Rapid quantum dot nanobead-mAb probe-based immunochromatographic assay for antibody monitoring of Trichinella spiralis infection
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1. Serological detection tools for T. spiralis infection
Different from virus or bacterial pathogens, T. spiralis is a zoonotic parasite with sexual reproduction and complex stages of development in host. The improvement of sera-diagnosis for T. spiralis infection has been faced with great difficulties. So far, serological assays for T. spiralis infection were limited to ELISAs and only two ICAs (Table S1). Most of these assays employed ES products, which cross-reacted with other parasites. The method recommended by ICT is the indirect ELISA based on ES products of muscle larvae, which is the only commercially available method.

Table S1
Serological tests for T. spiralis antibody detection
	Method
	Detection antigen
	Antigen type
	Stability
	Cross-reaction
	POCT
	Ref.

	Indirect ELISA
	ES a
	Muscle larvae c
	mixture
	Poor
	Medium d
	No
	[1-5]

	
	Crude antigens b
	Muscle larvae
	mixture
	Poor
	High e
	No
	[6]

	
	Beta tyvelose
	synthetic
	Single component
	Good
	Medium f
	No
	[7]

	TIA-ELISA
	ES
	Muscle larvae
	mixture
	Poor
	Medium
	No
	[8]

	Dot-ELISA
	ES
	Muscle larvae
	mixture
	Poor
	Medium
	No
	[9]

	Sandwich ELISA
	ES
	Muscle larvae
	mixture
	Poor
	Medium
	No
	[10]

	Competitive ELISA
	ES
	Muscle larvae
	mixture
	Poor
	Medium
	No
	[11]

	Gold-ICA
	ES
	Muscle larvae
	mixture
	Poor
	Medium
	Yes
	[12,13]

	QB-CICA
	rCLP
	Recombinant expression
	Single component
	Good
	No g
	Yes
	This study


a A mixture whose components are unknown. Analysis of the components is the current research.

b Crude worm extracts, their components are unknown.

c Indirect ELISA employing ES products of muscle larvae is widely used.
d ELISAs employing ES products cross-react with some of other parasites or nonparasite infections 3,5,6,14.
e ELISAs employing crude antigens cross-react with most intestinal parasites 6.
f ELISAs employing beta tyvelose cross-react with some of other parasites and some bacteria 6,7.
g Limited serum samples in this work.
2. The mAb characterization and selection for QB-CICA
rCLP antigens and mAb (designated 1H9) were prepared as our previous study 15. A blocking ELISA was designed to analyze the capability of the positive control serum to inhibit the binding of the mAb to rCLP antigens. The positive control serum and the negative control serum, at 2-fold sequential dilutions, were incubated for 1 h at 37 °C in an rCLP-coated ELISA plate, and then 100 μL of a predetermined hybridoma supernatant dilution was added, which gave a 1.00-1.50 absorbance value in a preliminary titration. The binding of the mAb was detected with HRP-conjugated anti-mouse antibodies, and a colorimetric reaction was achieved as described previously 15. The binding of the mAb was inhibited only by the positive control serum (Figure S1). That is, the serum containing antibody to T. spiralis can compete with the pretitrated mAb for the available epitopes of rCLP antigens. Then, the mAb was chosen for QB-CICA as a competitive antibody that could be inhibited by the positive control serum.
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Fig. S1 The blocked result of the mAb with the positive control serum. With the serum dilution increasing, the negative value was invariable the positive value rose following by the rise of P/N ratio. Therefore, the mAb can compete with the positive serum for the available epitopes of rCLP antigens.
3. Rabbit anti-CLP Ab production
Rabbit anti-CLP polyclonal antibodies were produced using rCLP antigens. A New Zealand white rabbit was immunized with 1.00 mg of rCLP antigens 6 times at 2-week intervals. Seven days after the final booster injection, the serum was collected and purified by HiTrap Protein A HP (GE Healthcare, USA) according to the manufacturer’s instructions. The titer of the polyclonal antibody was determined by indirect ELISA based on rCLP antigens (Figure S2). The purified rabbit anti-CLP Ab severed as capture antibody on the T-line.
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Fig. S2 The titer of the rabbit anti-CLP Ab.
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Fig. S3 SDS-PAGE of purified mAb and rabbit anti-CLP Ab. Lane 1: markers; Lane 2: purified mAb; Lane 3: purified rabbit anti-CLP Ab

4. Production of CLP Ab from rCLP-immunized pig
A Trichinella-free pig was immunized with 5.00 mg of rCLP antigens 4 times at 2-week intervals. The preimmune serum was collected and detected with the commercial ELISA kit, which served as the source of background in calibration curves (Figure S4). Seven days after the final booster injection, the serum was collected and purified by saturated ammonium sulfate solution 16. The corresponding diaphragm tissue of this pig was detected with artificial digestion to reconfirm Trichinella-free status. The purified CLP Ab severed as spiked samples to plot the standard curves.
[image: image4.png]2.0

1 serum dilution 1:100
Bl serum dilution 1:1000

1.5 -

S/P

2 3
rCLP immunity times

4




Fig. S4 Antibody titers of swine sera containing CLP Ab at different times of rCLP immunization. Samples were determined by commercial ELISA kit (indirect ELISA based on ES products). The dash line represented the cut-off value according to the manufacturer’s instructions.
5. Time/pH optimization and stability test of the QB-CICA
[image: image5.jpg]— 500 ~— 500 - 500
= = =
L 8 .1
‘2.400 > 400 > 400
= —o—8—8—5 0| = =
" ” "
- - -
9 300 9 300 9 300
= = =
3 3 3
c 200 Q 200 © 200
@ @ @
: : :
o 100 @ 100 o 100
O O O
= = =
L o THR L o
68 70 72 74 76 7.8 8.0 20 40 60 80 100 120 180 5 10 15 20 25 30
pH value Coupling time (min) Competition time (min)
-~ 500 — 500
= =
L L
> 400 > 400
= = ——6—86 35,
" ”
c c
3 300 3 300
= =
3 3
= 200 - 200
@ @
: 3
@ 100 o 100
o o)
= =
TR WL o0
15 20 25 30 35 40 2 4 6 8 10 12

Immunoreaction time (min) Storage time at 4 °C(days)




Fig. S5 Optimizing the pH value of reaction buffer for the mAb labeled with QB (A), coupling time (B), reaction time for QB-mAb probes compete with serum Ab in the reaction solution (C), reaction time and the competition time (D)for the QB-CICA system including rCLP antigen stability stored at 4 °C (E). All these tests were carried out under optimal conditions described in the manuscript using the negative control serum. Results are expressed as the mean ± SD of 3 tests.
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Fig. S6 NaCl solution (as reaction solution) (A) and hemolytic sample (B) stability tests. Blood samples of swine were placed overnight at 4 °C to precipitate serum, and the upper serum was extracted after centrifugation at 3500 rpm for 30 min. In this study, more than 290 serum samples were used, among which mild hemolysis caused by red blood cell rupture was inevitable, thereby, the stability of the QB-CICA in samples with different hemolysis degrees was investigated.
6. Cut-off value determination of the QB-CICA
200 known negative serum samples were used to determine the cut-off value of the QB-CICA. The obtained scatter diagram of the PI ratio was within a reasonable distribution of acceptability (Figure S7). The average PI (X) of the 200 samples was -0.23% ± 24.84% (mean ± SD), where X ± 2SD ＝ 49.45%. Therefore, PI ≥ 50% was considered positive. At PI < 50%, the serum antibody was considered negative.
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Fig. S7 PI ratios of 200 negative serum samples.

7. Analytical performance of the QB-CICA
So far, the ELISA method based on ES products has been recommended only for sera-diagnosis of T.spiralis infection by the ICT 1,6. It is also the only commercial method. Therefore, the ELISA employing ES products (Qiagen, Germany) was used as a reference method.
Calibration curve of CLP Ab in the ELISA method was generated by plotting the S/P ratio against the concentration of CLP Ab. For the ELISA method, the S/P ratio and cut-off value were calculated according to the manufacturer’s instructions. The LOD of ELISA method was 174.95 ng/mL (Figure S8A), slightly less than the LOD of QB-CICA (Figure 4B).
To plot kinetics of S/P ratios, sera from pigs experimentally infected with 10000 ML were collected at 7, 11, 17, 19, 21, 25, 30, 35, 45, 60, 90 and 120 dpi. At 25 dpi, there was a 4-day early for 1/3 pig in seroconversion by the commercial ELISA kit compared to that with QB-CICA (Figure 4C and Figure S8B). Thus, although the LOD value in QB-CICA was higher than that in the reference method, the sensitivity in actual infected sera was not significantly reduced compared to the commercial ELISA kit.
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Fig. S8 Sensitivity of the ELISA method. Calibration curve of CLP Ab using commercial ELISA kit (A); Kinetics of S/P ratios for experimental infection serum samples using commercial ELISA kit (B).
8. Cross-reactivity of the commercial ELISA kit
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Fig. S9 Antibody titers of swine experimentally infected with Clonorchis sinensis (A). Serum samples were determined by commercial ELISA kit (indirect ELISA based on ES products). The dash line represented the cut-off value according to the manufacturer’s instructions. Clonorchis sinensis was detected in the corresponding liver tissue (B, 40×), and the corresponding diaphragm tissue was detected with artificial digestion to reconfirm Trichinella-free status. T. spiralis larvae (C, 100×) were used as positive control.
9. Accuracy of the QB-CICA
According to ICT recommendations, known positive serum samples used to estimate of the accuracy of a serological test should represent various levels of infection, and positive animals should be examined by artificial digestion to estimate the larvae burdens 6,17. In general, the artificial digestion test can detect 1 larva per gram of tissue, considering that the typical sample for pork products testing is 3 to 5 grams of muscle 6,17. ELISA method employing ES products can detect as few as 1 larva per 100 grams of tissue 1,6,17. As shown in Table S2, the proposed QB-CICA is a sensitive tool with similar accuracy to ELISA method for screening of T. spiralis infection in pig serum samples.
Table S2
Comparison of QB-CICA with commercial ELISA kit and artificial digestion method

	Doses a

	QB-CICA
	ELISA
	Artificial digestion

	
	PI ratio
(%)
	T. spiralis Ab Status
	S/P ratio
	T. spiralis Ab Status
	Larvae burden in diaphragm c (larvae/100 g tissue)

	200
	63.32 ± 5.89
	 + b
	1.56 ± 0.07
	 + b
	0.00 ± 0.00

	
	61.55 ± 2.45
	+
	1.77 ± 0.07
	+
	2.00 ± 0.00

	
	76.70 ± 4.41
	+
	1.79 ± 0.04
	+
	11.33 ± 0.58

	400
	82.88 ± 1.67
	+
	2.07 ± 0.16
	+
	41.33 ± 1.15

	
	81.95 ± 1.82
	+
	1.99 ± 0.15
	+
	53.00 ± 2.00

	
	84.14 ± 2.33
	+
	2.47 ± 0.23
	+
	23.67 ± 1.53

	800
	79.12 ± 3.20
	+
	2.67 ± 0.19
	+
	1085.67 ± 5.86

	
	84.41 ± 3.93
	+
	2.65 ± 0.20
	+
	746.67 ± 6.11

	
	82.11 ± 2.02
	+
	2.62 ± 0.13
	+
	922.00 ± 2.64

	1000


	90.58 ± 1.52
	+
	2.77 ± 0.12
	+
	3921.00 ± 6.56

	
	90.54 ± 2.42
	+
	2.44 ± 0.14
	+
	2303.33 ± 3.06

	
	91.95 ± 1.34
	+
	2.69 ± 0.16
	+
	2832.33 ± 2.52


Results are mean ± SD (n = 3)

a Doses: larval inoculation dose in swine.

b The T. spiralis antibody test is positive.

c Larvae per 100 g of diaphragm tissues from infected swine.
Table S3
Comparison between the competitive sandwich QB-CICA and other format ICAs for serological antibody test of pathogen infection

	Target pathogen
	ICA format
	Biomarker
(used antigens)
	Probes in ICA
	LOD
	Selectivity
	No serum sample
	Ref.

	SARS-CoV-2 a
	Indirect
	NP
	Anti-human IgG@LNPs
	- g
	-
	70
	[18]

	SARS-CoV-2 a
	
	NP
	Anti-human IgM-AuNPs
	-
	No cross-reactivity with SFTSV, DFV
	19
	[19]

	3 species of Ebola virus b
	
	GP1-649, VP40, NP
	Anti-human IgG-AuNPs
	Semi-

quantified
	Cross- reactivity within species and with other virus
	141
	[20]

	HIV c
	
	gp41, p24, gp120
	Protein A-AuNPs
	-
	-
	50 h
	[21]

	Clostridium tetani d
	Sandwich
	Tetanus antigens
	Tetanus antigens-
AuNPs
	0.01
IU/mL
	Cross- reactivity with diphtheria, pertussis, measles, rabies
	10 (whole blood)
	[22]

	Mycobacterium bovis e
	
	MPB83
	MPB83-
AuNPs
	-
	1/25 false positive in negative sera
	140
	[23]

	Loa loa f
	
	Ll-SXP-1
	Ll-SXP-1@
Gold nanoshells
	-
	Cross-reactivity with O. volvulus, W. bancrofti, and M. perstans
	390
	[24]

	T. spiralis
	Competitive sandwich
	Epitope of CLP i
	QB-mAb
	189.92 ng/mL
	No cross-reacted with other parasites and virus
	290
	This study


a SARS-CoV-2 belongs to β-coronavirus, in which 5 species with similar genomes can infect human. Little information in differential diagnosis from other coronavirus infections 25.
b 4 species of Ebola virus with similar genomes can infect human.

c HIV contains 10 subtypes with high similar genomes.

d Clostridium tetani belongs to Clostridium that contains 150 species distributed in the environment .

e Mycobacterium bovis belongs to M. tuberculosis that contains 4 types with similar genomes
f Loa loa belongs to Nematoda, in which some species with distinct different genomes can occasionally infect human.
g Not tested.
h The line color intensity by colloidal AuNPs was influenced in 8/50 serum samples.
i The epitope 39 HEALFSSDLKQESGV 53 of CLP
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