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Applications of Nanobodies in Mycotoxin Detection
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Abstract: Mycotoxins, as secondary metabolites produced by fungi, are a common threat to food safety and are
hazardous to human and livestock health. Mycotoxin contamination of agricultural products causes significant economic
losses worldwide. Therefore, it is particularly urgent to develop technologies for mycotoxins detection, degradation, and
controlling their contamination. Immunoassays, which use antibodies, are now commonly used for the detection and large—
scale screening of mycotoxins in agricultural products. As a new type of antibody, nanobodies have a small size, easy
expression in vitro, and high stability compared to traditional monoclonal and polyclonal antibodies. Therefore, they are
widely used in mycotoxin detection technologies. In this review, we summarize the development of nanobodies for common
mycotoxins (aflatoxin, ochratoxin, fumonisin, zearalenone, deoxynivalenol, etc.) detection, focus on the applications of anti—

mycotoxin and anti—idiotypic nanobodies in the context of several immunoassay methods, mainly compare the detection
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parameters such as half inhibition rate, detection limit, and linear range. We further describe the advantages and disadvantages

of detection technologies based on anti—mycotoxin and anti—idiotypic nanobodies and discuss the key issues in the development

of mycotoxin detection methods, such as the difficulty of developing new nanobodies and the small number of detectable

mycotoxins when using current methods. Moreover, we point out the future directions of applying rational design, directed

evolution, and peptide screen and design methods to develop nanobody variants and propose potential avenues for the future

development of nanobody—based mycotoxin detection technologies.
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Fig. 1 Schematic structures of monoclonal antibody, single—chain variable fragment (scFV), antigen—binding fragment (Fab),
heavy-chain—-only antibody (hcAb) and nanobody (Nb)
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Fig.2 Schematic structures of anti-mycotoxin nanobody
and anti—-idiotypic nanobody
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YR PLIR NAT-267, {HIX—PifkL5 A 15-AcDON
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Table 1 Performance of methods for mycotoxins detection using anti-mycotoxin nanobodies

HEGE AR Kk Ic, Kotk LPEEH S50
Mycotoxins Nanobody Assay format (ng/mL) Detection limit (ng/mL) Linear range (ng/mL) Reference
AFB1 NB26 ELISA 0.754 / 0.117~5.676 [12]
BA-ELISA 0.21 0.04 0.08~0.65 [16]
NB28 ELISA 1.012 / 0.171~6.431 [12]
MB-dcELISA 0.75 0.13 0.24~2.21 [17]
Ne-MCLEIA 0.089 0.006 0.019~0.407 [18]
G8 ELISA 4.61 / 0.95~42.45 [14]
AP-ELISA 19.8 2.6 4.3~92.0 [13]
BLETA 0.41 / 0.10~1.64 [15]
NB28 AV ELISA 1.70 / / [19]
NB28 S'D ELISA 1.18 / / [19]
NB70 EC—immunosensor / 33x%x 107 0.1~100.0 [20]
ECC-immunosensor / 6.8x 107 0.5~10.0 [21]
OTA NB28 ELISA 031 / / [24]
RT-IPCR 3.7x 107 1 x105~1 [24]
BA-ELISA 0.14 0.028 0.051~0.70 [25]
AP-ELISA 0.46 0.12 0.20~1.26
FRET immunoassay / 0.06 / [27]
Nb-FRET immunosensor / 5% 1073 / [28]
ECI-immunosensor / 5.7x% 107 5.7 % 107*~100 [29]
FN-Nanosens / 5% 107 5% 107~5 [30]
NBL-Immunosens 0.31 0.01 0.04~2.23 [31]
ECAIA 7.65 3.38 4.55~12.85 [33]
TeA Nb-3F9 ELISA 54.8 / / [34]
CLETA 8.6 0.3 / [34]
BLETA 9.3 1.1 / [34]
ITeA B3G3 ELISA 1.3 0.09 / [35]
15-AcDON NAT-267 FpP 419.5 / / [38]

e 7 FRSCERPRAGE

Note: “/” indicates no data in the reference.
RESMAT. ELISA SEIRZE KN, HgpEdiik 1C11
F40 K 1R VHH2-5 [ 41 4 g 9% 1 51 AFB1 .
AFB2. AFG1. AFG2 1 AFM1 %5 5 i ¥ i 55 5
2, LUl AFBL B R R, R IC,
{EH 0.16 ng/mL. 5T 47 VHH2-5 (1 M13 Wi #
TR K H 0% DNA, Lei 55 (4 #5717 —Fl T4
W Ae = i b v i 85 5 2 89 RT-IPCR 7k, X —
Ty HE RSB 7 0.02 ng/mL, #a ) R 45038 A T4%
45 1) ELISA 5. BfiJ5, Wang &5 (4 38 i 2 37
VHH 2-5 5 AFB1 Z [alf & Rk i, WPk T
— o AR R AFBL ST (toxin-
free ELISA ) , X —J7 ik R G — 22 7F,
K FR 4 0.015 ng/mL, BEAL, Lei 55 1460 L
VHH2-5 - W B ARR R A& T —F w34
Y3 (GLAMP ) 0077, BEAE 5¢ MO SE bR
A A B R BRI

Tang %5 147 fdi FHHT AFM1 £ B8 50 TR 209
s & 15 21 7 Ah Al 4 Y 44 oK BT AR VHH4-1-1 Al
VHH2-3-1, ELISA J7 1 K il 15 21 53 £ 44 K 4 {4
454y AFM1 FI 2C9 9 1C {53514 8.54 ng/mL Fl
3.33 ng/mL; #f— Al YK BTUIA VHH4A-1-1 2)
REAV A 22 W B R B b, T & 45 31— Fh 0B HL Ak
AR AL )R ES ( Toxin—free EC—immunosensor )
FHT KM 2R rh i) AFM, 45 5B 8 0] 5% — 14 e
Kl AFM1 YR R 0.25~5.00 ng/mL, 5l
FR A 0.09 ng/mL, MERELS:
22 MATHREESHERNATIMEFR R

il BT OTA B e TR R SR G K BTAARSC
B, i 4 DS BEAS B BT AR R g R TAR P28, 3
T P28 11 I BT X ELISA 5256 /s HAG I OTA 1)
IC,, {4 0.3 ng/mL. fi JHHL OTA B 55 [ i 14
1H2, Zhang % 0] i e 15 2 Hpr iR R 90 K Hi A



VHH2-24, ELISA 5255 78 VHH2-24 REAS R FPE
MR 1H2, TANGESS & H0 AFB1. DON #1 ZEN
e RESLIAR, R EA RIFMPURS &5
SetE, JET VHH2-24 4 ELISA S236 5 oR Ho il
OTA FIZMEJE N 0.003~0.1673 ng/mL. F:FR A
0.001 ng/mL. AR PR FEREDTIA 1H2, Zhang
A 0L G BEAS 2 PR FP BT (BT R B9 KBTAAR NCAT
FINCA2, 3438 & B, NCAL F1 NCA2 i Fh
YORPUATE CDR XA 6 MEIERAF, B
Kl OTA 1 1C,, fEL 5350 4 0.052. 0.015 ng/mL,
FHI NCAT PRI R B L NCA2 K. DA 4R %
IR G KA CDR X Ik S LM AS L g
AR FLAE 5 S5 RN 7 AT 15 SR8 20 AT 118 R AU
BfiJ5, Zhang 55 U0 fifi FIAOKPTIR NCA2 57 T —
FRIRSEE AU ELISA J5ik,  FH T PRt as il 4+ 4
5 OTA & &, k)5 B9 1C,, {2 0.017 ng/mL,
K BR 4 0.003 ng/mL, X — FE¥E7E LKk, K
K N /N 2 A5 S B ORE i L 1) S 2 RS 0 [T i R A
80.0%~114.8%, HA RIFHN M
23 NMAFRISEZERMAT MR g KK

TR o Z e — 2 R T o s R A R R
SR T Bl A7 i B ) A A = i P AR B B R R
Hujo % e 10 285k, Hph R 5 E BI
(FB1) W& fds . mEfhdom, BEAS S| iE
SELFPER , IR E PRELZI5 R 2B REUEY (4,
Shu &5 141520 15 4 BT FB1 B 5 [ 0 1A 178 I 7 K
JEE 7R SCPE i e A5 B T RR R 94 K BTk B26,
ELISA ¢ % I %2 453 2 A I FB1 A9 1C, {6 4
1.07 ng/mL, £ F 4 0.27~5.92 ng/mL, H R
T 29 3 T FB1-BSA Y 1) ELISA J7ik (1)
20 i (1C,, {5} 21.14 ng/mL) o HE—238 L)
SIRAE R R, BT KPR B26 1) ELISA 5256
KR S R B2 (FB2) Y IC,, {H) 27.67 ng/mL,
ML HRH 4.93%, FB] B26 EATRIFHY FB1
SRR TR JORFVRDEHE SR A
KB 45 5 B on, 35T B26 (19 ELISA J7 ¥ 6]
IR 71.90%~112.15%, FWHHGE F T 32 Prkt
PRI . JEF B26— S EBERR A AL & &, Shu
S 2 — I & T T FBI1 KA AP-ELISA,
X —J7 ALY 1C,, fE°h 0.89 ng/mlL., £k
4 0.29~2.68 ng/mL, FREFEME R T1L48 ELISA,
24 MATRESEREHBESNRHTIREE
P S TIRYIN

Shy 4 ST T AR BRI R85 2 47 R DON A
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S BT 7 s, Qiu &8 13 FH T DON B2 g [ 471
A 1T R SR Wk TRT A S 7 S Wi 3 75 21 R ook
I 24 K i & N-28 1 N=31, ELISA 5216 45 5 %
A 3¢ 7 b 7 1 A6 0 DON 9 1C. 43 51 1 8.77
19.97 ng/mlL, K M R 805 45 0 29 M A% 52 B T
DON-BSA #J ELISA J57 % (IC, {6 4 163.69
ng/ml) A9 18, 8 £i%; BfJ5, 1E&H XAl FAEANAEAS
FORFEAT N-28 YR AR AT, FFIESE T102Y .
V103L F1 Y105F %503 5 19 58 A8 e i F — 25 48 o
N-28 #: DON fy 53 f Rz (547,
2.5 KT EXRFE ST N AT I 045 B 4k
ETIRYN

KRR (ZEN ) &P R8I T |
AR ] TR R (L T TR A e D TR R A i A S
MM R R R R R R, BASRME. BIG k.
otk . R R AR 2 RS FEE N, W
AR LR E 22—, AdE R TR
BRIH Y ZEN G o 7 7k, Wang 55 155
FHHT ZEN BA 5 R0 VHH W B 44 J 7 SO 7
VRS RNGKBUIR 21, X —geKi ik AR bt
ZEN HpiEHUARSE G RE T 2 AEE R HAOKR LR
Z1 B T [ W R AR ELISA Tk, 45 R
TR ZEN (9 1C, {0 0.25 ng/mL, £t
il A 0.11~0.55 ng/mL, # Lt T4 4 13T ZEN-
BSA (K77 v R 26 £%. Tl X —4 K4t
A ST A I B A JE 78 A S 9 TPCR 2 G ) B o
fi% (6.5 pg/mL) . £ 175 Bl 4 0.01~100 ng/ml,
F WG PR AR ELISA J7 i i) 22 05 o . ANl el o
B 195 o AN, Tang 55 D) fiff F 9 Fh 40 g kR AL 40
KU T —FPRefg Rl I AFB1 Al ZEN 1y
BF (] HE DO 2T, 3K — 7 A B KRR
JESCEL T IR LA B R A R, e {E 5y
Sk 0.46., 0.86 ng/mL. Ffif5, Ren %[5 Xk
T — BT BE M T A JR 7N TPCR H AR T [ i A6
I AFB1 A1 ZEN, X —J7 4 AFB1 Fil ZEN 19
IC,, fH43 310 043 2.12 ng/mL, HMIER > 0.03 .
0.15 ng/mL; a5 2 B 3K — J5 v AT LA [A] B A6z 0 /]
& ROk, FOKFNEEHE SR Y AFBL FI ZEN,
DL T BRI G K BT E 5 T 7 2R A v )
FHIH
26 MATHMERSZRNMNIIMEFRGK
TRV

bR BRI HEERIN, oA T
TeA FI%EEZ (Citrinin , CTN ) BYHL M40 g o
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PURRIIFSE . Fln, Wang 45 158 5 FHE TeA F 2R
Vi BEHUAR 3F10 FTWE TE 44 Ji s SC PR i 16 45 21 FH T
TeA Kl AR QORI 1B, 2C 12D, ELISA
S 5 A T TeA B IC, fE 43 51 Ry 45.8.
129.3, 24.5 ng/mL, 2B Y8 KPrik 2D (1)K 2
U fe . Wang 25 058) 3 — 25 il 2D-NLUC H1
2D- R -NLUC #5371 TeA #&0 #) BLEIA J7
B, HPEE AP L 24 0 F IR G AK,
DAL G B DA R RE 8 F — 2D B sk I R AR 45

7R, T 2D-NLUC #9 BLETIA S50 46 69 1C,
{H 4 26.6 ng/mL, 1 4 T 2D- # & 1 -NLUC
(4 BLEIA 52 %6 k& Il 19 1C,, {6 4 10.3 ng/mL,
REEAM LT 2D-NLUC #2552 2.5 1%,

CTN e—Fhiiha s . HEEMLMESL
FEF =AM ERGTR, FEAETHRY . 93K,
KL B R R A Y T, HE
HHHMAERGER UM E SRR, ©

AR CTN BA B /M, Hagigid s
WS H5ESAUMMET (0, A T humpER
GOKPTARAY CTN FEAR , Xu 55 LV f 4T CTN
1) B B R B AR R SR W T X VHHL R 7R ST i ik
RENGUKBUAR X27, HT X —PUARE 7 1 ELISA
TIERI CTN f9 1C, {H 4 44.6 ng/mL, AL
4 5.0~300.0 ng/mL, R G RAESE ELISA J7ik
B2 5. Xu % (2R L T 5 —F T CTN Kl
AIBTA R BRI GOR TR, ELISA Rl 1C,, (5 R
10.9 ng/mL, REFEH— . Huang 55 (9 i
FHANKBTA X27 357 T CTN K () IPCR )7 %5,
H1C,, fEH 9.86 ng/mL. ZEHEIEEI 0.1~1 000 ng/
mL, ZITERTIN R AR . ARG I R
HATC & 2505 IR 2 2R iU R 40 K
Pk, SEEGUIARTE Z R0y ik b e IR AR G i A
PERE (F22) , (HJEILTHUMABR R G KPR B
ARSI 5 s AR D, SR AR B AR A F

F2 ETRMHBRIMARENERSERN G EELE
Table 2 Performance of methods for mycotoxins detection using anti—idiotypic nanobodies
HIHEER ELESTIREN alIWIRER IC,, R HHBR MG E= BTN
Mycotoxins Nanobody Assay format (ng/mL) Detection limit (ng/mL) Linear range (ng/mL) Reference
AFB1 VHH2-5 ELISA 0.16 / / [43]
RT-IPCR / 0.02 / [44]
toxin—free ELISA 0.04 0.015 0.018~0.079 [45]
AFMI VHH4-1-1 ELISA 8.54 / / [47]
toxin—free EC—immunosensor / 0.09 0.25~5.0 [47]
VHH2-3-1 ELISA 3.33 / / [47]
OTA P28 ELISA 0.3 4.17 x 107 / [48]
VHH2-24 ELISA / 0.001 0.003~0.1673 [49]
NAC1 ELISA 0.052 / / [50]
NAC2 ELISA 0.015 / / [50]
eco—friendly ELISA 0.017 0.003 0.01~0.51 [50]
FB1 B26 ELISA 1.07 0.15 0.27~5.92 [41]
AP-ELISA 0.89 0.12 0.29~2.68 [52]
DON N-28 ELISA 8.77 1.16 2.18~62.25 [53]
N-31 ELISA 19.97 2.39 4.98~107.42 [53]
ZEN 71 ELISA 0.25 0.08 0.11~0.55 [55]
IPCR / 6.5% 107 0.01~100 [55]
TeA 1B ELISA 458 / / [58]
2C ELISA 1293 / / [58]
2D ELISA 24.5 / / [58]
BLEIA 26.6 / / [58]
Nluc(F)- BLEIA 103 0.7 / [58]
CTN X27 ELISA 44.6 / 5.0~300 [61]
IPCR 9.86 / 0.1~1000 [63]
/ ELISA 10.9 / 2.5~100 [63]
e FoR Sk ARG
Note: “/” indicates no data in the reference



5 TAE,
3 REERE

biE TR E A S L ARR R R, AT &
TH TS IE AR A AR | i WA ] W2 AR
“IZARESRT L NIRRT FRAR, PR A
1T W2 AT SR 2B £ i e A A8
RIFEA ERA AL G0, EERFAH 25% 1Y
fer= iz BB ERIG Y. WAk, RE 2
T A=, HOESRAR S Z HE TR IG5,
T2 e R N A AR A e At S 2k R R
KRB FRER, Ak B g 72
HERM R RN, o ChEZH (2015 ) )
AR T R 19 BRrp 2 rp g il 4 7 2K S YRR
f, I7E CrPEZGH (2020 M) ) HRrRR i
25 A R A 24 Bk FREIDXS B R T
B E—2 g, R U e, R
B AR HLAE T 2P0 8 2R (R i RIS I i
Tk

VLA, 7F W R AR R s B R AR 1 i TR
FINEMHESN T, 28 IR R AR 98K
ORI 5 Bl i & o SRR E I R A R
M, BB = AU i & 5 5 A 2Rk =1k
FRTT A AR T 290 K AT AR B AH S (ARG T T v 8 O &
Ko REGTRZR . KI5 M T 100 42025 T8 ik ) AT
IS PO R QR PR R A 2, (B HUR R
PEAUCRPTIARIIFSEAR D . PUARERLGOR BT A L
FHURE S EGOR ORI e T e B
R - EOMBRYIE YRR, (A A
R, (HR T E S v AR TR
2 T B F v RE U B IR RSN RIR, TERLIN K
A ERDEARE. BRET, &AW T X
FRAOKR PR BRI e ARFERS SR L W FH I Rzl
PASE T T TR LR, (EA AR — SRR

KL 715K, A T G211 ELISA J5
1%, ALP-ELISA. BLEIA. %)% A4 545 888 L)
K SERH 4 E PCR 487 1A RABUESIA 1R T, Kl
SR RE T PRI TR . Horp, gk
& —ALP. ZKHifk -NLUC g5 5 1 ¥ g o 1A
MR IR R RS, ELRIN T B A R R, 1S A
N T RIBL A . Horh, NLUC BERS 7E A0S
YA AE T AN T B LA B PR 7 10 25 & 1 g it
FED, RN AR, (EAEARIR 0 AN = o
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RIGEE R A O R, ARSI
TE— I B S B R P A I

MATI I H R BRSO, H AR AT
ME R ZEE XA HHTER, DEOTIEREE L
PP LR T R B R AN . R, SR AR
PR AR i Y YA R 2 P LR 7 2R R
FEAE, ST — R REAE S I 2 b B 1R 2R () I AG
AIIE T BT R R TCRE A E L. 75h, AL
20 TP EL TR RE 2R [ I A A S5 23 rB AR T
PERERIARPUIAR, P2 h UL Y EC o 2 3R A AR B
AP RGBT RIE, CAT RIE RN
KA A — LN ARG . TF HE R R
YR/, NI T A 8 7 SO v s 2 P
TR DOR AR BAT B AOMEE . DIk, Rk
WER B, HE— Tk B m R A RIS E
PEEI DR DT BA PR, R R AR BT
TE FLU BRI R 2 G R FBE T A E T 1

PTAESK, PUARFIN T A5G HLHI AT B8R |
PURSE & Z KRBT FIB T HOR | B B
T E R R SRR R UL S AT EOR
AR AR, HE RE R A SCAURPUAR BB A Fik
et T e . CANTERN, iRk
it e AT T ACRES P R AR PR M R R R
ZEERE I AIARETE, N aE i SR AR T A R
MEE TR SHURLE S 0 THLH . S 54
AR EIERR AN BAE A 7, AR B S
HIERE RS S AHER, MURR BT oE
HAREEZEN . BETHRMERERE RS R
R, O, AT RUE SRS G 2 IR SEER A
TR, MRS S A AR, BT A
PALZ ISR, ISR RE A MR E TR 2 I,
It — 20T R B TP — BEDLIR Y G R AR I
Jriks y—Jiih, A RAE S AUORPUAR R E 1 L
TR MR AR SO BT, BEXFES & 5 A 28 IR
PEATORAE, REAS ST e RUCHB T 1 s 2 A0 T3 O 4 oK A7
PRIRASIR, SR 255 S LM AR E 2 AL TR it
TR, REMgHE— LT vk e e PR R R 2
WER A PR R B R PORPUA, X EEHFTERAR
HARFAEAF AT T
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