypticase-Yeast-Maltose
medium supplemented with 10% (v/v) heat-inactivated
bovine serum and incubated at 37 °C and 5% CO,.%°
Parasites were subcultured every 48 hours. Cells were then
collected and washed in PBS by centrifugation at 300 x g for
5 minutes. Live T. vaginalis cells were counted using trypan
blue exclusion method before suspension in the sample
buffer.

The yeast Candida albicans THEM 03243 and bacterial
isolates  Gardnerella vaginalis UGent 09.07, Klebsiella
pneumoniae ATCC 700603, Lactobacillus crispatus LMG 0479,
Lactobacillus gasseri LMG 9203, Lactobacillus iners FB 123-
CNA-4, Lactobacillus jensenii LMG 6414" were provided by the
Laboratory Bacteriology Research (LBR) (Ghent University,
Ghent, Belgium). Prior to suspension in lysis solution, C.
albicans on Sabouraud dextrose agar plate and K. pneumoniae
on tryptic soy agar plate with 5% (v/v) sheep blood were
incubated at 37 °C under aerobic conditions for 24 hours.
Additionally, G. vaginalis on chocolate agar plate and
Lactobacillus species on tryptic soy agar plates with 5% (v/v)
sheep blood were incubated at 37 °C under anaerobic
conditions for 48 hours and 24 hours, respectively.

Clinical samples

Four residual natural CVLs were from the AVEONS study, a
prospective observational study that investigated the role of
vaginal infections in pregnant women (between 16-20 weeks
of gestation) in Bukavu, Democratic Republic of the Congo.
Details regarding sample collection and analysis in the
AVEONS study are as previously described.>'* The AVEONS
study was ethically approved by the Internal Review Board of
the Catholic University of Bukavu (reference number UCB/
CIE/NC/016/2016), by the Ministry of Public Health (reference
number 062/CD/DPS/SK/2017) and by the Ethical Committee
of Ghent University Hospital (reference number PA2014/003).
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An informed consent form was signed by each woman who
accepted to participate in the study.

A gynaecological examination, including a speculum
examination with a sterile non-moistened speculum, was
performed prior to sample collection. During this
examination, the vaginal pH was determined by means of an
indicator pH paper (Hilindicator pH paper) and vaginal
swabs and CVL were taken after insertion of a sterile
speculum.

Vaginal swabs (COPAN) were taken by gently rolling the
tip against the midportion of the vaginal wall. One swab was
used onsite in the preparation of three vaginal smears and
the other one was stored for molecular testing. One of the
vaginal smears was immediately analysed by wet-mount
microscopy for the presence of clue cells, Candida and T.
vaginalis. The other smears were fixated and shipped to LBR
where they were Gram-stained for Nugent scoring to
categorize the vaginal microbiota as healthy (Nugent score 0-
3), intermediate (Nugent score 4-6) or bacterial vaginosis
(Nugent score 7-10).>> The Gram-stained smears were also
examined for the presence of Candida cells/hyphae and
biofilm.

The CVL was collected by rinsing the cervical and vaginal
mucosa with 10 mL of sterile physiological water and
recovering as much lavage as possible into a vacutube. The
CVLs were stored at -20 °C until shipment to the LBR,
respecting cold chain transport.

Preparation of reporter aptamer-AuNP conjugate

Citrate-capped gold nanoparticles (AuNPs) with an
approximate size of 20 nm were prepared by citrate reduction
as previously described.** The absorption spectrum of the
gold suspension was measured using the Cary 100 Bio UV-
visible spectrophotometer (Agilent).

The AuNPs were directly functionalized with the 14mer
aptamer modified at its 5' end with thioctic acid or thiol
using salt aging as previously reported,”® with minor
modifications. Briefly, the thiolated 14mer aptamer (20 uL of
100 uM) was first reduced by adding 1 pL of 10 mM TCEP
and 2 puL of 500 mM acetate buffer, pH 5.2 and letting it
incubate for 1 hour with mild agitation before addition to 1
mL of OD 1 AuNP suspension. The 14mer aptamer with 5’
thioctic acid (20 uL of 100 uM) was added directly to 1 mL of
OD 1 AuNP suspension. The AuNP and 14mer aptamer
mixture was incubated overnight in dark conditions with
mild agitation. Subsequently, 100 uL of 1 M NaCl and 10 pL
of 500 mM Tris-acetate buffer, pH 5.2 was slowly added to
the AuNP-14mer aptamer mixture at a rate of 10 puL every 20
minutes and incubated overnight in dark conditions with
mild agitation. Functionalization of the 40 nm AuNPs (BBI
Solutions) with thioctic acid-modified 14mer aptamer was
also carried out in the same way. The AuNP-14mer aptamer
conjugate was then centrifuged, washed three times and re-
suspended in 50 pL conjugate buffer. The spectrum of the
aptamer-functionalized AuNPs was acquired using the
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spectrophotometer (Cary 100 Bio UV-visible

spectrophotometer, Agilent).

Assembly of the aptamer-based lateral flow assay (ALFA)

The test strip consisted of 4 overlapping pads namely the
absorbent pad, detection pad, conjugate pad, and sample
pad assembled on an adhesive backing pad. The CF7 cotton
linter and FF170HP nitrocellulose membrane from Whatman
(Germany) served as the absorbent and detection pads,
respectively.

The detection pad consisted of FF170HP nitrocellulose
membrane with immobilized capture probes. Aminated
capture A6 aptamer was dispensed at the test line and an
aminated polyA (33A) oligonucleotide at the control line. The
probes were either manually drawn or spotted using a pipette
tip or, whenever available, automatically line dispensed using
the ALFRD automated lateral flow reagent dispenser
(Claremont Biosolutions). The optimum amount of capture
probes was determined by testing a range of concentrations.
Addition of salt in the capture probe solutions was also
investigated to increase the capture zone intensities whilst
maintaining the specificity of the test. The aminated
oligonucleotides were then exposed to 254 nm ultraviolet
(UV) light at 90 mJ cm™ for 5 minutes (CL-1000 UV
crosslinker, Analytik Jena).*® The optimum conditions for UV
crosslinking were determined by testing a range of UV energy
and exposure times.

The conjugate pad consisted of glass fiber (Ahlstrom) pre-
treated with 5 mM borate buffer, pH 8.8 and 1% (w/v) BSA
and dried at 37 °C for at least 2 hours before deposition of
the AuNP-14mer conjugate. The addition of Tween 20 in the
pre-treatment solution was also investigated. The pre-treated
conjugate pad was saturated and dried with AuNP-14mer
conjugate initially at OD 10 and was then optimized to
achieve low to no background signal.

Bound glass fiber (Whatman, Germany) served as the
sample pad. Use of cotton and Fusion 5 (proprietary
composition) materials were also tested. The assembled ALFA
pad was cut into strips (Advanced Sensor Systems P. Ltd.)
with respect to the dimensions of the housing cassette fitting
a 4 mm by 8 mm strip.

Optimization of the ALFA protocol

In the assay optimization using T. vaginalis cells, cells were
cultured at 37 °C for 48 hours then harvested and
resuspended in the ALFA sample buffer. The aptamer binding
buffer (BB; 10 mM PBS with 1.5 mM MgCl,) with or without
1% (v/v) IGEPAL® CA-630 and RIPA buffer were evaluated as
the ALFA sample buffer. For the ALFA running buffer,
different ionic concentrations of BB supplemented with BSA
were tested. Incorporation of BSA in different test
components (addition in the membrane blocking or test
running buffers or drying on the sample pad) and the use of
different types of sample pad or nitrocellulose membrane

were investigated. Regarding sample processing or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resuspension of the cells, separate or combined preparations
of the sample/cells and running buffers, adding IGEPAL and
BSA together in BB, were investigated. In running the assay,
sample buffer with or without cells were mixed with 3
volumes of running buffer. In the ALFA sample window, the
sample mixture at 200 pL was dispensed. Different ratios of
the sample buffer and running buffer were also evaluated.
The sample mixture was allowed to flow through the
membrane for 30 minutes, but a clear result could be
observed in less than 15 minutes.

Stability study

The ALFA strip and the BSA-based running buffer were stored
at 4 °C and 37 °C for 90 days and their stability was evaluated
at different time intervals. The ALFA pad was assembled
using the CF7 cotton linter (Whatman, Germany) as
absorbent pad, FF170HP nitrocellulose = membrane
(Whatman, Germany) as the detection pad, glass fiber pad
(Ahlstrom) with OD 5 of AuNP-14mer conjugate, and bound
glass fiber (Whatman, Germany) as the sample pad. The
aminated capture probe solutions in nuclease-free water, 5
uM of polyA oligonucleotide (33A) at the control line and 200
uM of A6 aptamer at the test line, were automatically
dispensed on the nitrocellulose membrane and then exposed
to UV 254 nm at 90 mJ em™> for 10 minutes for crosslinking.
The ALFA pad was cut into strips (4 mm by 8 mm), placed
inside the cassette, sealed in a bag with a desiccant, and
finally stored at 4 °C and 37 ©°C. The running buffer,
consisting of 1x BB supplemented with 7.5% (w/v) BSA, was
also stored at 4 °C and 37 °C and used over a 90-day period.

In running the ALFA, 4.0 x 10° cells per mL of T. vaginalis
was spiked in the sample buffer. A 1:3 ratio of sample
buffer: running buffer was then prepared and 200 pL was
dispensed on the sample window. The ALFA result was
recorded and photographed after 30 minutes.

Sensitivity of the ALFA

Serial dilutions of in vitro cultured T vaginalis in sample
buffer were prepared and used to determine the lowest
number of cells that could be detected with the ALFA. The
cells were suspended in sample buffer to reach 2.0 x 107 cells
per mL and then diluted 1/5 in sample buffer. For each cell
concentration, 200 uL of a 1:3 ratio of prepared sample:
running buffer mixture were dispensed to the sample
window. The ALFA result was recorded, photographed, and
line intensities were measured using the Cube LFA reader
(Biosynex Technologies, Germany) after 30 minutes.
Duplicate samples were analysed.

Analytical specificity

The ALFA tests were prepared as above and used to analyse T.
vaginalis and other vaginal microbial isolates. The cells were
suspended in the sample buffer at the following final cell
concentrations: 2.0 x 107 cells per mL of T. vaginalis, 6.7 x
10° cells per mL (ODss0 = 0.75) of C. albicans, and 1.5 x 10°
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cells per mL (ODs5, = 0.125) each of Gardnerella vaginalis,
Lactobacillus iners, L. crispatus, L. gasseri, L. jensenii, and
Klebsiella pneumoniae. Subsequently, 200 pL of 1:3 ratio of
cell suspension:running buffer mixture were dispensed to
the sample window of the ALFA. The ALFA result was
recorded and photographed after 30 minutes. Duplicate
samples were analysed.

Evaluation of the ALFA with biobanked clinical CVLs

Four residual clinical CVLs from the AVEONS study were
used in the preliminary application of ALFA on clinical
samples. These CVLs with at least 100 pL volume include one
T. vaginalis negative sample and three T. vaginalis positive
samples evaluated by wet-mount microscopy. One of the T.
vaginalis positive samples was also diagnosed positive for
bacterial vaginosis while the others had healthy vaginal
microbiota based on the Nugent scoring.

Briefly for analysis of the CVLs with the ALFA, 40 pL of
each CVL was mixed with 10 pL of 5x sample buffer. This
mixture was then diluted 1:3 with the running buffer to
reach 200 pL volume. The sample mixture was dispensed to
the sample window of the ALFA. The ALFA result was
recorded, photographed, and line intensities were measured
using the Cube LFA reader after 30 minutes.

Results and discussion
Test design

An aptamer dual pair was exploited in a sandwich format in
a paper-based chromatographic assay as a point-of-need test
for the detection of T. vaginalis. The full length 95mer A6
aptamer served as the capture aptamer immobilized on the
nitrocellulose membrane while the A1_14mer aptamer was
used as the reporter aptamer in this aptamer lateral flow
assay (ALFA). This system follows the order of aptamer-
analyte binding in the microplate assay'® where the
A1_14mer aptamer binds to the analyte first and followed by
the A6 aptamer for detection. The schematic for the biotin/
avidin-free ALFA is presented in Fig. 1.

Preparation of the aptamer-AuNP conjugate

In the preparation of AuNP-aptamer conjugate, the reporter
14mer aptamer was modified at the 5 end with thiol or
thioctic acid. The thiol provides a monothiol linkage to the
AuNP while thioctic acid allows dithiol linkages (Fig. 2a). The
similar absorption maximum of the peaks (527 nm) of the
AuNP-14mer conjugates suggest that similarly sized
conjugates were achieved using the aptamer with thiol (S) or
thioctic acid (TA) modifications (Fig. 2b). Modification of the
14mer with thioctic acid instead of thiol proved more
suitable for the assay as it provided a significantly more
intense signal (Fig. 2c). This may be attributable to less steric
hindrance on the aptamer-analyte binding provided by the
dithiol anchors of the thioctic acid-modified aptamer on the
AuNP. A higher stability of the AuNP-14mer conjugate can

Sens. Diagn., 2025, 4, 216-228 | 219
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Fig. 1 Schematic of the biotin/neutravidin-free ALFA for T. vaginalis.

also be expected with the thioctic acid compared to the thiol
linker due to its bipodal nature.?” In parallel, the preparation
of the AuNP-TA-14mer conjugate was optimised using 20 nm
and 40 nm AuNPs. A shift in the peak absorbance of the
AuNPs from 522 nm to 531 nm for the 20 nm AuNP and from
526 nm to 541 nm for the 40 nm AuNP was measured
(Fig. 2d), indicating functionalization of the AuNPs.?® And as
can be seen in Fig. 2e, the use of 20 nm AuNPs at OD 5 of
the AUNP-TA-14mer conjugate was observed to be optimal to
achieve specific test and control lines. Nonspecific signals
were observed with the use of larger AuNPs (40 nm) and
higher ODs of the AuNP-TA-14mer conjugates. Finally for the
preparation of the aptamer-AuNP using the salt-aging
method,* the 14mer aptamer with 5' thioctic acid (20 pL of
100 puM) was added directly to 1 mL of 20 nm AuNP
suspension (OD 1). The AuNP and 14mer aptamer mixture
was incubated overnight in dark conditions with mild
agitation followed by slow addition of the salt solution
consisting of 1 M NaCl and 500 mM Tris-acetate buffer, pH
5.2. The mixture was again incubated overnight in dark
conditions with mild agitation before washing the
suspension of the aptamer-functionalized AuNPs with the
conjugate buffer.

Optimization of ALFA buffers and material components

The initial ALFA experiments shown in Fig. 2 were conducted
using Tween 20 surfactant in the conjugate pad and faint
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aptamer conjugate

aptamer—Tv—aptamer complex
(ALFA + test line)

®

AuNP-14mer
33A probe

nonspecific test lines were observed in some cases. Whilst it
is desirable to minimise the use of proteins in the ALFA so as
to reduce costs, the use of BSA was explored as an alternative
additive to Tween 20 to improve test specificity. Indeed, as
can be seen in Fig. 3a, removal of the Tween 20 from the
conjugate pad and incorporation of 5% (w/v) BSA in the
running buffer led to reduction of nonspecific signal. In this
case, the conjugate pad in the ALFA consisted of glass fiber
pretreated with Tween 20-free solution, ie., 5 mM borate
buffer with 1% (w/v) BSA, and saturated with OD 5 conjugate
prepared with 20 nm AuNPs functionalized with thioctic
acid-modified 14mer aptamer via chemisorption. Alternative
strategies of incorporating BSA in the assay by deposition in
the oligo-functionalized nitrocellulose membrane and sample
pad led to very faint positive test lines. Comparison of
different sample pad materials (bound glass fiber, cellulose
fibre and Fusion 5) using only assay buffer without cells
(Fig. 3b) showed that bound glass fiber is the optimum
sample pad with it giving the only true negative signal.

The concentration and immobilization procedure of the
capture probes employed for the preparation of the detection
pad was then optimized. The FF170HP nitrocellulose
membrane was used due to the smooth fluid flow and
capture line formation as the use of more porous membranes
would lead to faster fluid flow and thus less intense capture
lines. A range of concentrations of both the control capture
probe 33A and the test capture probe A6 aptamer were
evaluated. In the case of the control line, 3 uM of 33A-amine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Preparation of the 14mer aptamer-AuNP conjugate. (a) Schematic representation; (b) absorption spectra and (c) ALFA testing of the AuNP
conjugates prepared using the 14mer aptamer with thiol (S) and thioctic acid (TA) modifications at the 5’; (d) absorption spectra of the AUNP-TA-
14mer conjugates prepared using 20 nm and 40 nm AuNP and (e) ALFA tests performed with the same conjugates. Legend: C = control zone, T =
test zone, a.u. = arbitrary unit, Tv+ = 4.0 x 10° cells per mL of T. vaginalis in sample buffer, N = negative/sample buffer only.

was observed to give an adequately intense but not too
intense signal (Fig. 4a), whilst for the test line a
concentration of 200 pM A6-amine aptamer was required to
obtain signals of strong enough intensities to be observed.
The difference in the signal intensities at the control and test
lines can be explained by the fact that at the control line
simple hybridization is occurring, solely relying on the A-T
base complementarity with polyA on the nitrocellulose and
polyT spacer on the AUNP-TA-14mer conjugate. At the test
line, aptamer-analyte-aptamer-AuNP complexation driven by
electrostatic ~ interactions,  hydrogen  bonding  and
hydrophobic interactions takes place and the formation of
three-dimensional structures are involved. UV-mediated
immobilization of DNA on the nitrocellulose membrane>**°
was also evaluated and UV exposure at 90 mJ cm™> for 10

© 2025 The Author(s). Published by the Royal Society of Chemistry

minutes was observed to be optimal and was thus used in all
further experiments (Fig. 4c). UV-mediated covalent
immobilization of aptamers on nitrocellulose membranes
has been previously reported as an attractive alternative to
physical or biotin/streptavidin-mediated immobilization,
eliminating the use of additional proteins and potentially
improving LFA consistency by promoting a more
homogenous aptamer immobilization on the membrane.****
Finally, salt-enhanced immobilization of the aptamer was
also explored in an effort to further improve its
immobilization efficiency on the membrane. It was
previously shown that the immobilization of DNA in the
presence of high concentration of metal salts like calcium
chloride improved the colorimetric signal in LFA more than
ten-fold, due to partial neutralization of the negative charge

Sens. Diagn., 2025, 4, 216-228 | 221
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Fig. 4 Preparation of nitrocellulose membrane. (a) Concentration of the control capture probe 33A-amine tested in the presence of T. vaginalis; (b)
concentration of the test capture probe A6-amine in the presence or absence of T. vaginalis; (c) duration of UV exposure (90 mJ cm™) to crosslink the
aminated probes on the nitrocellulose membrane; (d) use of calcium chloride (CaCly) in the capture probe solution for immobilization. Legend: C =

control zone, T = test zone, Tv+ = 4.0 x 10° cells per mL of T. vaginalis in sample buffer, N = negative/sample buffer only.

of the phosphate backbone of DNA after complexing with the
metal ion and consequent reduced repulsion between DNA
and the nitrocellulose membrane.*® In this work it was
observed that the addition of calcium chloride in the capture
probe solution hinders the aptamer-analyte interaction
(Fig. 4d) which may be attributable to a change in the
structure and therefore aptamer-target interaction in the
presence of cations.® Consequently, the detection pad was

222 | Sens. Diagn., 2025, 4, 216-228

prepared by automatic line dispensing of 3 uM control 33A
oligonucleotide and 200 uM test A6 aptamer on the FF170HP
nitrocellulose membrane followed by UV exposure at 90 m]J
cm™? for 10 minutes.

Another parameter studied was the ionic strength of the
aptamer binding buffer (BB) which was used as the test
running buffer. The incorporation of BSA in the running
buffer was found to be essential during the earlier

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experiments and further evaluation showed that increasing
the amount of BSA instead of the ionic strength of BB led to
more intense test lines and a 1x BB containing 7.5% (w/v)
BSA was used as running buffer in all further experiments
(Fig. 5a). The sample buffer that enables cell lysis and
aptamer binding was then optimized. As can be seen in
Fig. 5b, the use of BB alone or the use of RIPA buffer led to
false negative result, whilst the use of BB supplemented with
1% (v/v) IGEPAL® CA-630 provided a clean, specific signal. In
an attempt to simplify the system and reduce the number of
assay operational steps, an all-in-one sample and running
buffer was tested, combining IGEPAL® CA-630 and BSA in BB
but poor liquid flow on the membrane and a faint positive
test line were observed (Fig. 5c). The faint positive test line
may be due to inefficient cell lysis by IGEPAL® CA-630 due to
the presence of BSA in the solution. It is thus essential to
have a 2-step sample processing step, by first resuspending
and lysing the cells in the sample buffer followed by dilution
with the running buffer, prior to dispensing on the ALFA
sample window. The ratio of lysed sample to running buffer
were then assessed and a 1:3 ratio of lysis:running buffer
was found to be optimal for a true positive test line (Fig. 5d).

ALFA test stability

A study on the long-term stability of the developed ALFA and
the running buffer at 4 °C and 37 °C storage temperature was
conducted over a 90-day period using a single concentration of
in vitro cultured T. vaginalis (Fig. 6). Using Arrhenius Accelerated
Thermal Stability Studies®* it can be predicted that the ALFA

© 2025 The Author(s). Published by the Royal Society of Chemistry

has a predicted shelf-life of at least 1 year at room temperature
(22 °C). Using freshly prepared running buffer, the ALFA
remained functional when stored at 4 °C and 37 °C conditions
over the 90 days studied. Regarding the stability of the running
buffer containing 7.5% (w/v) BSA, the signal intensity was
relatively stable and almost equal to that observed on day 0 with
the freshly prepared buffer and the buffer stored at 4 °C. A
general decline in line intensity was observed with the buffer
stored at 37 °C for 20 days. The developed ALFA, with an
estimated laboratory-level production cost of less than 1 € per
test as detailed in Table 1, should be stored in dry conditions
and while freshly prepared running buffer is recommended,
buffer stored at 4 °C is also acceptable.

ALFA test sensitivity and specificity

The analytical sensitivity (Fig. 7) and specificity (Fig. 8) of the
developed ALFA were determined. Test of serially diluted
in vitro cultured T. vaginalis cells showed that the assay can
detect down to 1.6 x 10° cells per mL of T. vaginalis by visual
inspection. The developed ALFA requires more 7. vaginalis
cells than its microplate counterpart which has a LOD of 3.02
x 10* cells per mL,” while the commercially available
immunochromatographic OSOM Trichomonas test has a
LOD of 2.5 x 10° cells per mL."> The direct detection of cells
using aptamer-based colorimetric strip test have also been
reported for Vibrio fischeri requiring at least 40 cells per mL
(ref. 35) and for Ramos cells at a minimum of 4.0 x 10° cells
by visual inspection to 800 cells with the aid of a portable
strip reader.”® With antibody-based LFAs, a detection limit of

Sens. Diagn., 2025, 4, 216-228 | 223
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Fig. 6 Stability of the ALFA and the running buffer stored at 4 °C and 37 °C. Representative of duplicate tests. Legend: Tv+ = 4.0 x 10° lysed T.

vaginalis cells per mL, N = negative/sample buffer only.

10° cells per mL was reported for the direct detection of N.
gonorrhoeae cells.””

The specificity of the developed ALFA was then tested
using in vitro cultured microbial isolates typically found in

Table 1 Estimated cost of laboratory-level production of ALFA consisting of housed test strip that is 80 mm long (L) and 4 mm wide (W)

Part Cost per unit, € Cost per test, €
Cassette (excluding shipping fee) 0.0220 0.0220

Backing pad, pack of 50 80 mm x 300 mm pads (DCN, USA) 88 0.0235
Absorbent pad, roll of 22 mm x 50 m (Whatman, Germany) 201 0.1005

Sample pad, roll of 22 mm x 50 m (Whatman, Germany) 218 0.1090

Detection pad

Nitrocellulose membrane, roll of 25 mm x 50 m (Whatman, Germany) 287 0.1435

Control capture probe, 49 700 pmol (Biomers, Germany) 48.15 0.0010 (1 pmol)
Test capture zone, 6800 pmol (Biomers, Germany) 45.95 0.2703 (40 pmol)
Conjugate pad

Glass fiber, roll of 8 mm x 100 m 89.19 0.0036
AuNP-aptamer conjugate, 200 uL of OD5 1.73 0.1298

Buffers (sample and running)

BSA, 100 g 387.42 0.0436 (0.01125 g)
PBS with 1.5 mM MgCl,, 10 L 174 0.0035 (200 uL)
IGEPAL, 10 L 130 0.0007 (50 L)
Total 0.8388
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the vaginal environment. As can be seen in Fig. 8, the test
shows no cross-reactivity to C. albicans and common vaginal
bacterial species such as G. vaginalis, K. pneumoniae, L.
crispatus, L. gasseri, L. iners, and L. jenseni.

ALFA using clinical samples

Biobanked clinical CVLs were used to demonstrate the
compatibility of the ALFA with T. vaginalis testing in clinical
specimens. The use of ALFA in rapid testing for the presence
of T vaginalis in the biobanked clinical CVLs require three
operator steps as illustrated in Fig. 9a: (i) add and mix by
finger tapping the clinician-collected CVL to concentrated
sample buffer to reach 1x sample buffer, (ii) add and mix by
finger tapping the 1:3 of the sample suspension to a pre-
dispensed volume of running buffer, (iii) dispense sample

View Article Online

Paper

(200 pL) on the sample window and let run for 15 minutes
wherein the sample window showing two red lines (C and T)
means positive, one C line means negative, and no C line
means invalid test.

Recording of the test result in 5-minute intervals after
application of the sample showed that the assay selectively
captured and detected T. vaginalis with a clear response
observed in just 15 minutes (Fig. 9). The results obtained
with the developed ALFA corroborated perfectly with those
obtained with wet-mount microscopy for 7. vaginalis.
Moreover, the presence of other microorganisms in the CVLs
revealed by previous analysis of the same set of collected
samples evaluating the vaginal health®>"** did not affect the
detection of T. vaginalis using the ALFA. On the other hand,
the T. vaginalis negative sample according to wet-mount
microscopy was found to harbour vaginal bacteria such as G.
vaginalis, Lactobacillus, and Enterobacter and it was also
corroborated by the ALFA as T. vaginalis negative. The test
line in ALFA had different intensities possibly reflecting the
different severity of 7. vaginalis infection on the wet-mount 7.
vaginalis positive samples with abnormal vaginal pH of 6 and
7, however this cannot be confirmed considering that cell
counting is not done in wet-mount microscopy and the final
amount of lavage is also affected by situational conditions
during collection. Interestingly, a very intense test line in
ALFA was observed in the specimen with vaginal pH of 7
(CVL ID M143) and not on the specimen with bacterial
vaginosis based on the Nugent score (CVL ID M512). The
Nugent score and Amsel criteria are the two common
diagnostic tests for bacterial vaginosis.*® An elevated vaginal
pH, greater than the normal vaginal pH 4.5, is also used as
an indicator of infection however it can also be due to vaginal
douching, intercourse, and the presence of blood and
mucus.*>*

oniae off spatus

asse . inef®

| 1

_enil
L. !e“s b\a“\‘

Strains Concentration (cells/mL)|T intensity (a.u.)|ALFA result

Trichomonas vaginalis PH401 4.0 x 10° 36 Positive

Candida albicans IHEM 03243 6.7 x 10° 0 Negative
Gardnerella vaginalis UGent 09.07 1.5 x 108 0 Negative
Klebsiella pneumoniae ATCC 700603 1.5x 108 0 Negative
Lactobacillus crispatus LMG 04797 1.5 x 108 0 Negative
L. gasseri LMG 9203 1.5 x 108 2 Negative
L. iners FB 123-CNA-4 1.5 x 10® 2 Negative
L. jensenii LMG 6414" 1.5 x 108 1 Negative
blank (neat buffers only) 0 2 Negative

Fig. 8 Specificity of the ALFA. Representative of duplicate tests are shown. Intensity of T (test line) measured using ImajeJ (https://ij.imjoy.io/).

Legend: C = control zone, T = test zone, a.u. = arbitrary unit.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Sens. Diagn., 2025, 4, 216-228 | 225



https://ij.imjoy.io/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00342j

Open Access Article. Published on 22 January 2025. Downloaded on 2/20/2026 10:17:19 AM.

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

(cc)

View Article Online

Paper Sensors & Diagnostics
@ © (2 ©
- invalid invalid
15 mins
Add and mix the Add and mix 1:3 Dispense Check result window and interpret the result.
clinician-collected of the sample sample on the
CVL to concentrated suspension to a pre- sample window.
sample buffer to reach  dispensed volume of
1x sample buffer. running buffer.
[ ~ - - —
(b) ol F L F L £ L ; DL EEDE e e Method Clinical CVLID
T M512 | M143 | M226 | M024
= | | 5 3 0.
P T T T ALFA®  |T. vaginalis + + + —
A ® © JFla @ © JFla @ © J|la o ©o F —
- < - < - < - < o T. vaginalis + + + -
0 = Ll = o 8|y = o 8|l = o 2
£ 5SS =252 2|85 8 2|2 5 2 = wetmount 5 - —T T T
. . . . microscopy
5 mins 10 mins 15 mins 20 mins Candida _ _ - -
120 - —
—_ T. vaginalis + + NT NT
g 100 C. albicans - - + -
= 80 = =
_é' Enterobacter + +
2 60 K. pneumoniae = - = =
] qPCR —
.E 40 G. vaginalis + = = T
.g 20 F. vaginae e - - -
= L. crispatus - . N o
n 0 -
K] L. iners + + T 4
Candida + - r -
Candida (hyphae) - - - -
Gram stain
Biofilm - - - -
Legend: + = wet-mount TV positive Nugent score 8° 2° 0° 0°
—=wetmount TV negative pH paper |[Vaginal pH 6 7 6 6
a.u. = arbitrary unit ~ = -
Legend: " this study, ~ bacterial vaginosis, ~healthy vaginal

microbiota, NT = not tested

Fig. 9 Evaluation of ALFA with biobanked cervicovaginal lavages (CVL). (a) Workflow for the POC testing for T. vaginalis using ALFA. (b)
Application of the developed ALFA in clinical CVLs. Table shows summary of different assays done on the CVLs. Samples were analysed in ALFA in
duplicate measurements. Test line intensities measured using the Cube LFA reader (Biosynex Technologies, Germany).

Conclusions

The developed assay is the first aptamer-based paper
chromatographic assay for T. vaginalis and the first sandwich
aptamer-based paper chromatographic assay that is free of the
biotin/avidin system. The developed aptamer-based LFA is
specific to T vaginalis and compatible for use with clinical CVL
specimens. The assay serves as a simple alternative test for the
diagnosis of trichomoniasis requiring three simple operator steps
from sample-to-result. The assembled ALFA with an estimated
laboratory-based production cost of less than 1 € per test should
be stored in dry conditions and has a predicted shelf-life of at
least 1 year at room temperature (22 °C). Freshly prepared
running buffer is recommended, but buffer stored at 4 °C is also
acceptable. The test can detect down to 1.6 x 10° T. vaginalis per
mL without cross-reactivity to common vaginal microorganisms.
Preliminary evaluation using clinical CVLs showed that the assay
has perfect concordance with wet-mount assay on matching

226 | Sens. Diagn., 2025, 4, 216-228

vaginal swabs. The developed rapid test offers a simple, stable,
and low-cost diagnostic test for 7. vaginalis.

Work evaluating the assay's use on a larger number of CVL,
as well as evaluation for use with other clinical specimens such
as genital swabs and urine, is planned. The simple operation of
the assay and protein-free design of the ALFA strip, offers a
simple, stable, and low-cost diagnostic test for 7. vaginalis. It
has great potential to serve as near-patient test for the detection
of trichomoniasis. Work is ongoing to lower the number of cells
that can be detected by the developed ALFA, by incorporating a
nucleic acid amplification step exploiting the nucleic acid
nature of the aptamer and via the use alternative nanomaterials
and test configurations.

Data availability

Data for this article are available at the URV Repository at
https://repositori.urv.cat/en/.
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