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bilization of single-domain
antibodies using cellulose-binding modules for
AB5-type toxin detection in paper-based assays

Selma B. Belfakir, *ab Jonas A. Jürgensen, a Marcus Petersson, d

Max Stæhr Wraae,d Patrick Munk, c Suthimon Thumtecho, be

Mateus G. Masteghin, f Anne Ljungars, b Andreas H. Laustsen, abd

Sandra W. Thrane d and Georgina M. S. Ross *a

The rapid and sensitive detection of toxigenic Vibrio cholerae and enterotoxigenic Escherichia coli remains

a critical challenge for effective disease screening and environmental monitoring, which is essential for

guiding clinical management and outbreak control in regions where diarrheal diseases are endemic. To

address this, we developed a single-domain antibody (VHH)-based sandwich-format lateral flow assay for

the rapid and sensitive detection of cholera toxin from V. cholerae and heat-labile enterotoxin from

enterotoxigenic Escherichia coli in human fecal and environmental water samples. It can be challenging to

directly immobilize small proteins such as VHHs onto nitrocellulose while controlling their orientation to

support optimal binding. To overcome this challenge, a bifunctional fusion protein comprising a VHH and

a cellulose-binding module (CBM) was developed, enabling controlled orientation and immobilization of the

VHH on nitrocellulose membranes. Using this fusion protein as the test line in an LFA allowed for the capture

of cholera toxin and heat-labile enterotoxin across a wide dynamic working range (1–1000 ng mL−1), with

detection limits down to 12.5 ng mL−1 in human fecal samples and 1 ng mL−1 in water. The findings

presented here highlight the potential of using a CBM to facilitate the immobilization of a VHH in a sandwich

format lateral flow assay for the rapid and sensitive detection of bacterial toxins in complex matrices.
1. Introduction

Diarrheal diseases caused by bacteria that produce AB5-type
toxins, such as cholera toxin (CTX) from Vibrio cholerae or the
heat-labile enterotoxin (LT) from enterotoxigenic Escherichia coli
(ETEC), remain a leading cause of reduced quality of life,
morbidity, and mortality in low- and middle-income countries
(LMICs).1,2 These diseases are driven by inadequate access to safe
drinking water, in addition to poor sanitation and hygiene
practices, and are primarily spread via the fecal-oral route
through contaminated food or water. Following ingestion, ETEC
or toxigenic V. cholerae strains secrete toxins (LT or CTX, among
others), which attach to the monosialotetrahexosylganglioside
(GM1 ganglioside) receptor on intestinal epithelial cells through
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a pentameric B subunit (LT-B or CTX-B).1 Aer binding to GM1,
the toxin is endocytosed, initiating an intracellular cyclic aden-
osine monophosphate (cAMP)-driven cascade that ultimately
causes watery diarrhea and vomiting that can rapidly lead to
severe dehydration.1 Although manageable with oral rehydration
solutions and antibiotics in severe cases, ETEC and cholera-
mediated diarrhea remain a leading cause of morbidity and
mortality in LMICs.1,2 Particularly, cholera is still regarded as
a major public health concern across Africa, Asia, and Central
and South America, with the ongoing seventh cholera pandemic
continuing to expand and causing several million cases andmore
than a hundred thousand deaths worldwide each year.2 Similarly,
ETEC causes an estimated 220 million cases per year, signi-
cantly contributing to the global diarrheal disease burden.3,4 Due
to the similar toxin-driven virulence, V. cholerae and ETEC
infections are diarrheal diseases with overlapping clinical
symptoms.5 In this context, it is relevant to note that the toxin
subunits, CTX-B and LT-B, share approximately 80% identity at
the amino acid level,5 which highlights an opportunity for the
development of integrated diagnostic approaches that detect the
causative agent of these diseases.6

Typically, detection of ETEC and/or V. cholerae in the clinic
relies on bacterial culture. Although this method is specic and
inexpensive, it is slow (about 24 hours) and depends on
RSC Adv., 2026, 16, 21423–21437 | 21423
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laboratory infrastructure, limiting its use in many endemic
regions.7 For V. cholerae, commercial tests are available that
detect the presence of the bacterium, but their specicity and
sensitivity are variable.8 An overview of the tests available for the
detection of ETEC and V. cholerae can be seen in Table S1. Rapid
tests detecting bacteria can be negatively impacted by cross-
contamination, lytic bacteriophages, or antibiotics, leading to
false results.9,10 Such false results can lead to unnecessary public
health responses, as occurred in South Africa, where a suspected
V. cholerae outbreak was ultimately traced back to a laboratory
contamination.9,10 Another option well-suited to simultaneously
screening many targets is metagenomics. However, this method
has low sensitivity, requires deep and expensive sequencing, and
downstream computation. For example, the metagenomic
assemblies that revealed that non-toxigenic V. cholerae persisted
in Copenhagen sewage cost thousands of USD and took several
weeks to complete, making this method inappropriate for rapid
screening.11 Currently, the gold standard for detecting ETEC
infections is based on the polymerase chain reaction (PCR)
technology. While sensitive, PCR is slow and oen unavailable in
endemic regions due to the need for specialized laboratories.12

Rapid and sensitive detection of toxigenic bacteria that cause
diarrheal disease, such as V. cholerae and ETEC, is essential for
appropriate clinical management and for guiding timely health
responses.1,13 Recently, the Global Task Force on Cholera
Control (GTFCC) published a Target Product Prole (TPP)
pointing towards integrating CTX detection for optimal disease
monitoring.14 In line with this, there is a growing need for rapid
tests for bacterial pathogens that detect the primary causative
agent responsible for the main pathology of the clinical disease.
This approach offers the potential for improved specicity and
the ability to detect cases where culture conditions are unfav-
ourable.13 Compared to DNA-based methods, such as quanti-
tative PCR (qPCR) or metagenomics, toxin detection measures
the phenotype directly, showing that both transcription and
translation of virulence factors have occurred.

Lateral ow assays (LFAs) are potential candidates for rapid,
low-cost, detection of pathogenic bacteria as they fulll the criteria
of affordability (<3 USD) highlighted in the GTFCC's TPP, and can
conform to theWorld Health Organization's (RE)ASSURED criteria
(real-time connectivity, ease of specimen collection and environ-
mental friendliness, affordable, sensitive, specic, user-friendly,
rapid, equipment-free, delivered) that guides disease control
strategies and dene benchmark standards for point-of-care (POC)
diagnostics.15 Currently, two commercially available LFAs have
been approved by the GTFCC for cholera detection, but both target
bacterial surface antigens, which prevents them from discrimi-
nating between toxigenic and non-toxigenic strains.16–20 In
contrast, at the time of writing, no rapid tests are commercially
available for the detection of ETEC, although some have been
described in the literature, as summarized in Table S1.

Despite their benets, LFAs also have drawbacks as they oen
lack the sensitivity and specicity of other laboratory-based
methods.21 However, it should be recognized that on-site
screening assays such as LFAs have different performance
requirements than laboratory-based methods, and it is not strictly
necessary for on-site methods to achieve the same level of
21424 | RSC Adv., 2026, 16, 21423–21437
performance as their laboratory counterparts. With the emergence
of novel antibody formats with unique functions, such as single-
domain antibodies (e.g., VHHs), there is an opportunity to imple-
ment these as immunoreagents to improve the performance of
LFAs and allow the detection of targets that could be challenging to
reach with full-length antibodies.22–27 Single-domain antibodies
offer several advantages over conventional immunoglobulin G
(IgG), including their small size, allowing them to reach cryptic
epitopes, high stability, and efficient recombinant expression and
genetic engineering.23,24 Furthermore, their small size can allow for
a denser coating onto assay membranes, increasing the number of
available binding sites for capturing the target toxin, without
compromising affinity.23 However, their small size also makes it
challenging to immobilize VHHs in an oriented manner on nitro-
cellulose membranes. Previous studies have demonstrated that
cellulose-binding modules (CBMs), protein domains with high
affinity for cellulose, can be genetically fused to VHHs to enable
their direct immobilization onto cellulose-based materials.28,29

Crucially, CBMs can be fused to VHHs distal to their binding site,
allowing VHHs to be immobilized in an optimal orientation for
interacting with their target.

In this work, we have developed a sandwich-format LFA
using an engineered bifunctional fusion protein consisting of
a VHH with specicity towards both CTX and LT (anti-CTX/LT
VHH)30 genetically fused to a CBM as the test line. The assay,
which works in 15 minutes, has a wide dynamic working range
with the ability to detect CTX and LT down to concentrations of
12.5 ng mL−1 in fecal samples and 1 ng mL−1 in water samples.
These ndings demonstrate the promising nature of leveraging
CBMs to immobilize VHHs in LFAs for the rapid and precise
detection of bacterial toxins in complex samples to support
current diarrheal disease management practices.

2. Materials & methods
2.1. Matrix samples

Human fecal samples were purchased from Innovative Research
(USA) and Medix Biochemica (USA) (see Table S2 for a detailed
overview of the samples). Prior to testing, fecal samples were
diluted 1 : 1 in Milli-Q (MQ) water (>18.2 MU cm−1) from Milli-
pore (Burlington, USA) and vortexed to mimic diarrhea consis-
tency. Tap water was collected directly from the tap (Kongens
Lyngby, Denmark; Cinque Terre and Pisa, Italy; Casablanca and
Marrakech, Morocco; Amsterdam and Utrecht, The Netherlands;
Bali, Indonesia; Boston, The United States of America).

2.2. Toxins

For testing the LFA, all B-subunits, CTX-B, LT-B, and Shiga toxin
(STX) B-subunit were recombinantly expressed using E. coli,31

LT was expressed using the prototypical human ETEC strain
H10407 and consequently puried,31 and CTX was purchased
(Sigma-Aldrich, C8052).

2.3. VHH–CBM expression and purication

The anti-CTX/LT VHH (LT109)30,31was cloned into the pSANG10-3F
expression vector together with the sequence of either CBMCel6A
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(CBM1) or CBMCel7A (CBM2)32 and genetically fused with
a (GGGGS)3 linker. The anti-CTX/LT VHH–CBM1 or anti-CTX/LT
VHH–CBM2 constructs were transformed into E. coli BL21 (DE3)
and incubated overnight while shaking at 220 rpm in lysogeny
broth supplemented with 50 mg mL−1 kanamycin at 30 °C. 100 mL
of the overnight culture was used to inoculate 100 mL of auto-
induction medium, which was incubated for 72 hours at 30 °C
while shaking at 150 rpm. Cells were centrifuged at 4300 g for
30 min and the supernatant discarded, before resuspension in
5 mL g−1 of cell pellet in TES (30 mM Tris–HCl pH 8.0, 1 mM
EDTA, 20% sucrose (w/v)) supplemented with 1 tablet per 50 mL
of cOmplete Protease Inhibitor Cocktail (Roche, 11697498001),
1.5 mg g−1 of cell pellet lysozyme (Sigma-Aldrich, 62971), and 100
U DNase 1 (AppliChem, A3778) per 10 mL of TES. The resus-
pended cell pellet was vortexed and incubated at 30 °C while
shaking at 150 rpm for 30 min. Milli-Q water was added at a 1 : 1
(v/v) ratio, incubated on ice for 10 min, then centrifuged at 20
000 g for 30 min at 4 °C. Purication was performed by immo-
bilized metal affinity chromatography (IMAC) using gravity-ow
columns (Bio-Rad, 7321010). HisPur Ni-NTA resin (Thermo
Scientic, 10038124) was added to the supernatant at 50mgmL−1

and incubated at 4 °C and 150 rpm for 30 min. The resin-
supernatant mixture was added to chromatography columns.
The columns were washed twice with IMAC wash buffer
(Phosphate-Buffered Saline (PBS) with 200 mM NaCl and 20 mM
imidazole). Then, IMAC elution buffer (PBS with 200 mM NaCl
and 250 mM imidazole) was added to the column, and the anti-
CTX/LT VHH–CBM1 and anti-CTX/LT VHH–CBM2 were
collected. Protein concentration was determined by a spectro-
photometer (Thermo Scientic, NanoDrop One) at 280 nm.

2.4. VHH expression and purication

The anti-CTX/LT VHH was expressed in K. phaffii. First, a−80 °C
glycerol stock was inoculated in 20 mL BMGY media in a 50 mL
tube and incubated overnight at 30 °C while shaking at
160 rpm. The overnight culture was diluted to an OD600 of 1 in
100 mL BMY media supplemented with 2% glucose and incu-
bated overnight at 30 °C and 160 rpm, aer which 20 mL of 5 M
NaOH per liter of culture was added, and the mixture was
centrifuged at 15 000 g for 15 min. The supernatant was ltered
through a 0.2 mm lter. Purication was performed by IMAC
using gravity-ow columns. HisPur Ni-NTA resin was added to
the supernatant at 50 mg mL−1 and incubated at 4 °C and
150 rpm for 30 min. The resin-supernatant mixture was added
to chromatography columns and washed with IMAC wash
buffer, followed by a nal wash with IMAC wash buffer. The
protein was eluted with IMAC elution buffer, dialyzed overnight
at 4 °C against PBS using dialysis tubing with a 3.5 kDa
molecular weight cut-off, and concentrated to approximately
1 mL using a centrifugal concentrator. Protein concentration
was determined using a spectrophotometer at 280 nm.

2.5. Circular dichroism spectroscopic analysis of
recombinant proteins

The secondary structures of the antigen (CTX-B) and the VHHs
(anti-CTX/LT and anti-CTX/LT–CBM1) were examined using
© 2026 The Author(s). Published by the Royal Society of Chemistry
circular dichroism (CD) spectroscopy as previously described.33

Far-Ultra Violet (UV) CD measurements were conducted using
a JASCO J-1500 spectrophotometer (Easton, US) equipped with
a 0.1 mm quartz cuvette. The spectra were recorded by per-
forming 10 measurements between 250 nm and 190 nm, with
a bandwidth of 0.1 nm, intervals of 1 nm, and a scan speed of
50 nm minute−1.

The acquired spectra were processed and smoothed using
SpectraManager soware (JASCO), and graphs depicting the CD
spectra were generated using GraphPad Prism 10.
2.6. Chemical coupling to gold nanoparticles

50 mg anti-CTX/LT VHH and 50 mg mouse IgG (Sigma-Aldrich,
1003399526, USA) were chemically coupled to 40 nm carboxyl-
coated gold nanoparticles (AuNPs) at OD 20 (NanoComposix,
USA) according to the manufacturer's protocol (Protocol S1).28
2.7. Ultraviolet-visible spectroscopy of gold nanoparticle-
conjugated VHHs

Anti-CTX/LT VHH–AuNP and mouse IgG-AuNP coupling was
conrmed by ultraviolet-visible (UV-vis) spectroscopy (Shi-
madzu UV-1280 spectrophotometer). Milli-Q water and the
conjugate diluent were used as blanks prior to loading the bare
AuNPs and VHH–AuNP conjugates, respectively. Absorbance
spectra were measured from 400 to 800 nm and normalized to
the peak maximum. Conjugation was inferred by monitoring
the red-shi in the localized surface plasmon resonance (LSPR)
peak (lmax) of the AuNPs.34
2.8. Scanning transmission electron microscopy
characterization of gold nanoparticle-conjugated VHHs

A control sample (gold nanoparticles, AuNP), conjugated AuNP
(anti-CTX/LT VHH–AuNP) and conjugated AuNP in the presence
of antigen (anti-CTX/LT VHH–AuNP + CTX-B) were imaged via
scanning transmission electron microscopy (STEM). In brief,
the samples were prepared by diluting 2 mL of AuNP, anti-CTX/
LT VHH–AuNP or an anti-CTX/LT VHH–AuNP-antigen mix (2 mL
anti-CTX/LT-AuNP with 10 mL of 10 000 ngmL−1 CTX-B) in 98 mL
of ultrapure water. Lacey carbon-coated copper grids (Agar
Scientic) were glow-discharged for 10 seconds (current: 10 mA,
air: 3.0 × 10−1) using EM ACE600 (Leica Microsystem). 3 mL of
the prepared samples were drop-casted onto the glow-
discharged grids and incubated for 2 minutes before excess
was blotted off with lter paper. Following, 5 mL of uranyl
acetate was spotted onto the grid and incubated for 1 minute,
excess was removed by blotting, and the grids were washed with
5 mL MilliQ water. STEM was carried out in a Talos F200X G2
(Thermo Fisher Scientic) using a 70 mm C2 aperture and
“spot-size” 5, resulting in a probe current <100 pA and
a convergence semi-angle of 10.5 mrad. Images were acquired
using high-angle annular dark-eld, bright-eld, and dark-eld
detectors. Bright-eld TEM was performed to conrm the
crystal structure of the AuNP.
RSC Adv., 2026, 16, 21423–21437 | 21425
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2.9. Lateral ow assay fabrication

LFAs were developed on backed nitrocellulose membrane cards
(HF135NC; ow rate of 135 s/4 cm, Millipore, Merck, Germany).
Two glass-ber conjugate pads (Millipore, Merck, Germany)
were used with a 2 mm overlap. One conjugate pad contained
mouse IgG-AuNP diluted 1 : 1 in conjugate pad buffer (5 mM
borate buffer (BB) (pH 8.8), containing 100 mM sodium tetra-
borate, 100 mM boric acid (Sigma-Aldrich, Switzerland) with 5%
or 10% sucrose (Sigma-Aldrich, USA)) and dispensed at 10
mL cm−1, and the second conjugate pad contained anti-CTX/LT
VHH–AuNP diluted 1 : 1 in conjugate pad buffer and dispensed
at 20 mL cm−1. Both conjugates were dispensed using the mAirjet
of the XYLite BioDot platform (Irvine, USA). A 20 mm sample
pad (Millipore, Merck, Germany) was added below the conju-
gate pads with an overlap, and a 40 mm absorbent pad (What-
man, GE Healthcare, Germany) was affixed to the opposite end
of the nitrocellulose membrane with an overlap. Test and
control line reagents were diluted in 5 mM BB, 1% D(+)-treha-
lose dihydrate (w/v) (Carl Roth GmbH, Germany) and 1%
ethanol (VWR Chemicals, France) before dispensing (condi-
tions: 1 mL cm−1 at a rate of 20 mm s−1) using the BioDot
platform. The LFAs had 0.25 mg mL−1 of goat anti-mouse
F(ab0)2 (Jackson Immunoresearch, UK) as a control line and
1.5 mg mL−1 or 2 mg mL−1 anti-CTX/LT VHH–CBM as the test
Fig. 1 Schematic representation of the lateral flow assay architectur
enterotoxin (ETEC-LT)) is added to the sample pad and moves up the stri
G (IgG) chemically coupled to gold nanoparticles (AuNPs), and conj
chemically conjugated to AuNPs. When the sample reaches the conjuga
the antigens will bind to the anti-antigen VHH–AuNP. When this complex
antigen VHH–AuNP and the immobilized anti-antigen VHH–cellulose-bin
sample reaches the control line, the mouse IgG-AuNP from conjugate
remaining sample is absorbed by the absorbent pad. A negative test is r
represented by a line at the control and test regions. Antigen structures

21426 | RSC Adv., 2026, 16, 21423–21437
line. Aer dispensing, LFAs were dried for one hour at room
temperature, cut to 4 mm with a CM5000™ Guillotine Cutter
(BioDot, USA), and stored at room temperature in heat-sealed
foil bags with desiccant pouches until use. A schematic repre-
sentation of the developed LFA can be seen in Fig. 1.
2.10. Examination of immobilization of anti-CTX/LT VHH–

CBM

Ponceau S (Thermo Scientic, USA) staining was used to
examine the immobilization of anti-CTX/LT VHH–CBM1 onto
nitrocellulose in two different immobilization buffers (5 mM BB
with 1% trehalose or 5 mM PBS (Gibco, UK) with 1% trehalose
(w/v)), according to the method previously described.28,35
2.11. Determining the optimal running condition for the
lateral ow assay

An overview of the experiments is provided in Table S3. In the
following experiments, the antigen (CTX-B or LT-B) was diluted
to the desired concentration in running buffer (RB), which
consisted of PBS with 0.3% Tween-20. All tests were le to
develop for 15 minutes.

First, a comparison was made between LFAs with either
1.5 mgmL−1 anti-CTX/LT VHH–CBM1 or 1.5 mgmL−1 anti-CTX/
e. A sample containing antigen (cholera toxin or E. coli heat-labile
p by capillary action. Conjugate pad 1 contains mouse immunoglobulin
ugate pad 2 contains anti-antigen single-domain antibodies (VHHs)
te pads, the conjugates are released. When reaching conjugate pad 2,
then reaches the test line, a sandwich pair is formed between the anti-
ding module (CBM) with the antigen in between. Thereafter, when the
pad 1 will bind to an immobilized goat anti-mouse F(ab0)2. Finally, the
epresented by a single line at the control region, and a positive test is
are adapted from ref. 37 and 38.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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LT VHH–CBM2 as the test line (no control line) by inserting the
LFAs (n = 2) into a microwell containing 20 mL of CTX-B (0, 100,
or 1000 ng mL−1), 80 mL of RB (PBS with 0.3% Tween-20), and 2
mL anti-CTX/LT VHH–AuNP. Next, test line concentration was
assessed by testing the LFA with the preferred VHH–CBM at two
concentrations (1.5 and 2mgmL−1) and CTX-B (0, 100, 1000, 10
000 ng mL−1) using the same assay conditions as described
above.

Aer establishing the most appropriate CBM and concen-
tration, a comparison was made between an LFA with a test line
of 2 mg mL−1 VHH directly immobilized by passive adsorption
(LFA 1) and an LFA with a test line consisting of 2 mg mL−1

VHH–CBM (LFA 2). The LFAs were run (n = 2) by inserting the
LFAs into a microwell containing 20 mL of CTX-B or LT-B (0, 1,
10, 100, 1000 ng mL−1), 80 mL of RB (PBS with 0.3% Tween-20),
and 2 mL anti-CTX/LT VHH–AuNP.

Thereaer, the optimal RB was selected using the 2 mgmL−1

test line LFA in RBs containing PBS with 0%, 0.1%, 0.2%, or
0.3% Tween-20. Furthermore, three different AuNP (anti-CTX/
LT VHH–AuNP) volumes were tested: 2 mL, 3 mL, and 4 mL.
Conjugate pad buffers containing (i) 5 mM BB pH 8.8 with 5%
sucrose, (ii) PBS pH 7.4 with 5% sucrose, (iii) conjugate diluent
(0.5% PBS with 0.5% Bovine Serum Albumin (BSA) (Protease
and IgG-free, Jackson Immunoresearch, UK), 0.5% casein (Carl
Roth GmBH + Co. KG, Germany), 1% Tween-20 (Sigma-Aldrich,
USA), and 0.05% sodium azide (Ampliqon, Denmark)) or (iv) the
undiluted gold AuNPs directly sprayed onto the conjugate pad,
were compared. For these experiments, the LFA was tested in
blank RB or RB spiked with CTX-B (10 000 ng mL−1).

Lastly, using the same conditions as established above, LFAs
were tested in a total volume of 100 mL with 1%, 5%, 10%, and
20% fecal sample (sample #1) spiked with CTX-B (10 ng mL−1)
in RB.

Two concentrations (0.5 mg mL−1 and 1 mg mL−1) of anti-
alpaca IgG (VHH domain) were diluted in 5 mM borate buffer
containing 1% trehalose and spotted as a control line on
a nitrocellulose membrane. LFAs (n = 2) were tested in a blank
sample containing 100 mL RB and 2 mL anti-CTX/LT VHH–AuNP.

Using the optimal conditions chosen above, the LFA (test
line: 2 mg mL−1 anti-CTX/LT VHH–CBM1, control line: 0.25 mg
mL−1 goat anti-mouse F(ab0)2 specic) was tested (n = 3) in 5 mL
sample (RB or fecal sample) spiked with CTX-B or LT-B and 95
mL RB (PBS with 0.3% Tween-20). When spiked into RB, CTX-B
and LT-B were tested at 0, 1, 10, 100, 1000, 10 000, or 100 000 ng
mL−1, and when spiked into fecal samples, CTX-B and LT-B
were tested at 0, 1, 10, 100, or 1000 ng mL−1.
2.12. Optimization of LFA for fecal samples and
determination of the limit of detection

The RB was further optimized by inserting LFAs (n = 2) into
wells containing 5 mL of blank or CTX-B (100 ng mL−1) spiked
human fecal sample (sample #1) and 95 mL RB (PBS with 0.3%
Tween-20 with or without 0.5% BSA), and the test was allowed to
develop for 15 minutes. Next, using the conditions selected
above, the optimal conjugate pad positioning was determined
(conguration one: mouse IgG-anti-CTX/LT VHH (conjugate pad
© 2026 The Author(s). Published by the Royal Society of Chemistry
containing mouse IgG-AuNP overlapping the nitrocellulose
membrane) or conguration two: anti-CTX/LT VHH-mouse IgG
(conjugate pad containing anti-CTX/LT VHH overlapping the
nitrocellulose membrane)). Thereaer, two conjugate pad
drying buffers (5 mM borate buffer with 5% or 10% sucrose)
were assessed with the optimal conjugate pad positioning
(conguration two) using the same experimental conditions.

Using the optimal LFA conguration and conditions selected
above, the LFA (n = 3) was tested in 5 mL of human fecal sample
(sample #1) spiked with CTX-B, LT-B, STX-B, CTX, or LT at
concentrations of 0, 0.1, 1, 10, 100, and 1000 ng mL−1 or spiked
with CTX at concentrations 0, 12.5, 25, 50, and 100 ng mL−1,
and 95 mL RB.

2.13. Determining matrix interference in multiple fecal
samples

The LFA (n= 2) was tested in 11 individual fecal samples spiked
with CTX (0, 100, 250, 500, and 1000 ng mL−1) by inserting the
LFA into a well containing 5 mL of spiked or blank fecal sample
and 95 mL RB and allowing the test to develop for 15 min.

2.14. Detection of cholera toxin in tap water

The LFA (n = 2) was rst tested in blank or CTX-B spiked (1 ng
mL−1) tap water using different sample-to-RB ratios (100 : 0, 50 :
50, and 20 : 80). Thereaer, the LFA was inserted (n = 2) into
microwells containing 50 mL of tap water spiked with CTX-B (0,
1, 10, 100, and 1000 ng mL−1) and 50 mL RB (PBS with 0.5% BSA
and 0.3% Tween-20) and the signal was allowed to develop for
15 min. Blank tap water samples from eight different cities were
tested (n = 2) using the 50 : 50 sample-to-RB ratio.

2.15. Smartphone-based readout

Aer 15 minutes, all LFAs were removed from the wells and
inserted into a handmade cardboard lightbox (Fig. S1), and a photo
was recorded by smartphone (Google Pixel 2XL, Google LLC, USA)
using the free OpenCamera app (v.1.51.1). Subsequently, the
smartphone images were analyzed using ImageJ36 as previously
described.28 Aer splitting the images into their respective red,
green, and blue (RGB) color channels, a green channel pixel
intensity (GCPI) reading was taken from the test line and from the
background below the control line. The green channel was used
because it showed the largest pixel-intensity response. The GCPI
measurement from the test line was then subtracted from the
background to obtain the corrected GCPI (cGCPI). In this work,
a cGCPI value above 3 indicates a positive test.

3. Results and discussion
3.1. Identifying optimal conditions and CBM–VHH pair for
rapid toxin detection

The VHH used in the LFA (anti-CTX/LT VHH) has been charac-
terized for binding to specic conserved residues of the LT-B/
CTX-B GM1 binding pocket.30,31 CD spectra conrmed the
correct folding of the recombinantly expressed proteins
(Fig. S2), showing b-sheet-rich structures which is characterized
by a positive peak around 195 nm and a negative peak around
RSC Adv., 2026, 16, 21423–21437 | 21427
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Fig. 2 Calibration curves and smartphone photographs of developed lateral flow assays with single-domain antibodies (VHHs) directly
immobilized at the test line or immobilized using a cellulose-binding module (CBM), tested in duplicate in an increasing concentration range (0–
1000 ng mL−1) of cholera toxin B-subunit (CTX-B) in pink or ETEC-LT B-subunit (LT-B) in black, spiked in running buffer. LFA 1 has the VHH
directly immobilized by passive adsorption on the test line, whereas LFA 2 uses a CBM to anchor the VHH to the test line. Calibration curves are
plotted as the corrected green-channel pixel intensity (cGCPI) of the test line against toxin concentration. Error bars display the standard
deviation (n = 2) between replicates. T indicates the test line, and the eye icon indicates the lowest concentration that could be visually
distinguished from the blank signal by naked eye (i.e., the visual LOD).
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215–218 nm, as expected for both VHHs and CTX-B. Therefore,
CTX-B and LT-B were used to spike the RB and evaluate the
LFAs. The planned detection scheme is represented in Fig. 1.

To select the most appropriate on-strip conditions for the
LFA, several optimizations were carried out. First, the optimal
immobilization buffer was evaluated by Ponceau S staining
(Fig. S3). A buffer containing 5 mM BB and 1% trehalose
resulted in the most intense staining, indicating that more
protein was immobilized, as Ponceau staining can detect
protein on nitrocellulose membranes.35 Next, LFAs with test
lines consisting of the anti-CTX/LT VHH fused to either CBM
family 1 cel6a (CBM1) or cel7a (CBM2) were compared. These
CBMs differ in their binding affinities for cellulose,32 allowing
identication of the most effective CBM for immobilizing the
VHH. The anti-CTX/LT VHH–CBM1 (2 mg mL−1) fusion
improved the assay performance as the test line signal inten-
sities developed on this test were observably more intense at all
tested concentrations of CTX-B compared with the signal
intensity on the test using an anti-CTX/LT VHH–CBM2 test line
(Fig. S4a & b).

To test the hypothesis that CBMs enhance the immobiliza-
tion of VHHs onto (nitro)cellulose membranes, as has previously
been reported,28 an LFA with VHH directly immobilized at the
test line (LFA 1) was compared to an LFA in which the VHH was
immobilized via a CBM (LFA 2) fused to the C-terminal (Fig. 2).
When tested in RB spiked with either CTX-B or LT-B, the LFA
with the bifunctional VHH–CBM (LFA 2) produced a stronger
21428 | RSC Adv., 2026, 16, 21423–21437
signal and a sharper test line. This suggests that the CBM
enabled more controlled anchoring at the test line. In contrast,
VHHs that were passively adsorbed onto the nitrocellulose
membrane resulted in a slightly more diffuse test line, which
likely contributed to the reduced signal intensity and could
indicate less controlled immobilization. Furthermore, when
spiked with LT-B, a lower visual limit of detection (LOD) was
observed. Since the concentrations tested were based on 10-fold
dilution steps, a lower visual LODmight have been observed for
LFA 2 (VHH–CBM) if tested in RB spiked with CTX-B at smaller
concentration intervals (e.g., 2-fold). This indicates that CBM-
mediated immobilization improves the anchoring of VHHs at
the test line, either by enhancing VHH binding to the nitrocel-
lulose membrane or by ensuring optimal immobilization
orientation, facilitating target interaction.

Thereaer, the assay RB was optimized by increasing the
Tween-20 concentration to facilitate ow and minimize non-
specic interactions, with 0.3% producing the most intense
test line signal at 10 ng mL−1 CTX-B (Fig. S4c).

Before implementing conjugate pads into the test architec-
ture, different volumes of anti-CTX/LT VHH–AuNP were
compared to determine which volume produced the most
intense specic signal in spiked RB without introducing false
positives in blank RB. Using 4 mL AuNPs yielded the most
intense test line signal when tested in a 1

2-dipstick LFA format
(Fig. S4d); therefore, this volume was used to prepare the
conjugate pads.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Successful conjugation of VHH to 40 nm AuNPs (space group
Fm�3m, as shown in Fig. S5) was conrmed by ultraviolet-visible
spectroscopy (Fig. S6), showing a 4 nm red shi in the localized
surface resonance peak (lmax shied from 523 nm to 527 nm).
The maintenance of a sharp, symmetrical peak prole post-
conjugation indicates the resulting nanoconjugates remained
monodisperse (Fig. S6). Fig. S7 and S8 shows bright-eld STEM
images of the AuNPs (Fig. S7a), anti-CT/LT-AuNP (Fig. S7b and
S8a), and anti-CT/LT-AuNP–VHH (Fig. S7c and S8b), in which
the contrast is mainly dened by mass-thickness properties
and, therefore, displays the AuNPs as the darkest feature fol-
lowed by the protein (or protein plus CTX-B antigen). In
Fig. S7a, the AuNP lies on the carbon support lm without any
clear “deposits” around it, whereas the functionalised AuNPs
exhibit a distinct “halo” surrounding the particles. This “halo”
was attributed to the anti-CTX/LT VHH and a mixture of anti-
CTX/LT VHH and antigen (CTX-B), in which the antigen
doubled the diameter of this carbonaceous matter surrounding
the particle. Another indication that the VHH functionalization
worked is the agglomeration of AuNPs in the presence of CTX-B
(Fig. S8b). This could be caused by CTX-B being bound by
multiple anti-CTX/LT VHH–AuNPs simultaneously, leading to
agglomeration of the AuNPs.

Moving from a wet 12-dipstick LFA (i.e., without a conjugate or
sample pad) to a full-format LFA with AuNPs dried down and
pre-stored in a conjugate pad oen impacts assay performance
and thus requires optimization. Here, three different conjugate
pad buffers were compared using a 1 : 1 dilution of the conju-
gate (anti-CTX/LT VHH–AuNP) in each buffer. A fourth condi-
tion was also compared; this condition used anti-CTX/LT VHH–

AuNP directly on the conjugate pad, without dilution in buffer.
Fig. 3 Calibration curves and smartphone photographs of the develop
cholera toxin B-subunit (CTX-B) or ETEC-LT B-subunit (LT-B), spiked in
1000 ng mL−1). Calibration curves are plotted as the corrected green cha
Error bars display the standard deviation (n= 2) between replicates. C indi
the lowest concentration that could be visually distinguished from the b

© 2026 The Author(s). Published by the Royal Society of Chemistry
It was found that conjugate pads with a 1 : 1 dilution of conju-
gate in 5 mM BB (pH 8.8) were the most optimal, as these
conditions allowed for complete rehydration and release of
conjugate from the pad upon wetting (Fig. S4e). Low-
concentration buffers, such as BB with stabilizing agents such
as sucrose, are typically recommended as conjugate pad buffers,
as they ensure long-term stability of the dried-down conjugate
while allowing complete rehydration.39

The assays were initially optimized using 20% toxin-spiked
RB diluted in 80% RB. However, when testing fecal samples,
it was determined that 5% (spiked or blank) fecal sample in
(95%) RB was the most appropriate for running the assay
(Fig. S4f) as it allowed for the most consistent sample ow and
for total conjugate pad rehydration, resulting in a clear strip
background. However, reducing the sample volume from 20%
to 5% also reduced the concentration of antigen available for
binding (Table S3); therefore, the reduction of sample volume
can be considered a compromise that limits assay sensitivity
but improves specicity by limiting matrix effects in fecal
samples.

The LFA's test line signal intensities decreased proportion-
ally (resulting in a decreased cGCPI value) to the decreasing
concentration of CTX-B or LT-B in the sample, reaching a visual
LOD of 1 ng mL−1 for CTX-B and 10 ng mL−1 for LT-B (absolute
concentrations of 0.05 ng mL−1 and 0.5 ng mL−1, respectively)
when spiked into RB (Fig. 3a).

When spiked into running buffer, a high-antigen-
concentration effect (also referred to as the hook effect) can
be observed at concentrations above 1000 ng mL−1 for CTX-B or
LT-B, leading to reduced signal intensity at the test line (Fig. 3a).
This occurs when the excess antigen in the sample saturates the
ed assay, tested in duplicate in an increasing concentration range of
(a) running buffer (0–100 000 ng mL−1) or (b) human fecal sample (0–
nnel pixel intensity (cGCPI) of the test line against toxin concentration.
cates the control line, T indicates the test line and the eye icon indicates
lank signal by naked eye (i.e., the visual LOD).

RSC Adv., 2026, 16, 21423–21437 | 21429
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test line, preventing the binding of the anti-CTX/LT VHH–AuNP
at this region and leading to reduced test line signal intensity.
At the concentrations tested in this study, there was no
complete loss of test line signal, which would be interpreted as
a false negative result, however even more extreme concentra-
tions would likely cause this, as previously reported.40 Although
the test line was not completely inhibited, signal intensities
(and corresponding cGCPI values) at the highest concentration
tested (100 000 ng mL−1) could be misinterpreted as a much
lower response. This effect was most pronounced for CTX-B,
where the signal at 100 000 ng mL−1 was lower than at 10 ng
mL−1. In contrast, when tested in LT-B, the LFA did not have
such a strong hook effect, likely because 100 000 ng mL−1 does
not exceed the assay's upper dynamic range for this toxin.
Accordingly, higher LT-B concentrations would be required to
induce a hook effect, as visually detectable test line signals only
emerged at $10 ng mL−1 (Fig. 3a). In any case, the high
concentrations tested in this study exceed those expected in
infected patients.41

In contrast, a visual LOD of 100 ng mL−1 (5 ng mL−1: abso-
lute concentration) was observed for both toxins when spiked
into human fecal samples (Fig. 3b), indicating that some matrix
interference was affecting signal development. While the
sensitivity decreased in the fecal samples, assay specicity
remained high, with no false positives or background staining
detected (Fig. 3b). Since the overall signal was reduced in fecal
samples, it could be expected that any high-antigen-
concentration effect impacting the test line would occur at
even higher concentrations than those shown for spiked RB in
Fig. 3a. While there are no commercial LFAs for the specic
detection of only LT, other LFAs have been reported in the
literature for the detection of CTX and LT (see Table S1).42,43 For
example, one IgG-based LFA was able to detect CTX and LT at 10
ng mL−1 in spiked running buffer,43 however, as this assay was
not assessed in biological or environmental matrices, it is
difficult to assess its potential real-life applicability. In another
study, researchers reported a proof-of-concept aptamer-based
LFA for CTX detection. In this work, both competitive and
sandwich-format LFAs were developed, achieving visual LODs
of 100 ngmL−1 and 1 ngmL−1, respectively. However, in both of
these works, the assays were only evaluated in toxin-spiked
running buffer, and not in any relevant biological matrix.42,43

Other researchers have reported extremely sensitive assays,
such as the proof of concept liposome PCR that reached an LOD
of 10 pg mL−1, however, this is a molecular technique which is
more complex and time-consuming than LFAs, which would
limit its use case as a point-of-care test outside of a centralised
laboratory.44 In other interesting examples, researchers devel-
oped a label-free carbon dots-based uorescent aptasensor that
was able to detect V. cholerae with an LOD of 426 CFU mL−1,45

and a loop-mediated isothermal amplication-based assay was
able to reach LODs of ∼104 CFU g−1 of human feces in under
one hour.46 It should be noted that comparing LODs expressed
in CFU mL−1 and ng mL−1 is challenging as they represent
different biological measures that are not directly correlated.
Still, to have societal impact, LFAs for CTX detection should be
21430 | RSC Adv., 2026, 16, 21423–21437
able to detect the toxin at approximately 100 ng mL−1 in fecal
samples47 or 1 ng mL−1 in water samples.44
3.2. Lateral ow assay optimization for rapid toxin detection
in human fecal samples

Further optimizations were carried out to reach clinically rele-
vant toxin detection levels in human fecal samples. By adding
0.5% BSA to the RB, the test line signal intensity increased in
fecal samples spiked with 100 ng mL−1 CTX and did not cause
any false positive signal in blank samples (Fig. S9a). This
increase in intensity is likely because BSA can block non-specic
interactions by binding to the fecal components that might
interfere with the VHHs, thereby allowing the sandwich inter-
action to occur and the signal to develop. In previous work,28 we
identied the challenge in nding an appropriate control line
antibody in a different sandwich format, VHH-based LFA. To
circumvent this issue, we tested 0.5 mgmL−1 or 1mgmL−1 anti-
alpaca IgG as a control line antibody, but this yielded only a very
weak control line signal (Fig. S10). As an alternative solution,
goat-anti-mouse IgG was immobilized as a control line, and an
additional AuNP conjugated to mouse IgG was included,
allowing the development of a control line signal when the
AuNP-mouse IgG reached the anti-mouse IgG at the control line
region. Gold coupling of mouse IgG was conrmed with UV-Vis
spectroscopy showing a 4 nm red shi in the localized surface
resonance peak (lmax shied from 523 nm to 527 nm). The
inclusion of this additional AuNP conjugate required an extra
conjugate pad to be added to the test (see Fig. 1 for the archi-
tecture of the LFA).

The conjugate pads were tested in two positions (Fig. S9b),
and the LFA with the conjugate containing anti-CTX/LT VHH–

AuNP closest to the nitrocellulose membrane (conguration 2)
produced the most intense test line signal (Fig. S9b). Lastly,
increasing the sucrose to 10% in the conjugate pad buffer
improved the signal intensity at 50 and 100 ng mL−1 and
resulted in a clearer background (Fig. S9c). This is likely because
the increased sucrose both enabled better conjugate stability
and slowed down the release of the conjugate upon rehydration,
allowing more time for the anti-CTX/LT VHH–AuNP to form
a complex with the toxin in the sample.47

These optimizations enabled the assay to reach visual LODs
of 10 ng mL−1 for CTX-B, 12.5 ng mL−1 for CTX, and 100 ng
mL−1 for LT-B and LT (absolute concentrations of: 0.5 ng mL−1,
0.625 ng mL−1, and 5 ng mL−1, respectively) (Fig. 4). The
decrease in sensitivity for CTX compared to CTX-B was antici-
pated as CTX is one and a half times larger than CTX-B penta-
mers.48 The larger antigen could result in steric hindrance,
blocking free VHHs at the test line. Despite the decrease in
sensitivity for the detection of the whole toxin, the test is still
able to detect a clinically relevant concentration for patients
with acute cholera infection, which is around 100 ng
mL−1.41,49,50

CTX-B and LT-B are structurally and functionally similar.51 In
contrast, the AB5-type Shiga toxin produced by Shiga toxin-
producing E. coli (STEC) targets a different receptor (globo-
triaosylceramide) on kidney and endothelial cells.52 The LFA
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Calibration curves and smartphone photographs of the assay optimized for fecal samples, tested in triplicate in an increasing concen-
tration range (0–1000 ng mL−1) of (a) cholera toxin B-subunit (CTX-B), cholera toxin (CTX), ETEC-LT B-subunit (LT-B), ETEC-LT (LT), and Shiga
toxin B subunit (STX-B) or (b) (0–100 ng mL−1) of CTX spiked in fecal sample. Calibration curves are plotted as the corrected green channel pixel
intensity (cGCPI) of the test line against toxin concentration. Error bars display the standard deviation (n = 3) between replicates. C indicates the
control line, T indicates the test line and the eye icon indicates the lowest concentration that could be visually distinguished from the blank signal
by the naked eye (i.e., the visual LOD).
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reported in this study can detect both CTX and LT, but not STX
(Fig. 4). This is clinically relevant as both cholera and ETEC
infections are treated similarly with rehydration and, in some
cases, with antibiotics,1,53 whereas for STEC, supportive care
alone is recommended.54,55 Therefore, this test could reduce the
inappropriate use of antibiotics for STEC. In addition, as the
anti-CTX/LT VHH targets an epitope that is conserved among LT
toxinotypes relevant to human infection and among all
pandemic cholera strains to date,31,56 we expect that the assay
would be able to detect CTX and LT across all relevant serovars.

Differentiating between V. cholerae and ETEC remains
important, both for treatment decisions and especially for
outbreak source tracking. In the clinic, simply ascertaining that
a toxigenic bacterium is the causative agent of the disease can
support appropriate initiation of antibiotic usage. Today, anti-
biotics are prescribed based on symptoms alone due to the lack
of rapid tests for pathogen identication. Conrming the
presence of one of the toxins, and therefore one of the two
bacteria, could potentially help reduce the use of antibiotics for
viral infections with symptoms that resemble cholera and
© 2026 The Author(s). Published by the Royal Society of Chemistry
ETEC, e.g., infections by rotavirus or norovirus. However, the
structural similarity between CTX and LT makes it challenging
to develop binders that discriminate between these two toxins.
Indeed, other assays developed for detecting CTX have also
been reported to cross-detect LT.43 One possible solution to
overcome this challenge of cross-detection could be to isolate
and use VHHs that recognize regions of CTX-A or LT-A that are
less conserved. However, this may be complicated by the limited
sequence conservation within a toxinotype, which could make it
challenging to achieve strong and specic binding across all LT
or CTX variants. Such VHHs could potentially be discovered
using phage or yeast display selection strategies, including CTX
or LT for deselection to ensure that the binder only binds to CTX
or LT.57
3.3. Determining the LFA's capability of detecting CTX in
multiple fecal samples from individual donors

To assess the robustness of the assay in samples from different
donors, the LFA was tested in 11 human fecal samples with and
RSC Adv., 2026, 16, 21423–21437 | 21431
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without CTX spiked in. It is well known that fecal composition is
highly variable between individuals and is inuenced by factors
such as diet, ethnicity, age, gut microbiota physiological status,
gut transit time, and stool consistency.58,59

Among the tested samples, ve (#1, 3, 4, 8, 11) produced
a test line signal down to 100 ng mL−1 (5 ng mL−1: absolute
concentration), and three (#5, #6 and #7) down to 1000 ng mL−1

(50 ng mL−1: absolute concentration), while the remaining
three (#2, #9 and #10) produced no test line at any of the tested
concentrations. Furthermore, one sample (#11) produced
a false positive signal (i.e., the appearance of a test line in
a sample free from the target antigen) (Fig. 5). In this sample
(#11), the test line signal at 100 ng mL−1 was still higher than
the false positive (0 ng mL−1), but the intensity of the test line in
the unspiked sample indicates that some interfering compo-
nent present in this fecal sample was interacting with the VHHs.

Variability in protein content in fecal samples can affect the
detection of target analytes. At the same time, any proteases
present in the sample can further degrade proteins and impair
downstream analysis.59 To mimic this variability, the samples
tested here were from different individual donors with varying
age, gender, ethnicity, weight, height, health conditions,
medications, and fecal consistency according to the Bristol
Stool Chart (Table S2). Considering the diversity of the donors,
it is understandable that the performance of the LFA was
considerably impacted by the different samples (Fig. 5).

The large differences in sensitivity across samples demon-
strate the challenging nature of detecting toxins in complex
samples such as feces. In this work, the assay conditions were
initially optimized using a sample from a single donor (#1). As
a result of the assay optimizations, sample #1 produced an
intense test line signal at all tested concentrations with no false
positives. In contrast, a weaker test line signal intensity was
Fig. 5 (a) Graph and (b) smartphone photographs of the lateral flow ass
500, and 1000 ng mL−1) of cholera toxin (CTX) spiked into eleven differe
intensity (cGCPI) of the test line against sample number. Error bars disp
control line, T indicates the test line, and the eye icon indicates the lowest
by the naked eye (i.e., the visual LOD).

21432 | RSC Adv., 2026, 16, 21423–21437
obtained when testing some of the samples from other donors.
In future work, to address this variability, additional sample
preparation would likely be required to minimize interference
from the feces and to ensure effective interaction between the
immunoreagents and the toxin, although standard extraction
protocols optimized for single samples may be difficult to
generalize.59

Measuring one specic protein in the complex mixture of
proteins present in fecal matter poses challenges.59 In fact, fecal
matter is a highly heterogeneous biological matrix composed of
enzymes, bile salts, undigested food particles, microorganisms,
and metabolic by-products, which complicates the access to
intact proteins for reliable detection by immunoassays.59

Furthermore, it is documented that the presence of bile salts
can impact protein structure and conformation across both
VHH and protein target, complicating reliable and uniform
detection.60 For protein extraction, mechanical disruption of the
fecal sample is essential to break insoluble particulates and
bacterial cell walls, facilitating protein release. In this study, an
additional vortexing step (30 seconds) was added before adding
the sample to the LFA to ensure proper protein release.59

Therefore, developing diagnostic tools for complex variable
matrices, such as human fecal samples, requires substantial
work to develop a universal extraction method, with the caveat
that sample preparation should not detract from the usability
(or affordability) of the test.

The fecal samples tested in this study were from healthy
donors, ranging from 1 to 6 on the Bristol Stool Chart61 (Table
S2). To mimic the consistency of diarrhea samples (Bristol Stool
Chart = 7), the fecal samples were diluted 1 : 1 in water before
spiking and testing. A 1 : 1 dilution was selected as it allowed for
a more liquid sample without substantially diluting the other
potential interferents present in the sample. However, as fecal
ay (LFA) tested in duplicates in increasing concentrations (0, 100, 250,
nt fecal samples. The graph depicts the corrected green channel pixel
lay the standard deviation (n = 2) between replicates. C indicates the
concentration that could be visually distinguished from the blank signal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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samples from cholera and ETEC patients are characterized by
their “rice water” appearance,62 it is hypothesized that real-life
samples would be more uid than was achieved here using
a 1 : 1 dilution. Indeed, the commercially available cholera LFAs
rely on liquid stool, which can be added to the sample pad using
a disposable pipette or rectal swab samples,16 highlighting the
complexity of using “normal” solid stool (Bristol Stool Chart =
3–4) for testing. For future development, processing a rectal
swab for LFA analysis could be considered if the test's sensitivity
permits.
Fig. 6 Calibration curves and smartphone photographs of the assay
tested in duplicates in an increasing concentration range (0–1000 ng
mL−1) of cholera toxin B-subunit (CTX-B) spiked in tap water. Cali-
bration curves are plotted as the corrected green channel pixel
intensity (cGCPI) of the test line against CTX-B concentration. Error
bars display the standard deviation (n = 2) between replicates. C
indicates the control line, T indicates the test line, and the eye icon
indicates the lowest concentration that could be visually distinguished
from the blank signal by the naked eye (i.e., the visual LOD).
3.4. Detection of toxins in environmental samples

V. cholerae and ETEC can spread through contaminated water,
making their detection in water samples relevant for indicating
environmental presence during an outbreak. In wastewater and
other environmental surveillance, detecting the toxin rather
than the bacterium can indicate merging or ongoing outbreaks
and continued water contamination by human fecal material. If
sensitive enough, a test detecting the toxin would be particularly
relevant, as it distinguishes toxigenic strains with clinical risk
from non-toxigenic environmental strains, like the one recently
found in Copenhagen sewage using genomics.11 Furthermore,
due to substantial dilution in environmental waters, it is
anticipated that toxin concentrations will be very low as they
will originate from fecal contamination, which could present
challenges for detection.

Another use case of the test could be the detection of ETEC in
environmental samples from pig farms, where it is documented
that ETEC causes post-weaning diarrhea in piglets.63 Here, swab
samples could be taken from different pen surfaces, fecal
samples from the pigs, or water samples from the troughs. To
assess the sensitivity of the assay if used to detect CTX in
contaminated water sources, CTX-B was spiked into (tap) water.
In contrast to fecal samples, water does not require such
a substantial dilution into RB to ow up the strip. Three
different sample-to-RB ratios were tested, 100 : 0, 50 : 50, and
20 : 80, with a 50 : 50 ratio resulting in the best ow and the
most intense signal at 1 ng mL−1 (Fig. S11).

The assay was able to reach an LOD of 1 ng mL−1 (0.5 ng
mL−1: absolute concentration) of CTX-B when spiked into water
(Fig. 6). That is comparable to, or even an improvement over,
the standard optical ELISA (1 ng mL−1) or a magnetic bead-
based sandwich enzyme-linked aptamer assay in tap water
(2.4 ng mL−1), while providing a more rapid and user-friendly
alternative with fewer analytical steps.44 Furthermore, no false
positive signals developed in blank tap water samples from
eight different cities (Fig. S12). Moreover, it is expected that this
LOD could be further improved by using a 100 : 0 sample-to-RB
ratio. However, to ensure enough Tween-20 for an appropriate
ow, Tween-20 should be added to the sample or conjugate pad.

Still, environmental testing alone cannot conrm active
disease outbreaks andmust be complemented with fecal testing
from symptomatic patients.64 The ability of the presented test to
function in both fecal and water samples is therefore particu-
larly valuable. Environmental monitoring of water sources
remains important, as identifying contaminated sources can
© 2026 The Author(s). Published by the Royal Society of Chemistry
guide outbreak control through source removal. However, for
assessing if water has fecal contamination or is safe to drink, V.
cholerae detection should be combined with standard fecal
contamination indicators such as crAssphage,65 thermotolerant
coliforms, Escherichia coli, and fecal streptococci.64 In the context
of environmental water monitoring, LFAs are suitable screening
tools that can be applied to sort samples requiring conrmatory
testing in a reference laboratory, thereby reducing the overall
number of samples that need to be tested by these more
complex, expensive, and time-consuming methods.
4. Conclusions

Diarrheal diseases caused by V. cholerae and ETEC infections,
remain a burden in large regions of the world where they
continue to be endemic with seasonal epidemic outbreaks. This
highlights the importance of developing more accessible diag-
nostic tools for the early detection of the causative agents of
these diseases to limit spread and improve patient and animal
care for improved environmental and clinical practices. In this
work, we have developed an LFA for the detection of CTX and LT
in fecal samples and environmental water samples. The LFA
reached an LOD of 12.5 ngmL−1 in fecal samples and 1 ngmL−1
RSC Adv., 2026, 16, 21423–21437 | 21433
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in water samples. Although the developed test did not show
substantial improvements compared to full-length antibody-
based assays, further optimization could enable lower detec-
tion limits. In this research, we demonstrated that using CBM to
immobilize VHH onto LFAs can allow the detection of CTX and
LT, highlighting a promising approach for future diagnostics
using recombinant antibody formats. Moreover, this strategy
opens opportunities for companion diagnostics, ensuring that
detected antigens can be targeted with the corresponding
soluble VHH.

We exemplify how the simultaneous detection of CTX and LT
with the same LFA is feasible, with high sensitivity, and can be
relevant due to the similarity in spread, disease manifestation,
and clinical management. Nevertheless, distinguishing
between the two toxins remains important for future outbreak
source tracking.

Fecal samples represent a highly complex biological matrix
that poses signicant challenges for reliable performance in
LFAs. Due to fecal inter-sample variability, it was necessary to
use a sample-to-RB ratio of 5 : 95 (mL), reducing the amount of
antigen for detection and thereby the overall sensitivity of the
assay. Current assays utilize fecal swabs or liquid samples,
which may contain less particulate matter, making them easier
to process and potentially allowing a higher sample-to-RB ratio.
Furthermore, given the variability of fecal samples, testing real
samples from target patient groups is essential to determine
optimal assay conditions, as differences in ethnicity, diet, and
microbiota may affect performance.

The results presented here showcase an opportunity to aid
early detection of CTX and LT for clinical and water testing.
Such a test could help ease the burden on physicians by
providing a rapid, accurate tool for detecting CTX and LT,
thereby saving time and costs associated with cholera and ETEC
detection.
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