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Table S1. Detection methods for enterotoxigenic E. coli and V. cholerae.
Name Target Assay type Sample 

matrix
Detection Price Time Commercial/ 

proof of 
concept

Ref

LFA developed 
in this research

Cholera 
toxin (CTX) 
and 
enterotoxige
nic E. coli 
heat-labile 
enterotoxin 
(LT)

LFA Human 
feces and 
water

12.5 ng/mL CTX and 100 
ng/mL LT in human feces
1 ng/mL CTX in water

Low 15 min Proof of 
concept

NA

Bioline™ 
CHOLERA Ag 
O1/O139

Vibrio 
cholera 
O1/O139

LFA Human 
feces

LOD not specified
Sensitivity: 100% (O1), 
100% (O139) (vs. Culture)
Specificity: 100% (O1), 
100% (O139) (vs. Culture)

Low 15 min Commercial (1)

Crystal VC 
O1/O139 

V. cholera 
O1/O139

Dipstick LFA Human 
feces

Not specified Low 15 min Commercial (2)

Aptamer LFA for 
the detection of 
cholera toxin

CTX LFA Running 
buffer

2 ng/mL and 5 ng/mL/ 0.6 
ng/mL 

Low 10-20 
min

Proof of 
concept

(3)

Rapid test for 
enterotoxigenic 
E. coli (ETEC)

Heat-labile 
toxin 1(LT-1)

LFA Running 
buffer

62.5 ng/mL of purified LT-
1 toxin

Low 15 min Proof of 
concept

(4)

Rapid test for 
ETEC and cross 
detection of 
cholera toxin

LT and CTX LFA Super-
natant

Not specified Low 15 min Proof of 
concept

(5)

ELISA for 
differentiation of 
LT and CTX 

CTX and LT ELISA Culture 
superna-
tant or 
stool 
extracts

LOD not specified
Sensitivity: 87.9% CTX 
and 100% LT 
Specificity: 100% CTX and 
94.7% LT

Moderat
e

2-4 h Proof of 
concept

(6)

Standard culture 
+ biochemical 
confirmation

V. cholerae 
or ETEC

Culture Human 
feces/ 
environ-
mental

Not specified Low 24-72 
h

Commercial (7)

Vibrio cholerae 
TaqMan PCR 
Kit 

V. cholerae qPCR Human 
feces

Not specified Moderat
e / high

2-4 h Commercial (8)

Multiplex PCR 
direct assay for 
V. cholerae

V. cholerae 
genes epsM, 
ctxA, 
rfb-O1/O139

Multiplex 
real-time 
PCR

Clinical 
speci-
mens 
(anal 
swabs, 
vomit 
speci-
mens)

200-1052 copies/mL Moderat
e/high

3-5 h Proof of 
concept

(9)

ETEC Real-time 
PCR kits (e.g., 
VIASURE / 
RIDA®GENE / 
YouSeq)

ETEC 
virulence 
genes (LT, 
ST)

qPCR Human 
feces

~10 copies/reaction (for 
some kits)

Moderat
e / high

2-4 
hours

Commercial (10)

Rapid 
LAMP-based 
Diagnostic Test 
(RLDT) for 
cholera 
detection

V. cholerae 
genes ctxA 
and O1

Loop-
mediated 
Isothermal 
Amplification 
(LAMP)

Human 
feces and 
water

~104 CFU/gm of human 
feces
10 bacteria per ml of 
environmental water

Not 
specified

< 1 
hour

Proof of 
concept

(11)

RLDT for ETEC ETEC LT 
and Shigella 
(ST) genes

LAMP Human 
feces

Sensitivity: 97% for ETEC 
and 93% for ST

Not 
specified

< 1 
hours

Proof of 
concept

(12)

Liposome PCR 
for detection of 
cholera toxin

CTX Liposome 
PCR

Human 
feces and 
water

10 pg/mL Not 
specified

2-4 
hours

Proof of 
concept

(13)

Dots-based 
fluorescent 
aptasensor for 
detection of 
cjolera toxin

Vibrio 
cholera 
O139

Label-free 
aptamer-
based 
fluorescent 
biosensor

water 429 CFU/mL Not 
specified

Not 
specifi
ed

Proof of 
concept

(14)
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Protocol S1. Covalent conjugation protocol- BioReady 40 nm Carboxyl Gold
Bioready carboxyl-coated gold nanoparticles solution (40 nm, OD 20, nanoComposix, U.S.) was vortexed, and 

1 mL of the solution was activated by incubating with 200 µg 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC) and 400 µg N-hydroxysuccinimide (NHS) (Cytiva, Marlborough, USA) for 30 min. The activated gold 

nanoparticles were washed twice by centrifuging the solution at 3800 RCF for 10 min, discarding the 

supernatant and resuspending the pellet in reaction buffer (5 mM sodium phosphate, pH 7.4): 1.55 mM sodium 

dihydrogen phosphate dihydrate (Sigma-Aldrich, Merck, Germany), 3.45 mM sodium phosphate dibasic 

(Sigma-Aldrich, Merck, Germany), 0.5% 20 K MW PEG (Sigma-Aldrich, Merck, Germany). After washing, 50 

µg of anti-CTX/LT VHH was incubated in the solution for 1 h, and the reaction was quenched for 10 min with 

10 µL hydroxylamine (Sigma-Aldrich, Merck, Germany). The washing procedure was repeated three times. 

After the third centrifugation, the pellet was resuspended in 1 mL conjugate diluent (0.5x phosphate-buffered 

saline (PBS), pH 7.4), 0.5% IgG and protease-free bovine serum albumin (BSA; Jackson Immunoresearch, 

Denmark), 0.5% casein (Carl Roth, Germany), 1% Tween-20 (v/v) (ThermoFisher, Denmark), and 0.05% 

sodium azide (Ampliqon, Denmark). The gold nanoparticle-coupled VHH was stored at 4 ◦C until use.

Table S2. Overview of donor details for fecal samples
Sample Age Gender Race Weight 

(kg)
Height BMI Health 

Conditions
Current 

Medications
Bristol 

Stool Chart 
1 70 Female Caucasian No 

informati
on

No 
informati

on

None No information No information Type 4
Normal

2 66 Male Caucasian 99.8 6'2 28,2 
overwei

ght

None None
Type 5

Lacking fibre

3 50 Male Caucasian 83.9 5'9 27,3 
overwei

ght

None None Type 2
Mild 

constipation
4 51 Female Caucasian 72.6 5'8 24,3 

healthy
None None Type 2

Mild 
constipation

5 19 Female Caucasian 54.4 5'4 20,6 
healthy

None None Type 3
Normal

6 53 Female Asian 68 5'8 22,8 
healthy

Anxiety Lexapro Type 5
Lacking fibre

7 198 Female Asian 69.4 5'3 27,1 
overwei

ght

None None Type 2
Mild 

constipation
8 67 Female Caucasian 81.6 5'4 30,9 

obese
Hypothyroidism, 

Migraines, 
Osteoarthritis

Cytomel, PRN 
Maxalt, PRN 

Acetaminophe
n, PRN 

Ibuprofen, 
Multivitamin, 

Vitamin D

Type 4
Normal

9 24 Male Asian 72.6 5'8 24.3 
healthy

Bilateral 
Conductiv 
Deafness

Pantoprazole, 
Sertraline

Type 1
Severe 

constipation
10 25 Female Caucasian 70.3 5'2 28,3 

overwei
ght

None Birth Control Type 3
Normal

11 28 Male Caucasian 108.9 6'7 27 
overwei

ght

Depression Zoloft Type 6
Mild 

diarrhea
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1 Table S3. Overview of the experiments performed with the developed lateral flow assays. The variable being optimized is underlined. 
Experiment Replicates

(n=)
Matrix Test and control lines AuNP volume Sample to RB ratio % 

sample
Stock 
concentration 
of target

Absolute 
concentrations

Selection of CBM 2 Running buffer (PBS 
with 0.3% Tween-20 
(v/v))

T: 1.5 mg/mL anti-CTX/LT VHH-CBM1 or anti-
CTX/LT VHH-CBM2 
No C

2 µL 20:80 20 CTX-B
1000 ng/mL
100 ng/mL
0 ng/mL

250 ng/mL
25 ng/mL
0 ng/mL

Determination of 

test line 

concentration

2 Running buffer (PBS 
with 0.3% Tween-20 
(v/v))

T: 1.5 or 2 mg/mL
anti-CTX/LT VHH-CBM1 
No C

2 µL 20:80 20 CTX-B
10,000 ng/mL
1000 ng/mL
100 ng/mL
0 ng/mL

2,500 ng/mL
250 ng/mL
25 ng/mL
0 ng/mL

Comparison of 

VHH versus VHH-

CBM test line

2 Running buffer (PBS 
with 0.3% Tween-20 
(v/v))

T: 2 mg/mL 
anti-CTX/LT VHH or anti-CTX/LT VHH-CBM1 
No C

2 µL 20:80 20 CTX-B
1000 ng/mL
100 ng/mL
10 ng/mL
1 ng/mL
0 ng/mL

250 ng/mL
25 ng/mL
2.5 ng/mL
0.25 ng/mL
0 ng/mL

Selection of 

running buffer

2 Running buffer (PBS 
with 0%, 0.1%, 0.2% 
or 0.3% Tween-20 
(v/v))

T: 1.5 mg/mL
anti-CTX/LT VHH-CBM1 
No C

2 µL 20:80 20 CTX-B
10,000 ng/mL
0 ng/mL

2,500 ng/mL
0 ng/mL

Optimization of 

gold conjugate 

(AuNP) volume

2 Running buffer (PBS 
with 0.3% Tween-20 
(v/v))

T: 1.5 mg/mL
anti-CTX/LT VHH-CBM1 
No C

2, 3 or 4 µL 20:80 20 CTX-B
10,000 ng/mL
0 ng/mL

2,500 ng/mL
0 ng/mL

Selection of 

conjugate pad 

buffer

2 Running buffer (PBS 
with 0.3% Tween-20 
(v/v))

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
No C

4 µL in 4 µL 5 
mM borate 
buffer with 5% 
sucrose, PBS 
with 5% sucrose 
or conjugate 
diluent

20:80 20 CTX-B
10,000 ng/mL
0 ng/mL

2,500 ng/mL
0 ng/mL

Selecting sample 

to running buffer 

ratio

2 Fecal sample #1 (1:1 
in water)

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
No C

4 µL in 4 µL 5 
mM borate 
buffer with 5% 
sucrose

1:99
5:95
10:90
20:80
Running buffer 
(PBS with 0.3% 
Tween-20 (v/v))

1
5
10
20

CTX-B
10 ng/mL
0 ng/mL

0.1, 0.5, 1 or 
2.5 ng/mL
0 ng/mL

Determination of 

limit of detection 

(LOD) in running 

buffer

3 Running buffer (PBS 
with 0.3% Tween-20 
(v/v))

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
C: 0.25 mg/mL anti-mouse F(ab’)2 specific

4 µL in 4 µL 5 
mM borate 
buffer with 5% 
sucrose

5:95 5 CTX-B and LT-B
100,000 ng/mL
10,000 ng/mL
1000 ng/mL
100 ng/mL
10 ng/mL
1 ng/mL
0 ng/mL

5000 ng/mL
500 ng/mL
50 ng/mL
5 ng/mL
0.5 ng/mL
0.05 ng/mL
0 ng/mL

Determination of 3 Fecal sample #1 (1:1 
in water)

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 

4 µL in 4 µL 5 
mM borate 

5:95
Running buffer 

5 CTX-B and LT-B
1000 ng/mL
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LOD in a fecal 

sample

C: 0.25 mg/mL anti-mouse F(ab’)2 specific
Configuration 1

buffer with 5% 
sucrose

(PBS with 0.3% 
Tween-20 (v/v))

100 ng/mL
10 ng/mL
1 ng/mL
0 ng/mL

50 ng/mL
5 ng/mL
0.5 ng/mL
0.05 ng/mL
0 ng/mL

Optimization of 

running buffer for 

testing fecal 

samples

Fecal sample #1 (1:1 
in water)

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
C: 0.25 mg/mL anti-mouse F(ab’)2 specific
Configuration 1

4 µL in 4 µL 5 
mM borate 
buffer with 5% 
sucrose

5:95
Running buffer 
(PBS with 0.3% 
Tween-20 (v/v) and 
0 or 0.5% BSA)

5 CTX-B
100 ng/mL
0 ng/mL

5 ng/mL
0 ng/mL

Determination of 

optimal conjugate 

pad positioning

2 Fecal sample #1 (1:1 
in water)

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
C: 0.25 mg/mL anti-mouse F(ab’)2 specific
Configuration 1: mouse IgG-anti-CTX/LT VHH 
(mouse IgG-AuNP closest to the nitrocellulose 
membrane) 
Configuration 2: anti-CTX/LT VHH-mouse IgG (anti-
CTX/LT VHH closest to the nitrocellulose membrane)

4 µL in 4 µL 5 
mM borate 
buffer with 5% 
sucrose

5:95
Running buffer 
(PBS with 0.3% 
Tween-20 (v/v) and 
0 or 0.5% BSA)

5 CTX-B
100 ng/mL
0 ng/mL

5 ng/mL
0 ng/mL

Optimization of 

sucrose 

concentration in 

conjugate pad 

buffer

2 Fecal sample #1 (1:1 
in water)

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
C: 0.25 mg/mL anti-mouse F(ab’)2 specific
Configuration 2

4 µL in 4 µL 5 
mM borate 
buffer with 5% 
or 10% sucrose

5:95
Running buffer 
(PBS with 0.3% 
Tween-20 (v/v) and 
0.5% BSA)

5 CTX-B
100 ng/mL
0 ng/mL

5 ng/mL
0 ng/mL

Determination of 

LOD for optimized 

conditions

3 Fecal sample #1 (1:1 
in water)

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
C: 0.25 mg/mL anti-mouse F(ab’)2 specific
Configuration 2

4 µL in 4 µL 5 
mM borate 
buffer with 10% 
sucrose

5:95
Running buffer 
(PBS with 0.3% 
Tween-20 (v/v) and 
0.5% BSA)

5 CTX-B, LT-B, 
CTX, LT and 
STX-B
1000 ng/mL
100 ng/mL
10 ng/mL
1 ng/mL
0 ng/mL

50 ng/mL
5 ng/mL
0.5 ng/mL
0.05 ng/mL
0 ng/mL

Determination of 

LOD for optimized 

conditions

3 Fecal sample #1 (1:1 
in water)

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
C: 0.25 mg/mL anti-mouse F(ab’)2 specific
Configuration 2

4 µL in 4 µL 5 
mM borate 
buffer with 10% 
sucrose

5:95
Running buffer 
(PBS with 0.3% 
Tween-20 (v/v) and 
0.5% BSA)

5 CTX
100 ng/mL
50 ng/mL 
25 ng/mL
12.5 ng/mL
0 ng/mL

5 ng/mL
2.5 ng/mL
1.25 ng/mL
0.625 ng/mL
0 ng/mL

Testing 10 

additional fecal 

samples

2 Fecal sample #1-#11 
(1:1 in water)

T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
C: 0.25 mg/mL anti-mouse F(ab’)2 specific
Configuration 2

4 µL in 4 µL 5 
mM borate 
buffer with 10% 
sucrose

5:95
Running buffer 
(PBS with 0.3% 
Tween-20 (v/v) and 
0.5% BSA)

5 CTX
1000 ng/mL
500 ng/mL 
250 ng/mL
100 ng/mL
0 ng/mL

50 ng/mL
25 ng/mL
12.5 ng/mL
5 ng/mL
0 ng/mL

Determination of 

sample to running 

buffer ratio for 

2 Tap water T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
C: 0.25 mg/mL anti-mouse F(ab’)2 specific
Configuration 2

4 µL in 4 µL 5 
mM borate 
buffer with 10% 
sucrose

100:0, 50:50 and 
20:80
Running buffer 
(PBS with 0.3% 
Tween-20 (v/v) and 

100
50
20

CTX-B
1 ng/mL

1, 0.5 or 0.25 
ng/mL
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testing tap water 0.5% BSA)

Determination of 

LOD in tap water

2 Tap water T: 2 mg/mL
anti-CTX/LT VHH-CBM1 
C: 0.25 mg/mL anti-mouse F(ab’)2 specific
Configuration 2

4 µL in 4 µL 5 
mM borate 
buffer with 10% 
sucrose

50:50 
Running buffer 
(PBS with 0.3% 
Tween-20 (v/v) and 
0.5% BSA)

50 CTX-B
100 ng/mL
10 ng/mL
1 ng/mL
0.1 ng/mL
0 ng/mL

500 ng/mL
50 ng/mL
5 ng/mL
0.5 ng/mL
0 ng/mL
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Figure S1. Cardboard lightbox for reading LFA under controlled lighting conditions. (a) Cardboard box net, (b) 
photo of the disassembled parts of the platform, and (c) photo of the assembled platform with the smartphone 

recording developed LFAs. The lightbox was made from cardboard, as the cube of the net could be 

incorporated as part of the test packaging at a later stage.

Figure S2. Graphical representation of circular dichroism (CD) measurement of recombinantly expressed 

cholera toxin B-subunit (black), anti-CTX/LT detection single-domain antibody (VHH) (pink) and anti-CTX/LT-

CBM1 capture VHH (green). The x-axis shows wavelength in nanometers, and the y-axis shows the mean 

residue molar ellipticity.
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Figure S3. Establishing the optimal immobilization buffer using Ponceau S stain. Comparison between 

PBS+1% trehalose and 5 mM borate buffer+1% trehalose.

Figure S4. Smartphone photographs, calibration curves, or bar graphs establishing the optimal LFA 

conditions. Establishing (a) if CBM1 or CBM2 is better for immobilization of the single-domain antibody, (b) the 

optimal test line concentration (1.5 or 2 mg/mL), (c) the Tween-20 concentration in the running buffer (0, 0.1, 

0.2, 0.3%), (d) the volume of AuNP conjugate used per test (2, 3, or 4 µL), (e) the optimal conjugate pad buffer 

(i.e., PBS, 5 mM borate buffer, conjugate diluent or no conjugate pad buffer) and (f) the sample-to-running 

buffer ratio (20:80 (µL), 10:90 (µL), 5:95 (µL), or 1:99 (µL)). Error bars display the standard deviation between 

duplicates.
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Figure S5. (a) High-resolution bright-field transmission electron microscopy (HR-BF-TEM) image of a gold 

nanoparticle (AuNP). (b) Fast-Fourier Transform (FFT) of (a) showing the equivalent of a typical electron 

diffraction of an Fm-3m Au poly-crystal, with the dashed circles overlaying the {111}, {200}, {220} and 

{311} planes, from the inside out, respectively.  

Figure S6. Graphical representation of normalized spectra from ultraviolet-visible spectroscopy. In red is the 

unconjugated gold (control), in black is the gold coupled anti-CTX/LT single-domain antibody, and in green is 

the gold coupled mouse immunoglobulin G. On the x-axis is the wavelength in nanometers, and on the y-axis 

is the extinction in cm-1.
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Figure S7. Bright-field scanning transmission electron microscopy (BF-STEM) of the (a) bare gold nanoparticle 

(AuNP), (b) anti-CTX/LT single-domain antibody-AuNP (VHH), and (c) anti-CTX/LT VHH-AuNP in the presence 

of antigen (cholera toxin B subunit). The darkest regions correspond to denser AuNPs, while the slightly darker 

“halo” around the AuNPs is due to the functionalization with the anti-CTX/LT VHH (6 nm wide:b) and VHH plus 

antigen (12 nm wide:c).  

 
 

 
Figure S8. Bright-field scanning transmission electron microscopy (BF-STEM) images of (a) anti-CTX/LT 

VHH-AuNP and (b) anti-CTX/LT VHH-AuNP in the presence of antigen (cholera toxin B subunit), supporting 

the presence of the antigen around the particles by means of an increased agglomeration.  

s10



Figure S9. Bar graphs and smartphone photographs of the assay optimization conditions tested in duplicates 

in a decreasing concentration range (100-0 ng/mL) of cholera toxin B-subunit (CTX-B) in spiked fecal sample. 

Bar graphs are plotted as the corrected green channel pixel intensity (cGCPI) of the test line against CTX-B 

concentrations. (a) Comparing running buffer (RB) with or without 0.5% Tween-20, (b) establishing the optimal 

positioning of the two conjugate pads, i.e., mouse IgG-anti-CTX/LT VHH (mouse IgG-AuNP closest to the 

nitrocellulose membrane) or anti-CTX/LT VHH-mouse IgG(anti-CTX/LT VHH closest to the nitrocellulose 

membrane), and (c) testing 5% versus 10% sucrose in the conjugate buffer. Error bars display the standard 

deviation (n = 2) between replicates.

Figure S10. Testing anti-alpaca IgG (0.5 mg/mL or 1 mg/mL) as the control line antibody. 

Figure S11. Smartphone photographs of sample-to-running buffer ratios tested in tap water spiked with 1 

ng/mL or 0 ng/mL CTX-B. 
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Figure S12. Smartphone photographs of blank tap water samples from eight different cities.
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