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ABSTRACT: Veterinary drug residues, pesticides, mycotoxins and their metabolites are widely present in food and
environmental matrices at trace levels and pose potential carcinogenic, teratogenic and endocrine-disrupting risks,
thereby necessitating the development of sensitive, rapid and high-throughput screening methods. Immunoassays
employing antibodies as recognition elements are widely used in food safety monitoring owing to their low cost,
rapid response and suitability for on-site analysis; however, their analytical performance largely depends on the
availability of monoclonal antibodies with high affinity and specificity. Owing to the dual immune mechanisms of
high-frequency somatic hypermutation and gene conversion, rabbit antibody repertoires exhibit remarkable diversity
and superior epitope resolution, making rabbits an important source of monoclonal antibodies against small-molecule
food contaminants. At present, high-affinity antibodies used in food safety immunoassays are predominantly rabbit
polyclonal antibodies, which suffer from inherent limitations such as batch-to-batch variability, complex epitope
composition, and difficulties in standardization and long-term stable supply, thereby restricting the engineering and
industrialization of immunoassay methods. In contrast, rabbit monoclonal antibodies offer distinct advantages,
including high affinity, single-epitope specificity, excellent reproducibility and amenability to genetic and structural
engineering, highlighting their significant potential in small-molecule immunorecognition. This review focused on
the design of small-molecule haptens and rabbit immunization strategies. It reviewed the recent advances in rabbit
monoclonal antibody discovery platforms, including hybridoma technology, display libraries and single B-cell-based
approaches, for the generation of rabbit monoclonal antibodies against small molecules. This review compared the
strengths and limitations of these platforms in terms of screening throughput, preservation of native heavy- and
light-chain variable region pairing, control of false-positive clones and antibody engineering potential. It also
summarized the applications of rabbit monoclonal antibodies against small molecules in enzyme-linked
immunoassays, lateral flow immunoassays and electrochemical and optical immunosensors discussed the
opportunities and challenges associated with complex matrix tolerance, multi-residue detection and methodological
standardization. Finally, this review highlighted the continued development of single-cell omics, microfluidics and
computer-aided antibody design, which was expected to facilitate the development of rabbit-derived high-affinity
antibodies against small molecules through more standardized and scalable workflows, thereby providing more
reliable immunorecognition elements for food safety and environmental monitoring.

KEY WORDS: rabbit-derived monoclonal antibodies; small molecule haptens; antibody discovery; rabbit-derived

hybridoma; single B cell technology; microfluidics; immunoassay
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Fig.l Discrepancy of antibody structure and affinity maturation mechanism between mouse and rabbit-derived antibodies
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Table 1 Typical derivatization strategies for small molecule hapten design
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3.3.1 RAMEm ISk

BT RN B AR AR R T Ak & SRR
—RPUREI I, AR HH RN R
APURRR O B 4o ok, FRICOSSRBCRT i Hiik
] AR A A ] AR 454 (variable heavy chain/variable light chain,
VH/VL)SE P55 T L35k, Ik e sk 2R
YT TR SO AP E S e A LSO A A A BRI DL
ZHEARN RN R B MEh R R RS, A
SN JE I Bk R AE B B MMEIF EEREEREN G
(immunoglobulin G, IgG)PHM:ANML; 8 A 2¢ SeARiE L5
TREF SR AR E B MR TR 5 4k Bt Xt B BH
PRI EST RT-PCR 3 VH/VL, M@k SAT Rk E
Uik, wZGE ELISA | RIS 2 FIRIR 5 75 v My
Hop o RS EYE 20)., AT CIEE R A%
BARERBEHR LB PR frik. L1 SR HAEE
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-BSA- 7 @il # M % Jt & (fluorescein isothiocyanate,
BSA-FITC)S5¥t % 1gG-# 41 % [ (phycoerythrin, PE)fRic
W, XEERREEN [gGt B At TR UE 4, dE—2
fi#tt BCR ik F I 520 FRA P45 2k S fn ) S o s Bt
i, Bk B L MIEIZ B AR AR M
BN FHUR . LU 3UARER I S 9Ot hiR A
Fricficts B 41, 2o iR RS/ Ny 1R Sid A
B #liff I Hy i E A S ST R HUA M AR, N L2 ERE
TAZBARAE /NG F IR S B DR 4 A B A A M R A
Pl v 1,

BKRE, TR0 B AR SRR L B
T2 A PR AU P BB AR B AR, (BAE/N 5
B RN THGE A B, A E—E REAIM ST,

IINGY T BRIV AR E T It 5 32 A0 25 - N A4
BRI, PR RS M T M 5 2R A T X4 RE
DS Beah, AF R S E A sa i & A e S R e
Tt EE T S R A . Bl R BCR &35 10k R AL
MBI P TR AR 583 . AN R BRI U & B AL,
ARG /NGy T R S AR D SR B R A Ak, 25T
SIERY L B ANMEARA AN T 3 S IR B T
PR & B TARME AR, 324 1) o] & A0 B A i 2k
332 RiBmAEEA

VRCT AR s B AR PR I A K AR R T R e B — B
B PO, KBGO AN S B . AR K A0
51 3L [l e e R W Bt b, DT 7 S A0 )2 T R4
ThRE. 40, AR S RPIE 2D), 5 RN
FEARIC SR 55 AP 2o AN [, YT Bl i 4 o s A LA s
iR DhaeEe A R i, e 10°~10° SO An iR
BN AT EE A RE D) . S It S BEL TS0, S5 4R A, DALt
HAERAATBE SRR 55 S BR B = 1/ N Fhiik &
B HLAT T 1 XN AR, AR N SR
TR S GRS, RIZE ] — 800 Hh i AR ic e pe 5 5 it
BN, L A R B R AL B RE R RS
XFoy AN LA T I REHENE, IR —25 4 i3k A% VH/VL
Fegl, SCESCE hRE . FEUF S B — IR R

HAT, T8I i s B T BN B O 2k )
SR D, A HOG R AR e £ AR PR e 3040 A5 3]
IiE, GERARD ZMWHE K CelliGO ¥4, Bt NG
T REI RE 5 00 9 ST A0 B i S s, R R A SR H o
IgG V& PEIEA T ol s 0 ik, SCRBARAS AR EOXT A B i v A
X5, FF40itt A Rk RAE PR LS A VERE, IEW hAE T
35 WX Y W] AE [ —F & A PR 52 . RUTKAUSKAITE
SV — S o W T S A S ARSI T 5, AR A
PR SERE, B A I HTAR A 5 10 9O S PR BB i 55

(fluorescence resonance energy transfer, FRET) "4 {55, 5K

XA G305 S5 R0 7 W PRGHEI R, 3 3 YR 43 1 A —
HAER S 800 AR LA E 5, B T 5
TEIRE S 10 B 4 EMRCRILSE . AR, WIHRURIEROAR
FEGRIRHUAZ B B I AT T 46 8. SHEMBEKAR
SISV X4 B AT A 2 TR AR AT PR X LA 255 4 A a5
SR BT IAR A A HEA TR M BT v = 4E B 4108, BT
T PN U R ZE T REAGIN : Xo T BT SRR FH A SR AR A
T, X ST D 000 5 | A 44 2 A S 15 5 O BB 0T, R BRI
TR XoF IO A LA 5 DU P AR AP SRR I UE o IS VT AL ML
Wt G2 2 J8 N 8 B M i 8 B P TR IR A i e, AR R 46 J
THoARR &R R . O — 2 S R AL A I R
[ REAEAS /N ARG 45358 A5 25 . FISCHER S8 UV F R 4%
W BAAS 5305 240 B G 2R 3] T R T AR 19 KB R B v, T G
FEISE A M LA T AR I 0T, T piMAAE SR iR & 4R Ja TR 2
Sebriehi s/ Zht, R AT A i R
AR B AL . BEFLALER . PO E R . R
Aok PRIy . B FRRFRENT, BB T A
B0 HAT BEARES A 16 R M FRB TR, FEar Pk 2] 44 5
IR YRR T7, ARBL T i B He b O 58 04 ] &2 4 4 o
DEJOUX %5476 %' e 1L {1 &8 MR A kA T g2, B
T PR s o1 S S48 M VE/VL DRI, 3R15K
F 500 Xt KARBLXG )P4 I EA ik, WS ZHRPUIAENT /Ny
FHW IR BN EE IR B A I FE AT, I — 2l ) Z5 A%
BB &, /AN IIHIhRRIGIE . ¥ SIAT
LRI UE Y BR AR B AL T SE A S 4

SACRE, WFHRAEAESUAR R EC AN
LRI EARSERY, (BT A RIEST/N T e PRI RS0
LS B FATARTA  o J5 220 FT LT JL G TRTFE: (1)
RERINE B gIiEE mE A | W E KR R TS
PE5 g QM NFERE LK FUE S50 N tRE
P, BEARAERE RN 555, RIEER o Re R Bm
W Bh A58 L (3)4E 7 BE Bl % 7 BCR AR IS4 14 5%
SIBCXF T RE, (X Red e 57 505 B S Bite e . HERR
YR E FRATBLEEE, WIHBIRE A BN KT
FARR I RIESUIN TSR EERE AT 5, IS
TR B AHM . RN SUREEINRIE A, iR
FHoui & R AR BOR 5 R M
333 Ritie B ek shiiE LS LR K

1012 B 4HARSNEGS 5 i ERR, R i sk
JRRE1Z B 4 s PT IR 4R B AR AE AR AN S0k ik
ATUAANNE, FRAT AT Y B v B PR EA T T RE T i,
H— 5k VH/VL Jp A TEAREN L, HE R
A DAAR A i slobk 2% B 4 25 9F 4k 1gGHiddZ B 4/
WAL, 7EFIA CDAOL (1)1 77 40 A B i 24 4 i 5 721
GHMEN, DI Ml B Oy s 5, A R A o
WARTRI KT 1 1gG; WCAERR IR BT 248 bR DI RE ik,
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A5 FEPAEF L NSO I 4043 VH/VL J351, At d]
FRBR I EHFAHUAR 2B). 5 AL RT-PCR J5
DA E, %R W AT AR B PR I 1 S R S8 T RE T
frs SRRSO A L, REASOR B KSR FGE 5 R v
KFR, A T DA 40 R 1A ch e 3R T e B8
TR

PUA BFFE 2L AT 325 2 2 T E B 3 B AR 7 i R v L
A A#REME . SEEBER Z1ILIANE I B 40 ki dh A1k,
1 EL-4-BS 1732 2560 B INA B4 K 15 - 6001 7 4
HNECTE R R, (0 RN 6 AT 25 T IR AL A e I [ P R
AR K- 1gG; RS B3 A 75 1 9 O R T R O ik,
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(BYEETRicdZ B AR NAOE S e R AR 1 5 B ZRAHTIAR R I, HEn] 28X R Bt (single-chain variable fragment, scFv); ZEGIIE 4HAE 5334k
(fluorescence-activated cell sorting, FACS); 1344 538 A Hiff =X Vi (reverse transcription-polymerase chain reaction, RT-PCR),
2 RIS REHUA R BB AR

Fig.2 Discovery technologies for rabbit-derived monoclonal antibodies
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SRR, 1212 B A AAS NI 5 e BEBOR RN
AT A RN D BB LR D3, S AR 2 A A
Peflt THON AR AL, & T RACABR . X AT AR
SFPEEOREGR /N TAEPUS AR . B RTAHSC A TS
I APUE N E, /N THUPR R G GE AN X AL, B
ZWT AN E ML AR HE % B AR ms &Y
WG R T2 5 MR FRAR R BE— B, %R BT
NG T e AN D G IR B ST AR IR 4 T AR

4 RIFHUN T TR RN 89N

EAER, RIFEREEYIAC A ELISA. M7 ZENT%
(lateral flow immunoassay, LFIA) K A& )& 1845 %7 G 3545
NEFH, SLRUEAR SPERES BN B LR 2. BUASKE, A OCHT
ORI TR AR R B R S DA A A B T
s Rl TP, OISR AR N RALA R . XS R
I RERRIE BRI 7 b HAT —E IS 3 78 ELISA J5
1, SN T BBt E T s I B b 25 W5k B A E
T, LU 20OV PR e 5 T i SR AR A

TEBUIE e S PR ST e BT, E N7 1938 4 ] 3E ELISA Xk i v
MR ICso A 0.68 ng/mL, X 4% IR -5 4= Wik ah A R [l iR
S 92.6%~104.3%F1 61.1%~81.6% £ % BAREFRAS 7
TEPLIRMIAF IS IR A T TR AE R
TR A e HUR, RIS ELISA A& BR AT 5
0.1 ng/mL, FFAEREIR . A 45 FH e 2 55 B o v 3R I T 4547 1)
TidR ECRE), HUANG 5P £ T ok oo v A2 e o v e
Bk, Fak— S T ELISA, HAS HBRE = 0.095 ng/mL,
[Fi] B 22 SR AR, A v R B (B A R oK o A
LFIA Jy i, iR sseEbuiss BT ol tl s . oA
TR FH S B o R AR S IR S e (4 ST B2 LFIA, 52
ARG PR v Z2 it i 5k B8 ) A, RS T s 1] 24
10~15 min, A H IR 5@ R AR LT 24008 T/ RUp
Pis PR A Y BRI G e o, Sl N+
BFUIR ] T A UL R . AR R E N, B &I
o IR SR R PUARME i W b 2 Hh fb 2 A AR IR, 2R A
I R 5 WA PR K OF, A BRAA Y ng/mL 2%, #/RHiAE
PR T 7 2 T AT R T )

*2 RIFEHUND TR RN 80 R A S

Table 2 Application examples of rabbit-derived anti-small molecule monoclonal antibodies in immunoassays

LIk Lioal RS Sk BE FEAR ik
EULE=" 3 LFIA ICso°4 0.018 ng/mL; ELWi{E N 100 pg/mL iz bl [3]
Ee Y4 3E4+ ELISA ¥ B 0.0042~0.014 ng/mL . FL IR [4]
T2 B % Fi4+ ELISA ICso 4 0.089 ng/mL; 5 HERM 0.32 pg/kg F) 1.42 pngrkg A5, LRSS PIAE b [5]
TE e 354 ELISA Nt e E MR 1 TCs0 2 0.68 ng/mL, K& tHFRZT 0.1 ng/mL IR AW [16]
A 24 ELISA ICsp Jy 1.06 ng/mL, £ iH B 0.1 ng/mL, Lkl R A e (50]

B 0.3~9 ng/mL ) )
EANGRA FE4r ELISA ot B 0.095 ng/mL; Xof JH:At M 1 i 32 SIS AR A 4% [51]

e =i B S o 1Cs0 29 90 ng/mL, @A Bl w AR 5 N

ARG 3£ ELISA ICso % %= 14 ng/mL, #;HFR% 2 ng/mL O (391

SR 3e4r ELISA 1Cs0 4317 12.64 Al 10.32 pmol/L Wk, ik [40]
ﬁiﬁ?% 54+ ELISA K R4 0.03~0.05 ng/mL IRBEIK A [37]

RAER Fo, i 2 g A SR e K i BR 4 0.82 ng/mL 445 [53]

Zi b, RIS TR PSR O TR SE g 5 S A
BUATHAT | AL REAR DN S 22 J2 AR 28 PR B R W 1 1
o M A5 T Z 2B 8w, (HEEE . B 41
Ji . RSP SRR IR A R AE BT BB, SR I
AR BOICR S — B A B — AR T, T S e B ah
LA SR NI A A N

5 Z5RiE

YIRGT/INT T B SERETUAAE R AT | AL HERE ST M
SIS DA DT T HA — IS, I OAERB2 | ARy
FUTR B 35 PRI TG e W) 45 22 S SR A S G rp At )
53

o BT, @B BRI HT E7E T e Bt S

BRI B, DIMEEL S RS 2 2R A ) ORI
B A% TEMEERE b, A4S0 AR SCE . sl B 4
J . B AR AR AZ B A ARSI 5 TR SRR A
AN TR PR AT TE T R R ) v B ) R LA, IF HE B
ELISA | il JEHT B S e 1 I s S K M- 65 B P RE SR T
S/NRBUAR L, ST 5 T R 7 45 567 i T SE 8
KA A2 T IR S R STIATE TR GE 7
T AR, RSRAE /N T XERLAR b B ) e S BLAL A B
HE AR SR o

ST A R B 15 25 A I S 2% S 9 Wt R A X
2 (EGE AT PR ELRROBRS S Bl A AR TR SO E THA
SN e TR AL, F BT SO i, BAFAER
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FH1TE

SREFRHE RO T B (T =X B 20 5 44 s e bk
IR R TR KRR ELRT 5 50 TR N B BRI v b
YO TR B A ) T AR B R B I S B R T 1l O i, RN
WA 5 Fe 5 SR U 32 . MRS — - B S RS T
B, T HATAT MR A R A BRI R A AR,
Gt PURFER EE . UREML . A, &
MR G s b AR, LASEIUS R R S il
CHE VAR

Hii, RIE/NTFERPRIEARVIFEAS TRS: &
SRRIFA B 4RI IRECRA A IR, % BCR 71 3R3A
5 AR TR 0 AR S8 AR AL BN AR 14 R T )
RETTGE 15 28 SR 2 R R s ATy it idF— B o8 . IR gl il
A RN TE . OO . R Y S AR T R
7%, R & B — R R B &, FE5] AL A S AL
e 2 Tk e UL e il SRR Ak, R
HEFAE AR AR5 D AR eI T o SR HR BRE 5 A
2, SRIEH/ANG 370 BT A 0T P4 35 45 A1 SR T A%
PR WA . R OB B il BRI 55 PR 2 P A v
T R S, o B 2 0 A ) ) R AR IR 2 7
BEPLIR s R rE PR . Bl SR AR AL . £EALAb
SEAMEDE, ORI R RGN TR SRR
P HL i R | SR ILTIN 2 M S5 2B M N — R A
AR
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