Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.10.21.000367. This version posted October 21, 2026. The copyright holder for this preprint

10

11

12

13

14

15

16

17

(which was not certified by peer review) is the author/funder. All Rights Reserved. No reuse allowed without permission.

A FACS-microfluidics pipeline for rapid discovery of high-affinity rabbit

monoclonal antibodies against hapten molecules
Chen Xing® !, Yuan Li®>®!, Yantong Pan®®°, Bochen Lv®, Congming Wu® ", Zhanhui Wang® ®*

2 Technology Innovation Center for Food Safety Surveillance and Detection, Sanya Institute

of China Agricultural University, Sanya, 572025, People’s Republic of China

® National Key Laboratory of Veterinary Public Health and Safety, Beijing Key Laboratory of
Detection Technology for Animal Derived Food Safety, College of Veterinary Medicine,

China Agricultural University, Beijing, 100193, People’s Republic of China

¢ Key Laboratory of Applied Technology on Green-Eco-Healthy Animal Husbandry of
Zhejiang Province, College of Animal Science and Technology, College of Veterinary

Medicine, Zhejiang A&F University, Hangzhou, People’s Republic of China
! These authors contribute equally to this work

* Author to whom correspondence should be addressed

Zhanhui Wang: wangzhanhui@cau.edu.cn (Z. Wang)

Congming Wu: wucm@cau.edu.cn (C. Wu)

Tel: +86-10-6273 4565

Fax: +86-10-6273 1032



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.10.21.000367. This version posted October 21, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All Rights Reserved. No reuse allowed without permission.

18  Abstract: Single B-cell technology has become increasingly important for discovering of
19  rabbit monoclonal antibody (RabmAb) with naturally paired heavy- and light-chain
20  variable-region genes (VH/VL), which offers many advantages for detecting hapten
21  contaminants in food safety testing, clinical diagnostics, and environmental monitoring.
22 However, the efficient recovery of naturally paired VH/VL genes from single B cells remains
23 challenging. To address this challenge, we developed an integrated pipeline that couples
24 fluorescence-activated cell sorting (FACS) with a closed-nanoliter microfluidic system for
25 automated single-cell cDNA preparation, thereby bridging hapten-specific B-cell enrichment
26 and antibody gene recovery. Using chloramphenicol (CAP) as a model hapten, FACS
27  identified antigen-specific memory B cells (MBCs) representing 1.10% of the IgG*
28  population, and the pipeline recovered 22 paired VH/VL sequences, of which 10 were
29  confirmed as antigen-specific, representing a high positive hit rate of 45.5%. The entire
30  process from cell sorting to RabmAb validation was completed within one week, eliminating
31  conventional manual steps of cell lysis, reverse transcription, and sample transfer that are
32 prone to RNA loss and contamination. The lead candidate, RabmAb-4E, demonstrated
33 exceptional analytical performance in an indirect competitive ELISA, with an ICso of 0.01
34 ng/mL, negligible cross-reactivity (<0.001%) against structurally related analogues, and
35  robust tolerance to high ionic strength (0-6.0 M NaCl), broad pH range (4.0-8.5), and organic
36 solvent (0-60% methanol). Recoveries from spiked skim milk and chicken samples ranged
37  from 90.28% to 117.53%, confirming its practical utility in food matrix analysis. Molecular
38  docking further suggested that a shape and chemical complementary within the paratope
39 pocket in which multiple noncovalent interactions including hydrogen bonds, n-n stacking,
40 and hydrophobic contacts, cooperatively stabilize the antibody-CAP complex. This work
41  establishes a FACS-microfluidics pipeline that not only overcomes the technical barriers to
42 hapten-specific RabmAb discovery but also provides a rapid, efficient, and scalable platform
43 for generating high-performance antibodies against hapten molecules.

44

45  Keywords: Rabbit monoclonal antibody, Single B-cell antibody discovery, Hapten-specific
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43 1 Introduction

49 Monoclonal antibodies (mAbs) are among the most powerful biorecognition elements in
50  immunoassays for food safety, clinical diagnostics, and environmental monitoring. Their
51  utility derives from their ability to bind defined antigenic determinants with high specificity
52 and affinity and to provide standardized reagents for reproducible assay development!-2. In the
53  case of hapten molecules, which typically possess a molecular weight below 1000 Da and
54  only a single antigenic determinant, the quality of the antibody reagent becomes the single
55 most critical determinant of assay sensitivity, specificity, and robustness. Hapten-specific
56 mAbs are therefore not merely useful but indispensable for achieving regulatory-level
57  detection limits in complex food and environmental matrices. Among various antibody
58  formats, rabbit monoclonal antibodies (RabmAbs) have gained increasing attention as
59  superior recognition reagents for small-molecule immunoassays. Compared with murine
60  monoclonal antibodies (MmAbs), RabmAbs often offer higher affinity, broader epitope
61  coverage, and greater conformational stability, because of a larger B-cell repertoire, distinct
62 mechanisms of affinity maturation, and a unique antibody structure characterized by
63  exceptionally long CDR-H3 and diverse CDR-L3 loops®. These features make RabmAbs
64  particularly well suited for recognizing the constrained, often planar architectures of haptenic
65  compounds, where the antibody-hapten interface relies on a limited number of intermolecular
66  contacts and demands a high degree of shape complementarity*>.

67 Despite these advantages, the generation of RabmAbs against haptens remains
68  technically challenging. The conventional hybridoma approach, while well-established for
69  MmADs, has met with limited success in rabbits exemplified by platforms such as RabMab®
70  due to intrinsically low fusion efficiency, progressive genetic instability of rabbit-mouse
71 heterohybridomas, loss of antibody secretion during prolonged culture, and the laborious
72 nature of repeated subcloning®’. Beyond these technical hurdles, the widespread adoption of
73 hybridoma-based RabmAb generation is further constrained by intellectual property and
74 commercial availability of myeloma cell lines for rabbit. To overcome these limitations,
75  display library-based technologies, including phage, yeast, and mammalian cell display, have
76  been applied to RabmAb discovery in combination with recombinant expression systems’,

77  These in vitro selection platforms avoid the need for cell fusion and enable high-throughput
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78  screening. However, in most display libraries, antibodies are generated by artificial pairing of
79  heavy-chain variable region (VH) and light-chain variable region (VL) genes, resulting in the
80  loss of naturally VH and VL pairing information from the B-cell repertoire *!°. Moreover,
81 artificially constructed libraries cannot fully recapitulate the in vivo processes of

82  antigen-driven B-cell selection and affinity maturation'!-?

. For hapten-specific antibodies,
83  where the combining site relies on exquisitely coordinated VH/VL pairing to form a
84  complementary pocket for the small molecule, the loss of native pairing information imposes
85  a particularly severe constraint on the recovery of high-quality antibodies'?. Therefore, there
86 1is a pressing need for alternative strategies that preserve naturally VH/VL pairing while
87  enabling efficient recovery of hapten-specific RabmAb genes.

88 Single B-cell antibody technologies have emerged as an important solution to this
89  challenge, offering a direct route from individual antigen-experienced B cells to mAbs with
90  naturally paired VH and VL genes'®. A critical prerequisite for this approach is the selective
91 isolation of antigen-specific B cells. Fluorescence-activated cell sorting (FACS) enables the
92  identification and sorting of antigen-specific B cells by combining antibodies against
93  cell-surface markers with fluorescently labeled antigens that bind to surface B-cell receptors
94  (BCRs), provides a powerful means to achieve this selection. Indeed, FACS-based enrichment
95  of IgG" antigen-specific memory B cells (MBCs) has been successfully applied to generate
96 mAbs from both mice and rabbits'>. However, the downstream processing of FACS-sorted
97  single cells remains a significant source of technical variability. Conventional workflows
98  generally rely on sorting single cells into microplate wells, followed by manual or
99  semi-automated cell lysis, reverse transcription, and PCR amplification performed at

100  microliter-scale volumes. Because each primary B cell contains only picogram quantities of

101  messenger RNA, these open-system, manually operated workflows are susceptible to RNA

102 loss, enzymatic degradation, and exogenous contamination, all of which can compromise the

103 recovery and fidelity of antibody variable-region transcripts. Moreover, the multi-step,

104  manually intensive nature of these procedures inherently extends processing timelines and

105  introduces batch-to-batch variability that complicates reproducibility across experiments. This

106  vulnerability is particularly acute for rabbit B cells, for which the limited availability of

107  validated primer sets and the relatively low abundance of immunoglobulin transcripts add

4



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.10.21.000367. This version posted October 21, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All Rights Reserved. No reuse allowed without permission.

108  further layers of technical difficulty.

109 Microfluidic platforms provides a powerful technical basis to these limitations by
110  enabling the confinement, manipulation, and molecular processing of single cells within
111  miniaturized, closed-volume reaction chambers!®!”. In these miniaturized compartments,
112 molecular processing steps such as cell lysis, reverse transcription, and single-cell cDNA
113 preparation can be integrated into a controlled pipeline!®!°. In addition, the reduction of
114  reaction volumes from the microliter scale to the nanoliter or picoliter scale substantially
115 increase the effective template concentration, reduce reagent consumption, and minimizes
116  sample loss and the risk of exogenous nucleic acid contamination®’. The Fluidigm C1
117  Single-Cell Auto Prep System (hereafter, the Fluidigm C1 system) is a microfluidics-based
118  integrated fluidic circuit (IFC) platform for automated single-cell processing. This system
119 performs single-cell capture, lysis, reverse transcription, and cDNA preparation on a single
120  IFC chip, making it suitable for preparing single-cell cDNA for downstream amplification of
121  antibody variable-region fragments?'?2. Titcombe et al. used this system to recover paired
122 heavy- and light-chain sequences from a subset of FACS-sorted citrullinated peptide-specific
123 human MBCs for subsequent antibody generation?’. This parallelized, chamber-based
124 workflow reduced manual handling during single-cell RNA processing and provide a
125  technical route for improving antibody gene recovery from sorted antigen-specific B cells.
126 However, despite these advantages, the application of the Fluidigm C1 system integrated with
127 FACS to antibody discovery, particularly for the recovery of hapten-specific antibodies from
128  rabbit memory B cells, remains limited. In this study, we developed a streamlined single
129 B-cell antibody discovery pipeline that integrates FACS-based antigen-specific MBCs sorting
130 with microfluidics-based automated single-cell cDNA preparation, specifically tailored for the
131 generation of hapten-specific RabmAbs.

132

133 2 Materials and Methods

134 2.1 Reagents and chemicals

135 Bovine serum albumin (BSA), ovalbumin (OVA), keyhole limpet hemocyanin (KLH),
136 N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
137 complete Freund’s adjuvant (CFA), incomplete Freund’s adjuvant (IFA), and
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138 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from Sigma-Aldrich
139 (St. Louis, MO, USA). RPMI 1640 medium, fetal bovine serum (FBS), isopropyl
140  B-D-1-thiogalactopyranoside (IPTG), and anhydrous dimethyl sulfoxide (DMSO) were
141 sourced from Thermo Fisher Scientific Inc. (Massachusetts, USA). Horseradish peroxidase
142 (HRP)-conjugated goat anti-rabbit IgG (H+L) and phycoerythrin (PE)-conjugated goat
143 anti-rabbit IgG (H+L) were purchased from Beyotime (Beijing, China). Lymphocyte
144  separation medium was obtained from Beijing Solarbio Science & Technology Co., Ltd.
145 (Beijing, China). All other reagents were obtained from Beijing Chemical Reagent Co., Ltd.
146 (Beijing, China). The CAP-specific MmAb 5D11 was previously prepared in our laboratory
147  and used in this study?*.

148 The following buffers and solutions were used in this study. Phosphate-buffered saline
149 (PBS, 0.01 M, pH 7.4) was used unless otherwise specified. Carbonate-bicarbonate buffer
150  (CB; 0.05 M, pH 9.0) was used as the coating buffer. The blocking buffer consisted of 0.25%
151 casein (w/v) and 5% calf serum (v/v) in PBS. The washing buffer (PBST) consisted of 0.05%
152 Tween-20 (v/v) in PBS (0.01 M, pH 7.4). The FACS buffer consisted of PBS containing 2%
153 fetal bovine serum (FBS). The substrate solution was freshly prepared by mixing equal
154 volumes of solutions A and B. Solution A contained 0.5 g of urea hydrogen peroxide
155  dissolved in 500 mL of citrate-phosphate buffer (0.1 M, pH 5.0). Solution B contained 0.25 g
156  of 3,3°,5,5 -tetramethylbenzidine and 5.2 g of citric acid dissolved in 20 mL of DMSO and
157 480 mL of distilled water.

158 2.2 Preparation of hapten-protein conjugates and fluorescent antigen probe

159 Hapten-protein conjugates, including the immunogen (CAP-HS-KLH) and coating
160  antigens (CAP-HS-BSA, CAP-OPA-OVA, and CAP-NH>-PTSC-OVA), were prepared using
161  the active ester method?. Briefly, the carboxyl groups of the haptens were activated with EDC
162 and NHS at a molar ratio of 1:1.5:1.5 (hapten:EDC:NHS) by gentle shaking at room
163 temperature for 3 h. The activated hapten solution was then slowly added dropwise to KLH,
164 BSA or OVA dissolved in PBS (0.01 M, pH 7.2) at a hapten-to-protein molar ratio of
165  approximately 60:1 for BSA/OVA conjugates and 50:1 for KLH conjugates. The reaction
166  mixture was incubated with gentle agitation in the dark at room temperature for 12 h and then
167  dialyzed against PBS (0.01 M, pH 7.2) at 4 °C for 72 h, with buffer replacement every 8 h.
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168  CAP-N-6AS-OVA was prepared by glutaraldehyde-mediated coupling®®. Briefly, CAP-N-6AS
169 and OVA were dissolved in PBS (0.01 M, pH 7.4) at a molar ratio of approximately 60:1.
170 Subsequently, a 25% (v/v) glutaraldehyde solution was added dropwise to the mixture under
171 stirring. The reaction proceeded at room temperature for 3 h in the dark. Sodium borohydride
172 was then added, and the mixture was stirred for a further 1 h to reduce and stabilize the
173 Schiff-base linkages. The resulting CAP-N-6AS-OVA conjugate was dialyzed against PBS
174 (0.01 M, pH 7.2) at 4 °C for 72 h, with buffer replacement every 8 h. All conjugates were
175  collected and stored at -20 °C. The hapten-protein conjugates were characterized by indirect
176 enzyme-linked immunosorbent assay (iIELISA), using the previously prepared CAP-specific
177 MmADb 5DI11, and matrix-assisted laser desorption/ionization time-of-flight mass
178  spectrometry (MALDI-TOF MS) to verify successful conjugation and determine the
179 hapten-to-protein coupling ratios. The structure of the immunogen is shown in Figure S1. The
180  coating-antigen structures are shown in Figure 2C and Figure 3A-C.

181 FITC-CAP-HS-BSA was prepared by conjugating CAP-HS-BSA with FITC-NHS.
182 Briefly, CAP-HS-BSA was dissolved in CB (0.05 M, pH 9.0), and FITC-NHS dissolved in
183  DMSO was added at a FITC-to-protein molar ratio of 5:1. The mixture was protected from
184  light and incubated in the dark at room temperature for 2 h with gentle agitation, after which
185  unreacted FITC-NHS was removed by three rounds of ultrafiltration using a 30 kDa
186 molecular weight cut-off centrifugal filter. The purified FITC-CAP-HS-BSA was aliquoted
187  and stored at -20 °C. It was characterized by UV-visible absorption spectroscopy and indirect
188  competitive enzyme-linked immunosorbent assay (icELISA), performed using the previously
189  prepared CAP-specific MmAb 5D11, to confirm that FITC labeling did not compromise the
190  antigen-recognition properties of CAP-HS-BSA.

191 2.3 Rabbit immunization, antisera monitoring, and PBMC preparation

192 Male New Zealand White rabbits (n = 3) were obtained from Beijing Vital River
193 Laboratory Animal Technology Co., Ltd. and were approximately 6 months old and weighed
194  approximately 3 kg. All animal experiments were performed in accordance with protocols
195 approved by the Experimental Animal Ethics Committee of China Agricultural University
196  (approval number: AW81905202-2-03). The immunogen CAP-HS-KLH was diluted in PBS
197 to a final concentration of 1 mg/mL and emulsified with an equal volume of Freund’s
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198 adjuvant by vigorous vortexing until a stable water-in-oil emulsion was formed. For primary
199  immunization, CAP-HS-KLH was emulsified with complete Freund’s adjuvant, whereas
200 incomplete Freund’s adjuvant was used for all booster immunizations. Rabbits were
201  immunized by multiple subcutaneous injection at six to eight multiple sites in the dorsal neck
202  region to maximize antigen drainage to regional lymph nodes. Each rabbit received six
203  immunizations at 30-day intervals, with 1 mg of CAP-HS-KLH administered per
204  immunization.

205 Antisera was collected from the marginal ear vein7 days after each booster immunization
206  and monitored by icELISA. Briefly, the coating antigen CAP-HS-BSA (as a heterologous
207  coating antigen to minimize carrier-protein interference) was diluted in CB (0.05 M, pH 9.0)
208  to an optimized concentration of 1 pg/mL and added to 96-well microplates at 100 pL per
209  well. The plates were incubated at 37 °C for 2 h, two additional washed three times with
210  PBST, and blocked at 37 °C for 1 h. After two washes, 50 pL of PBS or CAP standard
211 solution at serial concentrations was added to each well, followed by 50 pL of diluted antisera
212 at a pre-determined optimal dilution. The plates were incubated at 37 °C for 30 min. After two
213 washes, 100 uL. of HRP-conjugated secondary antibody diluted 1:5000 in PBS was added to
214  each well and incubated at 37 °C for 30 min. After two further washes, 50 pL of substrate
215  solution was added to each well. Following incubation at room temperature for 15 min in the
216  dark, the reaction was stopped by adding 50 pL of 2 M H>SO4. Absorbance was measured at
217 450 nm using a microplate reader, and the optical density was recorded as ODaso. The
218  inhibition rate (IR) was calculated using Eq. (1):

219 IR (%) = [(Bo-B)/Bo]*100 (1)
220 where Bo represents the OD4so value in the absence of CAP, and B represents the ODaso
221  value in the presence of CAP.

222 After the sixth immunization, the rabbit with the highest antisera sensitivity (defined as
223 the lowest ICso value in the icELISA) was selected for PBMC preparation. Approximately 30
224 mL of blood was collected from the central auricular artery and processed for PBMC isolation.
225  The blood sample was diluted with an equal volume of PBS (0.01 M, pH 7.2) and layered
226  onto lymphocyte separation medium in a 1:1 volume ratio while maintaining a clear interface
227  between the two liquid phases. The sample was then centrifuged at 1500x g for 30 min at
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228  room temperature. After centrifugation, the PBMC layer at the plasma-separation medium
229  interface was carefully collected using a Pasteur pipette. The cells were washed three times
230  with PBS (0.01 M, pH 7.2) and centrifuged at 250% g for 10 min after each wash. After the
231  final wash, the supernatant was discarded, and the PBMCs were resuspended for subsequent
232 FACS-based sorting of antigen-specific MBCs.

233 2.4 FACS-based sorting of antigen-specific MBCs from PBMCs

234 PBMCs prepared as described above were resuspended in ice-cold FACS buffer and
235  adjusted to a final concentration of 1x10° cells/mL. For cell staining, 10 pug of PE-conjugated
236  goat anti-rabbit IgG (H+L) antibody and 20 pg of FITC-CAP-HS-BSA were sequentially
237  added to the cell suspension. The cells were incubated on ice for 30 min in the dark to prevent
238  capping and internalization of surface BCRs. After staining, the cells were centrifuged at
239  400x g for 10 min and washed three times with ice-cold FACS buffer to remove unbound
240  antibody and fluorescently labeled antigen. The stained cells were resuspended in 500 pL of
241  FACS buffer and transferred to sterile flow cytometry tubes with cell-strainer caps to remove
242  aggregates. A 10 pL aliquot of the stained cell suspension was used for confocal laser
243 scanning microscopy to examine the dual-positive fluorescence signals on the cell surface.
244  Before FACS-based sorting, DAPI was added at a final concentration of 1 pg/mL, after which
245  the flow cytometer settings, sorting gates, and flow rate were optimized using unstained and
246  single-stained controls as fluorescence reference standards. During sorting, lymphocytes were
247  first identified based on their FSC/SSC characteristics to exclude debris (P1), followed by
248  singlet discrimination using FSC-W versus FSC-H (P2). Live cells were then selected by
249 excluding DAPI* events (P3). IgG" events were subsequently selected in P4, and antigen™
250 events within the IgG" population were selected in P5. The resulting IgG'antigen®
251  double-positive live cells were sorted as antigen-specific MBCs and collected in ice-cold
252 RPMI 1640 medium supplemented with 5% FBS in a 1.5 mL microcentrifuge tube pre-coated
253  with 5% FBS to minimize cell adhesion for subsequent microfluidics-based automated
254 single-cell cDNA preparation.

255 2.5 Microfluidics-based single-cell cDNA preparation

256 The overall workflow for single-cell cDNA preparation on the Fluidigm C1 system
257  comprised four sequential stages, including chip priming, cell loading and single-cell capture,
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258  on-chip lysis/reverse transcription/cDNA preparation, and harvest of single-cell cDNA
259  products.

260 Chip priming. The IFC chip (designed for cell diameters of 5-10 pm) was primed
261  according to the manufacturer’s instructions with minor modifications to ensure complete
262  hydration and removal of air bubbles from the microfluidic channels. A 200 pL aliquot of C1
263  Harvest Reagent was added to the red-circled inlet, and 20 pL. of C1 Harvest Reagent was
264  added to each of the 40 red-marked inlets. C1 Preloading Reagent (20 pL), C1 Blocking
265 Reagent (15 pL), and Cell Wash Buffer (20 puL) were loaded into the purple-, white-, and
266  gray-marked inlets, respectively. The IFC chip was then placed into the Fluidigm C1 system
267  and primed under vacuum for 10 min at room temperature.

268 Cell loading and single-cell capture. FACS-sorted antigen-specific MBCs were counted
269  using a hemocytometer, adjusted to a concentration of 66000-333000 cells/mL, and mixed
270 with C1 Suspension Reagent at a ratio of 3:2 (v/v). A 6 pL aliquot of the cell mix was loaded
271  into the green-marked inlet. After removal of the C1 Blocking Reagent from the
272 white-marked inlet to open the microfluidic capture valves, the IFC chip was placed in the
273 Fluidigm C1 system for single-cell capture in individual microfluidic chambers.The cell
274  loading process was performed under programmed pressure control to ensure
275  Poisson-distributed single-cell occupancy.

276 On-chip lysis, reverse transcription, and cDNA preparation. After microscopic
277  inspection of single-cell capture using an inverted phase-contrast microscope to confirm
278  single-cell occupancy and record chamber coordinates, reagents for single-cell cDNA
279  preparation were loaded into the IFC chip. Briefly, 180 uL of C1 Harvest Reagent was added
280  to the red-marked harvest reservoir, 7 pL of Lysis Mix A containing cell lysis buffer and
281  RNase inhibitor was added to the orange-marked inlet, 7 pL of RT Mix B containing reverse
282  transcriptase, buffer, ANTPs, and oligo(dT) primers was added to the yellow-marked inlet, and
283 24 uL of PCR Mix C containing pre-amplification reagents was added to inlets 7 and 8. The
284  IFC chip was then processed in the Fluidigm C1 system to perform cell lysis, reverse
285  transcription, and cDNA preparation in nanoliter-scale reaction chambers for 5.5 h for a total
286  of 5.5 h following the manufacturer's standard protocol.

287 Harvest of single-cell cDNA products. After completion of the on-chip reaction, the
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288  single-cell cDNA products were harvested from the IFC chip into a 96-well PCR plate
289  according to the chamber order of the chip by applying C1 Harvest Reagent to flush the
290  cDNA from each chamber and stored at -20 °C for downstream amplification of antibody
291  variable-region fragments.

292 2.6 Amplification and sequence analysis of paired VH and VL fragments

293 The concentration of the single-cell cDNA products was measured using a Qubit 3.0
294  fluorometer with the Qubit dsDNA HS Assay Kit. Briefly, 2 pL of each cDNA product was
295  mixed with 198 pL of Qubit working solution and incubated at room temperature for 2 min in
296  the dark before measurement. The integrity of the single-cell cDNA products was analyzed
297  using an Agilent 2100 Bioanalyzer with the High Sensitivity DNA Kit according to the
298  manufacturer’s instructions to assess the fragment size distribution and confirm the presence
299  of high-molecular-weight cDNA. VH and VL fragments were amplified from single-cell
300 cDNA templates using previously validated rabbit variable-region-specific primers that were
301  designed to target the leader peptide and constant-region sequences, enabling amplification of
302  variable regions while preserving natural VH/VL pairing information?’. PCR was performed
303  under the following conditions: 95 °C for 3 min; 30 cycles of 95 °C for 30 s, 55 °C for 30 s,
304 and 72 °C for 2 min; and a final extension at 72 °C for 10 min. A no-template control was
305 included in each PCR run to exclude contamination. The PCR products were analyzed by
306 1.5% agarose gel electrophoresis, and target bands corresponding to the VH and VL
307 fragments at approximately 400 bp were excised and purified. The purified VH and VL
308  fragments from each single-cell cDNA reaction were subjected to TA cloning into the
309 pMDI19-T vector and Sanger sequencing using M 13 forward and reverse primers to determine
310  the paired VH and VL sequences. The productive paired VH/VL recovery rate was calculated
311 using Eq. (2):

312 Productive paired VH/VL recovery rate (%) = (number of productive VH/VL pairs/number of
313 single-cell-occupied IFC capture chambers)x100 (2)

314 where the number of single-cell-occupied IFC capture chambers was determined by
315  microscopic counting of chambers containing exactly one viable cell.

316 2.7 Construction and expression of recombinant antibodies

317 The VH and VL fragments were used to construct scFvs expression plasmids using
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318  sequence- and ligation-independent cloning?® with a flexible (G4S); linker connecting the VH
319 and VL domains. Each recombinant scFv plasmid was transformed into E. coli RV308
320  electrocompetent cells by electroporation at 2.5 kV, 25 pF, and 200 Q. Positive transformants
321  were identified by colony PCR using vector-specific primers, and scFv expression was
322 induced with 0.5 mM IPTG at 25 °C for 12 h to enhance soluble protein yield. After induction,
323 the bacterial cells were harvested by centrifugation at 8,000 x g for 10 min and disrupted by
324  sonication on ice (20 min, 30% amplitude, 5 s on/5 s off). The supernatant obtained after
325  centrifugation at 12,000 x g for 20 min sonication was collected as the crude scFv extract for
326  initial functional screening. For RabmAb expression, the codon-optimized VH and VL
327  sequences corresponding to the lead scFv clone 4E were synthesized commercially and
328  cloned into the pFUSE expression vectors containing the rabbit IgG heavy-chain (CH1-CH3)
329 and light-chain (Cy) constant-region sequences, respectively. HEK-293 cells in the
330  exponential growth phase at 70-80% confluence were transfected with the recombinant
331  plasmids at a 1:1 molar ratio (heavy chain:light chain) using Lipofectamine 2000. The culture
332 supernatant was harvested on day 4 after transfection, and RabmAb was purified by HiTrap
333  Protein A affinity chromatography. The molecular integrity of the purified RabmAb was
334  evaluated by SDS-PAGE under both reducing (with 100 mM DTT) and non-reducing
335  conditions.

336 2.8 Development of RabmAb-4E-based icELISA and sample evaluation

337 To improve the sensitivity of the RabmAb-4E-based icELISA, the coating
338  antigen-antibody combinations and their working concentrations were optimized using a
339  checkerboard titration in which each combination of coating antigen (CAP-HS-BSA,
340 CAP-OPA-OVA, CAP-N-6AS-OVA, and CAP-NH>-PTSC-OVA) and antibody concentration
341  was tested to identify the pair with the lowest B/By ratio at a given CAP concentration. The
342 effects of assay buffer conditions, including ionic strength and pH, were also evaluated by
343 preparing standard curves in PBS containing varying concentrations of NaCl (0-6.0 M) or at
344  different pH values (4.0-9.5). In addition, the tolerance of RabmAb-4E to methanol was
345  assessed in the icELISA system by incorporating 0-70% methanol into the assay buffer. The
346  maximum absorbance (Amax), defined as the ODasso value in the absence of CAP under each
347  tested condition, together with ICso and ICso/Amax ratio were used to evaluate these parameters
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348  as indicators of signal intensity, sensitivity, and overall assay robustness, respectively. The
349  specificity of RabmAb-4E was evaluated by determining the cross-reactivity (CR) with
350  structurally related CAP analogues including thiamphenicol, florfenicol, and florfenicol amine
351  using icELISA. CR was calculated by using Eq. (3):

352 CR (%) = [(ICs0 of CAP)/(ICso of analogues)]x100 3)
353 The analytical performance of the optimized icELISA was evaluated based on the ICso,
354  limit of detection (LOD), and linear range defined as IC20-ICso from the standard curve. The

355 standard inhibition curve was fitted using a four-parameter logistic model according to Eq.

356 (4).
357 Y = (A-D)/[1+(X/C)B]+D 4)
358 where A represents the responses at high asymptotes of the curve, B acts as the slope

359  factor, C is the ICso of the curve, D is the responses at low asymptotes of the curve, and X is
360 the calibration concentration.

361 The LOD was determined by analyzing 20 blank skim milk and chicken samples that had
362  been confirmed negative for CAP by LC-MS/MS and was defined as the CAP concentration
363  corresponding to the mean blank signal minus three times the standard deviation of the blank
364 measurements on the standard curve. Recovery experiments using spiked samples were
365 performed to evaluate the accuracy and precision of the developed icELISA. CAP-negative
366  skim milk and chicken samples were obtained from the Beijing Key Laboratory of Diagnostic
367 and Traceability Technologies for Food poisoning (Beijing, China). The samples were
368  pretreated according to a previously reported method to suit the matrix characteristics?’, with
369  detailed procedures provided in Section 1.1 of the Supplementary Information.

370 Recovery and coefficient of variation (CV) values were calculated using Eq. (5) and Eq.
371 (6), respectively. All measurements were performed in triplicate.

372 Recovery (%) = (measured concentration/spiked concentration)x100 (5)
373 CV (%) = (standard deviation/mean value)x100 (6)
374 2.9 Structure prediction and molecular docking of RabmAb-4E

375 The three-dimensional (3D) structure of the Fv region of RabmAb-4E was predicted
376  from the VH and VL amino acid sequences using the homology modeling module of
377  Discovery Studio 2019 with a suitable rabbit antibody template selected based on sequence
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378  identity. The quality of the predicted model was evaluated using Ramachandran plot analysis
379  to assess stereochemical quality and Profile-3D scoring to verify compatibility of the model
380  with its amino acid sequence. The 3D structure of CAP was obtained from the PubChem
381  database (CID: 5959) and subjected to energy minimization using the CHARMm force field
382 with 1,000 steps of steepest descent before docking. Molecular docking between the
383  RabmAb-4E Fv model and CAP was performed using the CDOCKER module in Discovery
384  Studio 2019 with the CHARMm force field and a grid-based binding-site definition centered
385 at the predicted antigen-binding pocket. Docking poses were ranked by CDOCKER
386 interaction energy, and the optimal binding conformation was selected for further analysis
387 based on the lowest interaction energy and visual inspection. The docking results were
388  visualized using ChimeraX 1.11, and the amino acid residues, hydrogen bonds, hydrophobic
389 interactions, and electrostatic surface properties potentially associated with CAP recognition
390  were analyzed to generate a structural hypothesis for the observed binding specificity and
391  affinity.

392

393 3 Results and discussions

394 The discovery of mAbs from single B cells depends on two critical, sequentially linked
395  steps, the precise selective enrichment of antigen-specific B cells from a complex polyclonal
396  repertoire, and the efficient recovery of their cognate antibody variable-region genes with
397  minimal transcript loss. Since surface BCRs on antigen-experienced B cells can specifically
398  recognize their cognate antigens, fluorescent antigen probes combined with FACS have been
399  widely used to sort antigen-specific B cells for downstream antibody discovery!>2%,
400  However, conventional workflows of antibody discovery generally separate antigen-specific
401  B-cell sorting from subsequent cell lysis, reverse transcription, and antibody variable-region
402  gene amplification, resulting in multiple manual processing steps in multiwell plates that are
403  inherently susceptible to RNA loss, transcript degradation, and cross-contamination.
404  Therefore, there is an highly demand for integrated pipeline that link single-cell isolation with
405  downstream molecular processing?!. In recent years, microfluidic technologies have provided
406  powerful tools for single-cell compartmentalization, manipulation, and analysis, enabling
407  miniaturized and integrated workflows for single-cell studies’>-**. Microfluidic platforms
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408  offer three distinctive advantages for single B-cell antibody discovery, i.e., (i) closed reaction
409  chambers that minimize exogenous contamination; (ii) nanoliter-scale reaction volumes that
410 increase effective template concentrations; and (iii) automated, parallelized processing that
411  reduces batch-to-batch variability and hands-on time. However, the combination of
412  FACS-based antigen-specific B-cell sorting with microfluidic-based single-cell ¢cDNA
413  preparation has rarely been applied to antibody discovery, particularly in the rabbit system for
414  hapten, where the limited abundance of immunoglobulin transcripts in single cells poses
415  additional technical difficulties. To establish a more direct connection between
416  antigen-specific B-cell enrichment and antibody gene recovery, we developed a single B-cell
417  antibody discovery pipeline that bridges the gap between phenotypic B-cell selection at the
418  single-cell level and genotype recovery within a closed, automated nanoliter environment,
419  thereby preserving the natural VH/VL pairing information that is lost in conventional
420  display-based approaches.

421 3.1 FACS-microfluidics pipeline for the discovery of hapten-specific RabmAbs

422 As shown in Scheme 1, the pipeline comprises three integrated modules. In the left
423  module, we immunized New Zealand White rabbits with CAP-HS-KLH as immuogen and
424  antisera were monitering using CAP-HS-BSA as antigen, and isolated PBMCs from
425  peripheral blood of the rabbit with the highest antisera affinity against CAP. In the middle
426  module, antigen-specific MBCs were sorted by FACS based on IgG'antigen” dual positivity
427  using PE-conjugated goat anti-rabbit IgG (H+L) and FITC-CAP-HS-BSA as staining reagents
428  (Step 1). The sorted antigen-specific MBCs were then automatically processed on a
429  microfluidics platform based on the Fluidigm C1 system for single-cell capture, cell lysis,
430  reverse transcription, and cDNA harvest in a single-cell capture chamber within an IFC chip
431  (Step 2). In the right module, the harvested cDNA products from the microfluidics platform
432 were used for recovery paired VH/VL genes, which were then sequenced, assembled into
433 scFv constructs for functional screening, and the lead clone was subsequently reformatted into
434  full-length RabmAb for functional characterization in term of affinity, specificity, stability and
435  adaptation of real samples. By integrating FACS-based enrichment of antigen-specific MBCs
436  with automated microfluidic cDNA processing, this pipeline substantially reduces manual

437  intervention and accelerates the path from antigen-specific rabbit MBCs to functional
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438  RabmAbs relative to hybridoma or display-based methods.

439 3.2 FACS-based sorting of CAP-specific MBCs from PBMCs

440 The antisera responses of these immunized rabbits were reported previously by our
441  group?’, and the rabbit with the highest antisera affinity with ICso values of 0.27 ng/mL was
442  selected for PBMC isolation and subsequent processing within the FACS-microfluidics
443  pipeline. The efficiency of single B-cell antibody discovery is critically dependent on the
444 purity of the input cell population®>. Before proceeding to cell sorting, we first characterized
445  the hapten-protein conjugates including CAP-HS-KLH, CAP-HS-BSA, CAP-OPA-OVA,
446  CAP-N-6AS-OVA, CAP-NH,-PTSC-OVA, and the fluorescent antigen probe to confirm their
447  suitability for immunization, plate coating, and cell sorting. ELISA results showed positive
448  binding signals of CAP for all hapten-protein conjugates, indicating successful conjugation
449  (Figure S2). The BSA-based conjugate was further verified by MALDI-TOF MS, as
450  evidenced by the increased molecular weights relative to native BSA, with a hapten-to-BSA
451  coupling ratio of approximately 28:1 (Figure S3A). Since the immunogen was CAP-HS-KLH,
452  BSA was selected as the heterologous carrier protein for both antisera evaluation and
453  fluorescent antigen probe preparation. This heterologous strategy was intended to minimize
454  carrier-specific interference during sorting and to preferentially enrich MBCs recognizing
455  CAP-associated epitopes rather than those specific to the KLH carrier?®. Fluorescent antigen
456  FITC-CAP-HS-BSA was subsequently prepared as a probe for FACS-based sorting of
457  CAP-specific MBCs. UV-visible absorption spectroscopy revealed a characteristic FITC
458  absorption peak at approximately 497 nm, primary showing successful FITC labeling (Figure
459  S3B). To address whether FITC conjugation would compromise the antibody-recognition
460  properties of CAP-HS-BSA, we compared the competitive inhibition profiles of
461  CAP-HS-BSA before and after FITC labeling by icELISA. As shown in Figure S3C, the
462  competitive inhibition curves of icELISA based on CAP-HS-BSA before and after FITC
463  labeling did not differ significantly (p > 0.05), and the corresponding ICso values of icELISA
464  were comparable (4.79 vs. 5.43 ng/mL, respectively), indicated that FITC labeling retained
465 the CAP-recognition performance of CAP-HS-BSA. For cell staining, we adopted a
466  multiparameter staining strategy. DAPI was used to exclude dead cells, PE-conjugated goat
467  anti-rabbit IgG (H+L) was wused to identify the IgG* MBC population, and
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468  FITC-CAP-HS-BSA was used to label antigen-specific MBCs. Among live cells, those
469  positive for both markers (IgG*antigen™) were operationally defined as antigen-specific MBCs.
470  As shown in Figure 1A, PE and FITC fluorescence signals were detected in the red and green
471  channels, respectively. Comparison of the corresponding fields showed that the arrow-marked
472 cells were detected in both channels, confirming the presence of double-positive cells. The
473 presence of these double-positive cells indicated that FITC-CAP-HS-BSA could specifically
474  bind to a subset of MBCs, supporting the technical feasibility of using these probes for
475  FACS-based enrichment of IgG*antigen™ cells.

476 Following optimization of the FACS parameters, gating strategy, and sorting flow rate,
477  IgG'antigen™ double-positive cells from rabbit PBMCs were isolated from rabbit PBMCs by
478  FACS. After lymphocyte gating, singlet discrimination, and live-cell selection during FACS
479 (P1, P2, and P3, respectively; Figures S4A-C), the downstream gates shown in Figure 1B
480 identified that IgG" cells accounted for 29.17% of the gated live population (P4). This value
481  exceeded the previously reported mean IgG* cell frequency of 16.62% for rabbits immunized
482  with the same antigen, including the rabbit analyzed here °. The results may reflect
483  interindividual variation in IgG" cell frequencies within the immunized cohort. Within the
484  IgG" population, antigen™ cells represented 1.10% (P5), indicating that antigen-specific MBCs
485  constituted a rare subset of the gated lymphocyte singlets. This low frequency, approximately
486  one in every 100 IgG™ cells, is broadly consistent with the antigen® fractions reported for the
487  same CAP-HS-KLH-immunized rabbits (2.8-7.2%)° and for MON-HS-KLH-immunized
488  rabbits (3.21%)%. Notably, both studies likewise employed a heterologous strategy, used
489  hapten-KLH as immunogens and fluorescently labeled hapten-BSA as probes for FACS-based
490  sorting. The results highlight the need for high-resolution FACS to recover sufficient numbers
491  of antigen-specific cells for subsequent single-cell processing. The sorted IgG*antigen® cells
492  were subsequently subjected to microfluidics-based single-cell cDNA preparation without
493  intermediate culture or expansion, thereby preserving the transcriptional state of the cells at
494  the time of sorting.

495 3.3 Microfluidics-based single-cell cDNA preparation

496 A critical step following FACS-based sorting is the conversion of the limited transcript
497  content of each primary B cell into amplifiable cDNA templates while preserving the natural
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498  VH/VL pairing information. Following FACS-based sorting, the sorted IgG antigen™ cells
499  were immediately subjected to microfluidics-based single-cell cDNA preparation using the
500  Fluidigm C1 system, without intermediate culture, for antibody gene recovery. A 5-10 um IFC
501  chip was selected according to the diameter of the sorted MBCs (approximately 6-9 pum), as
502  determined by microscopic measurement (Figure 1A). Microscopic inspection of the IFC chip
503  confirmed the presence of single cells distributed across the capture chambers (Figure 1C).
504  After optimization of the cell-loading conditions, single cells were observed in 41.7% of the
505  capture chambers (40 of 96), defined as the percentage of chambers containing a single viable
506 cell. The subsequent microfluidics-based single-cell cDNA preparation process was
507  performed entirely on-chip and included cell lysis, reverse transcription, cDNA preparation,
508 and final ¢cDNA harvest within nanoliter-scale reaction chambers®®. This closed-system
509  approach eliminated multiple manual transfer steps that are otherwise required in
510  conventional microplate-based protocols. The resulting single-cell cDNA was evaluated by
511  both concentration measurement and fragment-size analysis to assess yield and quality prior
512 to variable-region amplification. Qubit quantification showed that the cDNA concentrations
513  ranged from 0.212 to 0.341 ng/ul across the harvested cDNA products. Fragment-size
514  analysis using the Agilent 2100 Bioanalyzer detected high-molecular-weight cDNA products
515  at approximately 5,000 bp, indicating that the prepared cDNA contained sufficiently long
516  fragments and was of adequate quality to support downstream amplification of antibody
517  variable-region genes (Figure 1D). Importantly, the presence of full-length cDNA rather than
518  degraded fragments suggested that the on-chip reverse transcription proceeded efficiently
519  despite the low RNA input from individual primary B cells. Then, all harvested single-cell
520 cDNA products were subjected to amplification of antibody variable-region fragments
521  regardless of their quantified concentration using rabbit VH- and VL-specific primer sets. As
522 shown in Figure 1E, of the 40 chambers in which single-cell capture was confirmed, 23
523  VH/VL pairs were successfully amplified, with both VH and VL amplicons showing the
524  expected size of approximately 400 bp on agarose gel electrophoresis. Since each VH/VL pair
525  originated from an individual single-cell cDNA product within a distinct capture chamber, the
526  natural VH/VL pairing information of the corresponding B-cell clone was preserved. All 23
527  amplicon-positive reactions yielded paired VH/VL products, indicating that the
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528  microfluidics-generated cDNA supported co-amplification of both chains without preferential
529  loss of either variable-region transcript. After cloning and Sanger sequencing of the purified
530  PCR products, 22 of the 23 VH/VL pairs were identified as intact based on open reading
531 frame analysis and sequence integrity, and selected for scFv construction and functional
532 screening.

533 Recovery of paired antibody variable-region genes from individual rabbit B cells remains
534  technically challenging because of the low abundance of immunoglobulin transcripts in each
535  cell. To contextualize the performance of our FACS-microfluidics pipeline, we compared our
536  recovery metrics with those previously reported studies using manual or alternative single-cell
537  approaches. In a recent study targeting haptenic florfenicol, paired VH/VL sequences were
538  recovered from 10 of 30 individually isolated rabbit antibody-secreting cells (ASCs)
539  following manual cDNA synthesis*. Ozawa et al. employed the immunospot array assay to
540  isolate 189 hen egg lysozyme-specific ASCs from the peripheral blood lymphocytes of
541  immunized rabbits, from which 56 paired VH/VL sequences were successfully recovered?’.
542 Similarly, in a study targeting WNT1-inducible signaling pathway protein 1, Starkie et al.
543  failed to recover paired VH/VL products from wells containing a single rabbit MBC and
544  obtained variable-region genes from only 18% of wells containing three cells!®. In the present
545  study, single cells were observed in 41.7% (40/96) of the IFC capture chambers, and from
546  these, 22 VH/VL pairs were ultimately recovered from the corresponding cDNA products,
547  yielding an estimated productive paired VH/VL recovery rate of 55.0% (calculated as 22 pairs
548  divided by the 40 single-cell-occupied chambers). This recovery rate was substantially higher
549  than the 0% recovery from single MBCs reported by Starkie et al. and comparable to the
550  recovery rates achieved from ASCs in other studies, despite our starting material being an
551 MBC population with a lower abundance of immunoglobulin transcripts. These results
552 indicated that the microfluidics-generated cDNA supported downstream recovery of rabbit
553  antibody variable-region genes, and that the closed, nanoliter-scale microfluidic format
554  substantially reduced hands-on steps and minimized the risk of transcript loss and
555  cross-contamination while achieving recovery rates comparable to manual workflows.

556 3.4 Generation and functional validation of recombinant antibodies

557 A central question after recovering paired VH/VL sequences is whether the preserved
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558  natural pairing translates into functional antigen-binding activity. To address this, we adopted
559 a two-stage validation strategy. The first stage involved rapid functional screening of
560  recombinant antibodies in the scFv format using crude bacterial extracts, whereas the second
561  involved reformatting the lead candidate as full-length RabmAb for detailed characterization.
562  The 22 VH/VL pairs obtained above were assembled into scFv constructs and expressed in E.
563 coli RV308 for functional screening. After IPTG induction and cell disruption by sonication,
564  the soluble fractions were collected as crude scFv extracts without further purification,
565  enabling parallel screening of all 22 clones in a single batch. As shown in Figure 2A, initial
566  screening by direct binding ELISA against the CAP-HS-BSA coating antigen identified 10
567  antigen-binding scFv clones, yielding a positive hit rate of 45.5% (10/22). This positive rate
568  was substantially higher than typical scFv phage-display outputs®®, suggesting that the
569  pipeline effectively enriched for antigen-specific B cells and preserved functional VH/VL
570  pairing during cDNA preparation and amplification. These 10 clones were subsequently
571  evaluated by icELISA using free CAP as the competitor to assess their hapten-binding
572 specificity and sensitivity, and the corresponding ICso values are summarized in Table S1.
573  Among them, clone 4E showed the highest affinity against free CAP with an ICso value of
574  4.16 ng/mL in the scFv format, and was therefore selected for full-length RabmAb
575  construction. The amino acid sequences of the 4E-derived VH and VL regions, with the
576 ~ framework regions (FRs) and complementarity-determining regions (CDRs) annotated
577  according to the IMGT numbering system, are shown in Figure 2B with the CDRs highlighted
578 by colored arrows. Although scFvs provide a convenient format for initial functional
579  screening, their monovalent binding format and reduced conformational stability relative to
580  full-length RabmAbs can affect antigen-recognition properties*®. Therefore, we reformatted
581 clone 4E as a full-length RabmAb for more comprehensive characterization. RabmAb-4E was
582  expressed in HEK293 cells and purified from the culture supernatant by Protein A affinity
583  chromatography. SDS-PAGE analysis confirmed the successful purification of RabmAb-4E
584  (Figure S5). Under non-reducing conditions, RabmAb-4E migrated as a single band at
585  approximately 150 kDa, consistent with the expected molecular mass of intact rabbit IgG with
586  two heavy chains and two light chains assembled via disulfide bonds. Under reducing

587  conditions in the presence of DTT, two distinct bands were observed at approximately 50 and
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588 25 kDa, corresponding to the antibody heavy and light chains, respectively, confirming the
589  expected subunit composition. In the icELISA, RabmAb-4E retained CAP-recognition
590  activity, with an ICso value of 1.04 ng/mL, which was approximately fourfold lower than that
591  of scFv-4E under the tested conditions (Figure 2C). This affinity enhancement upon
592 reformatting is consistent with the avidity effect conferred by the bivalent antigen binding of
593 full-length RabmAb compared with the monovalent scFv format***!, and it indicates the value
594  of evaluating lead candidates in their final antibody format. In addition, the greater structural
595  stability reported for full-length antibody relative to scFv may help preserve antigen-binding
596  activity and contribute to the lower ICso observed here*’. Similar advantages of full-length
597  antibodies over corresponding scFvs have been reported for the haptens ofloxacin and
598  dihydroartemisinin***, These results confirmed that the 4E-derived VH/VL pair remained
599  functional after reformatting as a full-length RabmAb, supporting the selection of
600  RabmAb-4E for subsequent icELISA optimization and analytical evaluation. This two-stage
601  validation strategy enabled rapid identification of functional leads while ensuring that the

602  final antibody format retained the desired antigen-recognition properties.
603 3.5 Analytical performance of the RabmAb-4E-based icELISA for CAP detection
604 To improve the analytical performance of the RabmAb-4E-based icELISA, a

605  checkerboard titration was performed to systematically evaluate four coating antigens across
606  different coating antigen and antibody concentrations including CAP-HS-BSA,
607 CAP-OPA-OVA, CAP-N-6AS-OVA, and CAP-NH>-PTSC-OVA. Previous studies have
608  shown that an appropriate heterologous coating antigen can significantly improve the
609  analytical sensitivity of competitive immunoassays for hapten molecules*#®. At the selected
610  working concentrations, the four antigen-antibody pairs yielded By values of 1.84-2.11. At 0.1
611 ng/mL CAP, the corresponding B/Bo values were 84.67%, 73.84%, 13.41%, and 69.45%,
612  respectively (Table S2). The icELISA using CAP-N-6AS-OVA as the coating antigen
613  therefore showed the greatest competitive inhibition in this preliminary screen. Competitive
614  inhibition curves for CAP were generated using each of the four coating antigens with 1Cso
615  values of 1.04, 0.54, 0.03, and 0.37 ng/mL, respectively (Figure 2C and Figures 3A-C). The
616 icELISA using CAP-N-6AS-OVA as the coating antigen showed the lowest ICso,

617  approximately 35-fold lower than that obtained using CAP-HS-BSA, suggesting that the
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618  effect of coating-hapten heterology on assay sensitivity may depend on the specific structural
619  modification. Such differences facilitate competition by free CAP for RabmAb-4E binding.
620  The significant improvement of sensitivity for hapten in competitive immunoassay has often
621  observed. In the case of enrofloxacin, modification of the coating hapten reduced the ICso
622  from 1.3 to 0.07 pg/L*. Likewise, a heterologous coating hapten reduced the ICso for
623  tetracycline from 40.7 to 1.95 ng/mL, and further assay optimization reduced it to 0.7 ng/mL*®,
624  Accordingly, CAP-N-6AS-OVA and RabmAb-4E were selected at working concentrations of
625  24.69 and 8.23 ng/mL, respectively, for subsequent analytical evaluation.

626 Complex sample matrices and extraction solvents can affect icELISA performance.
627  Therefore, the effects of ionic strength, pH, and methanol concentration were evaluated using
628  Amax, ICs0, and the ICso/Amax ratio as performance indices. A lower ICso/Amax ratio indicates a
629  more favorable combination of signal intensity and assay sensitivity. RabmAb-4E maintained
630  stable CAP recognition over a NaCl concentration range of 0-6.0 M. Although Amax gradually
631  decreased from 2.232 to 1.498 with increasing NaCl concentration, ICso values remained
632 within 0.03-0.08 ng/mL, and the corresponding I1Cso/Amax ratios ranged from 0.017 to 0.040,
633  indicating strong tolerance to high ionic strength (Figure S6A). This extreme salt tolerance
634  extending to 6.0 M NaCl, which is well beyond physiological conditions, suggests that the
635  RabmAb-4E-CAP interaction is likely driven predominantly by hydrophobic and aromatic
636  contacts rather than electrostatic interactions**>°. The pH tolerance of the assay was further
637  assessed (Figure S6B). RabmAb-4E maintained relatively stable recognition performance
638  from pH 4.0 to 8.5, with Anax values of 1.632-2.145, 1Cso values of 0.03-0.07 ng/mL, and
639  ICso/Amax ratios of 0.017-0.037. In contrast, at pH 9.0 and 9.5, Amax decreased to 1.325 and
640  ICso values increased to 0.12 ng/mL, indicating that the assay was less suitable under more
641  alkaline conditions, possibly due to conformational changes in the antibody paratope or
642  altered ionization states of key antigen-contact residues®!. Because organic solvents are often
643  introduced during sample extraction, particularly for veterinary drug residues in
644  animal-derived foods, the methanol tolerance of RabmAb-4E was evaluated. The icELISA
645  retained stable performance in the presence of 0%-60% methanol, with Amax values ranging
646  from 1.534 to 2.212 and ICso values from 0.04 to 0.15 ng/mL. The ICso/Amax ratios ranged
647  from 0.019 to 0.098 over this concentration range. At 70% methanol, the Amax decreased to

22



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.10.21.000367. This version posted October 21, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All Rights Reserved. No reuse allowed without permission.

648  1.254 and the ICso increased to 0.23 ng/mL, indicating that excessive methanol compromised
649  assay performance, possibly through disruption of the antibody's conformational integrity or
650 altered hapten solubility (Figure S6C). Overall, these results demonstrate that the
651  RabmAb-4E-based icELISA exhibited broad tolerance to variations in ionic strength, pH, and
652  methanol concentration.

653 Under these optimized conditions, the standard inhibition curve of icELISA for CAP
654  showed an ICsp value of 0.01 ng/mL (Figure 3D), which was approximately 27-fold lower
655  than that obtained with rabbit polyclonal antibodies (0.27 ng/mL) and 8-fold lower than that
656  of the RmAb3-based icELISA (0.08 ng/mL)?’. RabmAb-4E and RmAb3 were isolated from
657 MBCs and ASCs of the same immunized rabbit, indicating that both antigen-specific MBCs
658  and ASCs can serve as sources of RabmAbs with high affinity. The specificity of RabmAb-4E
659  was evaluated by determining its CR against structurally related CAP analogues, including
660  thiamphenicol, florfenicol, and florfenicol amine. Similar to RmAb3 and rabbit polyclonal
661  antibodies, RabmAb-4E showed negligible CR values (<0.001%) toward all tested analogues
662  (Table S3). The high sensitivity and specificity of icELISA with RabmAb-4E support the
663  utility of the FACS-microfluidics pipeline for discovering hapten-specific RabmAbs, with
664  performance characteristics that meet or exceed those of previously reported antibodies
665  generated by conventional hybridoma- or display-based approaches from both rabbit and
666  mouse (Table 1).

667 3.6 Analysis of samples

668 To evaluate the practical applicability of the RabmAb-4E-based icELISA, skim milk and
669  chicken samples were selected as representative food matrices. Matrix effects were assessed
670 by comparing calibration curves prepared in assay buffer with those prepared in untreated
671  blank skim milk and pretreated blank chicken extract. As shown in Figures 3E and 3F, the
672  calibration curves prepared in both matrices were nearly superimposable on those obtained in
673  buffer, with similar slopes and comparable ICso values. These results suggest that matrix
674  interference were negligible in skim milk and effectively minimized in chicken through
675  sample pretreatment. The LODs of the RabmAb-4E-based icELISA were calculated to be
676  0.0012 pg/L for skim milk and 0.0025 pg/kg for chicken, and the corresponding linear ranges
677  were 0.003-0.039 pg/L and 0.004-0.053 pg/kg as shown in Table2, respectively. To assess
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678  accuracy and precision, recovery experiments were conducted using spiked samples at three
679  concentrations spanning the linear range of the assay. As summarized in Table 2, recoveries
680  ranged from 95.12% to 117.53% in skim milk, with CVs below 8.56%. In chicken samples,
681  the recoveries ranged from 90.28% to 112.15%, with CVs below 10.75%. These results
682  indicate that the RabmAb-4E-based icELISA was applicable to CAP determination in skim
683  milk and chicken, with acceptable accuracy and precision that meet the requirements for
684  routine monitoring applications.

685 3.7 Recognition mechanism of RabmAb-4E

686 To gain structural insights into the molecular basis of CAP recognition by RabmAb-4E
687 and to explain the high sensitivity and specificity observed in the icELISA, we performed
688  homology modeling of the Fv region followed by molecular docking of CAP. The quality of
689  the predicted Fv model was first evaluated by Ramachandran plot analysis and Profile-3D
690  scoring. As shown in Figure S7, the Ramachandran plot indicated that over 90% of the
691  residues were located in the favored regions, and the Profile-3D score was well above the
692  threshold for a reliable model, confirming the stereochemical quality and overall fold
693  compatibility of the predicted structure. As is typical for most hapten-antibody interactions,
694  CAP was predicted to be deeply buried within a cavity formed by the antibody paratope, with
695  favorable shape complementarity between the binding site and the CAP epitope (Figure 4A).
696  Surface analysis of the binding pocket revealed a complementary distribution of
697  hydrogen-bond donor and acceptor regions around CAP (Figure 4B), and the pocket also
698  contained spatially organized hydrophobic regions surrounding the aromatic and nonpolar
699  portions of CAP (Figure 4C). These surface features are consistent with the extreme salt
700  tolerance observed in the icELISA (Figure S6A), where the RabmAb-4E-CAP interaction
701  remained stable at NaCl concentrations up to 6.0 M, indicating that hydrophobic and aromatic
702  interactions may predominate over electrostatic forces in antigen binding. Furthermore, the
703  precise hydrogen-bonding network involving the nitro group of CAP and the
704  shape-complementary pocket may explain the negligible cross-reactivity with thiamphenicol,
705  florfenicol, and florfenicol amine (Table S3), as these analogues differ at the C-1 position
706  bearing a methylsulfonyl group (thiamphenicol), a fluorine and hydroxyl group (florfenicol),
707  or a hydroxyl group (florfenicol amine) instead of the nitro group and lack the exact
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708  hydrogen-bonding geometry required for optimal recognition.

709 The selected docking pose ranked by CDOCKER interaction energy placed CAP within
710  apocket formed primarily by all six CDRs (CDR-H1, CDR-H2, CDR-H3, CDR-L1, CDR-L2,
711 and CDR-L3) of the heavy and light chains (Figure 4D). Among the six CDRs, CDR-H3 and
712 CDR-L3 contributed the majority of the contact residues, consistent with the prominent roles
713 of these two hypervariable loops in antigen recognition by rabbit antibodies>?°3. Within this
714 six-CDR pocket, four residues, TrpH52 (FR-H2), GlyH110 (CDR-H3), AlaH113 (CDR-H3),
715  and AspL116 (CDR-L3), were predicted to form the core of the CAP-binding interface and to
716  stabilize CAP through a combination of polar, electrostatic, and aromatic interactions (Figures
717 4E, F). The aromatic side chain of TrpH52 was predicted to interact with the phenyl ring of
718 CAP through a n-n T-shaped interaction and to form a carbon-hydrogen bond with an oxygen
719 atom of the nitro group, whereas GlyH110 was predicted to form a carbon-hydrogen bond
720  with CAP. AlaH113 was predicted to provide an additional n-alkyl contact, whereas AspL116
721  was predicted to contribute attractive charge and m-anion interactions with the nitro group and
722 phenyl ring of CAP, respectively. The interaction network involves both heavy-chain
723 (GlyH110, AlaH113, TrpH52) and light-chain (AspL116) residues, indicating that the
724 CAP-binding pocket is formed by the cooperative contribution of both chains. This
725  cooperative VH/VL engagement shows the importance of preserving natural heavy-light chain
726  pairing, a key advantage of our pipeline over display libraries that randomize chain
727  combinations.

728 In contrast to the predominantly VL-mediated CAP recognition reported for RmAb3?%’,
729  RabmAb-4E was predicted to interact with CAP through three VH residues and one VL
730  residue. This difference in the spatial distribution of binding contacts between RabmAb-4E
731  (MBC-derived) and RmADb3 (ASC-derived) from the same immunized rabbit suggests that the
732 MBC and ASC compartments may harbor antibodies with distinct antigen-recognition modes,
733 potentially reflecting differences in the stage of affinity maturation or the selection pressures
734 acting on these two B-cell populations. Despite this difference, both models suggested that
735  polar interactions help position the CAP nitro group, hydrophobic contacts help stabilize CAP
736  within the binding pocket, and CDR-L3 contributes to CAP recognition. In summary, the
737  docking analysis suggested that shape complementarity and coordinated hydrogen-bonding,
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738  electrostatic, aromatic, and hydrophobic interactions may stabilize the RabmAb-4E-CAP
739  complex. These predictions provide a testable structural hypothesis for the sensitive and
740  specific recognition of CAP by RabmAb-4E observed in the icELISA, and they provide a
741  rational basis for future engineering efforts aimed at further enhancing affinity or altering
742 specificity profiles.

743

744 4 Conclusions

745 In this study, we developed an integrated FACS-microfluidics pipeline for generating
746  hapten-specific RabmAbs from individual antigen-specific MBCs while preserving natural
747 VH/VL pairing. Using CAP as a model hapten, the pipeline recovered 22 paired VH/VL
748  sequences and identified 10 antigen-binding scFvs, corresponding to a positive hit rate of
749 45.5%, which is substantially higher than typical scFv phage-display outputs (typically<5%)
750  and hybridoma-derived antibody recovery rates (<10%). This high success rate likely reflects
751  the efficient enrichment of antigen-specific MBCs by FACS and the preservation of functional
752 VH/VL pairing during automated microfluidic cDNA preparation. The lead clone, 4E, was
753 reformatted as a full-length RabmAb, and the resulting RabmAb-4E not only retained
754 CAP-recognition activity but also exhibited superior analytical performance in an icELISA
755  based on a heterogenous coating antigen. Under optimized conditions, the RabmAb-4E-based
756  icELISA achieved an ICso of 0.01 ng/mL, representing a 27-fold improvement over rabbit
757  polyclonal antibodies and an 8-fold improvement over the previously reported ASC-derived
758  RmADb3 isolated from the same immunized rabbit. The results suggests that the MBC
759  compartment may harbor antibodies with more advanced affinity maturation than the ASC
760  compartment at the time of sampling. Moreover, RabmAb-4E showed CR values below
761 0.001% toward structurally related analogues thiamphenicol, florfenicol, and florfenicol
762  amine, and retained stable detection performance across broad ranges of ionic strength (0-6.0
763 M NaCl), pH (4.0-8.5), and methanol concentration (0-60%). Recoveries of 90.28%-117.53%
764  in spiked skim milk and chicken samples, further supported its practical applicability for CAP
765  residue analysis in food matrices. Molecular docking suggested that CAP recognition may be
766  supported by shape-complementary pocket formed by the CDRs and multiple noncovalent

767  interactions. The results demonstrate the practical utility of combining FACS-based sorting of
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antigen-specific MBCs with microfluidics-based automated single-cell cDNA preparation for
the rapid discovery of hapten-specific RabmAbs. This pipeline may facilitate the development

of antibody against other small-molecule contaminants relevant to food safety monitoring.
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953  Figure captions

954  Scheme 1. Integrated FACS-microfluidics pipeline for hapten-specific rabbit monoclonal antibody
955  discovery. The pipeline comprises three sequential modules. Left (Immunization and PBMC isolation):
956 New Zealand White rabbits are immunized with CAP-HS-KLH, and PBMCs are isolated from the
957  peripheral blood of animal exhibiting the highest antisera affinity against CAP. Middle (FACS-based
958 sorting and microfluidics-based single-cell cDNA preparation): Step 1, antigen-specific MBCs are
959  sorted by FACS based on dual positivity (IgGantigen*) using PE-conjugated goat anti-rabbit IgG (H+L)
960  and FITC-CAP-HS-BSA as staining reagents. Step 2, the sorted antigen-specific MBCs are automatically
961 processed on the Fluidigm C1 system for single-cell capture, cell lysis, reverse transcription, and cDNA
962  harvest in the nanoliter-scale closed single-cell capture chambers within an IFC chip. The dashed inset
963 shows a magnified view of a single-cell capture chamber containing an individual antigen-specific MBC.
964  Right (Paired VH/VL recovery and functional RabmAb generation): The harvested cDNA products are
965  used for paired VH/VL genes amplification, sequence analysis, scFv construction and functional screening,
966  and subsequent reformatting of the lead clone into full-length RabmAb for functional characterization. The
967  entire pipeline from cell sorting to antibody confirmation could be completed within one week, with
968  automated microfluidic processing minimizing manual handling and preserving natural VH/VL pairing.
969 BSA, bovine serum albumin; CAP, chloramphenicol; FACS, fluorescence-activated cell sorting; IFC,
970 integrated fluidic circuit; MBC, memory B cell; PBMC, peripheral blood mononuclear cell; RabmAb,
971 rabbit monoclonal antibody; scFv, single-chain variable fragment; VH, heavy-chain variable region; VL,
972 light-chain variable region.

973

974  Figure 1. FACS-based sorting and microfluidics-based single-cell cDNA preparation of antigen-specific
975  rabbit MBCs. (A) Confocal microscopy images of rabbit PBMCs stained with PE-conjugated goat
976 anti-rabbit IgG (H+L) (red channel) and FITC-CAP-HS-BSA (green channel). Arrows indicate cells
977  positive for both markers (double-positive, IgG*antigen™). Scale bars, 25 um. (B) FACS gating strategy for
978  isolating IgG*antigen® cells from rabbit PBMCs. IgG* cells were selected in P4 (29.17% of live singlet
979  lymphocytes), and antigen® cells within the IgG* population were further gated in P5 (1.10% of IgG™ cells).
980  The complete P1-P5 gating strategy is shown in Figure S4. (C) Bright-field microscopy image showing
981 single-cell capture in an IFC capture chamber using the Fluidigm C1 system. (D) Fragment-size

982  distribution of single-cell cDNA analyzed by Agilent 2100 Bioanalyzer, showing high-molecular-weight
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983  c¢DNA products at approximately 5,000 bp. (E) Agarose gel electrophoresis of paired VH and VL fragments
984  amplified from single-cell cDNA templates. Both VH and VL amplicons show the expected size of
985  approximately 400 bp. M, DNA marker. FACS, fluorescence-activated cell sorting; PBMC, peripheral
986 blood mononuclear cell; IFC, integrated fluidic circuit; PE, phycoerythrin; FITC, fluorescein isothiocyanate;
987 IgG, immunoglobulin G; CAP, chloramphenicol; VH, heavy-chain variable region; VL, light-chain variable
988  region.
989
990  Figure 2. Generation and functional validation of CAP-specific antibodies. (A) The initial screening of 22
991 crude scFv extracts for binding to CAP-HS-BSA by direct binding ELISA. Numbers indicate the ODaso
992  values measured in the absence of free CAP (0 ng/mL). Light-green squares denote the 10 binding-positive
993  clones (10/22, 45.5%), whereas gray squares labeled 0 denote the non-binding clones. (B) Amino acid
994  sequences of the VH and VL regions of clone 4E, annotated according to the IMGT numbering system. The
995  complementarity-determining regions (CDRs; CDR1-CDR3 for both heavy and light chains) are indicated
996 by colored arrows above the sequences. Framework regions (FRs, FR1-FR4) are not highlighted for clarity.
997  (C) Competitive inhibition curve of RabmAb-4E (full-length rabbit IgG) against free CAP. The inset shows
998  the schematic structure of CAP-HS-BSA, the coating antigen used in the assay. CAP-HS-BSA and
999  RabmAb-4E were used at their respective optimal concentrations, as determined by checkerboard titration
1000  (Table S2). RabmAb-4E showing an ICso value of 1.04 ng/mL, approximately fourfold lower than that of
1001 scFv-4E under the same assay conditions (4.16 ng/mL), confirming that the 4E-derived VH/VL pair
1002  retained functional antigen-binding activity after reformatting. Error bars represent the standard deviation
1003 of triplicate measurements. CAP, chloramphenicol; CDR, complementarity-determining region; ELISA,
1004 enzyme-linked immunosorbent assay; FR, framework region; BSA, bovine serum albumin; ICso,
1005  half-maximal inhibitory concentration; icELISA, indirect competitive enzyme-linked immunosorbent assay;
1006 IgG, immunoglobulin G; OD, optical density; RabmAb, rabbit monoclonal antibody; scFv, single-chain
1007  variable fragment; VH, heavy-chain variable region; VL, light-chain variable region.
1008
1009  Figure 3. Analytical performance and matrix evaluation of the RabmAb-4E-based icELISA. (A-C)
1010  Competitive inhibition curves for CAP obtained using the RabmAb-4E-based icELISA with
1011 CAP-OPA-OVA (A), CAP-N-6AS-OVA (B), and CAP-NH2-PTSC-OVA (C) as coating antigens. For each

1012 assay, the coating antigen and RabmAb-4E were used at their respective optimized concentrations, as
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1013 determined by checkerboard titration (Table S2). The corresponding ICso values were 0.54, 0.03, and 0.37
1014  ng/mL, respectively. The insets show the schematic structures of the corresponding coating antigens. (D)
1015 Standard inhibition curve for CAP detection under optimized conditions, fitted using a four-parameter
1016  logistic model. The assay achieved an ICso of 0.01 ng/mL with a linear range (IC20-1Cgo) of 0.003-0.043
1017  ng/mL. The inset shows the schematic structure of CAP-N-6AS-OVA, the coating antigen used in the
1018  optimized assay. (E) Comparison of CAP standard curves prepared in assay buffer and skim milk matrix.
1019  The curves were nearly superimposable, indicating negligible matrix interference. (F) Comparison of CAP
1020  standard curves prepared in assay buffer and chicken extract. The curves showed good agreement,
1021 confirming effective matrix effect minimization. Error bars represent the standard deviation of triplicate
1022 measurements. CAP, chloramphenicol; 1Cso, half-maximal inhibitory concentration; ICz and ICgo,
1023 concentrations giving 20% and 80% inhibition, respectively; icELISA, indirect competitive enzyme-linked
1024 immunosorbent assay; OD, optical density; OVA, ovalbumin; RabmAb, rabbit monoclonal antibody.

1025

1026  Figure 4. Molecular docking analysis of RabmAb-4E-CAP interaction. (A) Surface representation of the
1027  CAP-binding pocket, showing close surround of the ligand, suggesting favorable shape complementarity
1028  between the antibody paratope and the small-molecule hapten. The pocket surface is shown in light purple.
1029  (B) Molecular surface of the binding pocket colored by hydrogen-bonding potential, showing a
1030  complementary distribution of hydrogen-bond donor (magenta) and acceptor (green) regions around CAP.
1031 (C) Molecular surface colored by hydrophobicity (brown, hydrophobic; blue, hydrophilic), revealing
1032 spatially organized hydrophobic regions surrounding the aromatic and nonpolar portions of CAP. The
1033 predominance of hydrophobic and aromatic contacts is consistent with the extreme salt tolerance observed
1034  experimentally (Figure S6A), whereas the precise hydrogen-bonding geometry surrounding the nitro group
1035  of CAP provides a structural rationale for the negligible cross-reactivity with structurally related analogues
1036 (Table S3). (D) Overall docking pose of the Fv region of RabmAb-4E (ribbon representation) docked with
1037  CAP (stick representation, colored by atom type). The CDR loops (CDR-H1, CDR-H2, CDR-H3, CDR-L1,
1038  CDR-L2, and CDR-L3) are labeled. The selected pose, ranked by CDOCKER interaction energy, places
1039  CAP within a pocket formed primarily by the CDRs of both heavy and light chains. (E) Close-up view of
1040  the ligand-binding interface showing the four key residues, TrpHS52 (FR-H2), GlyH110 (CDR-H3),
1041 AlaH113 (CDR-H3), and AspL116 (CDR-L3), predicted to contribute to CAP recognition. (F)

1042 Two-dimensional interaction diagram depicting the predicted intermolecular contacts between RabmAb-4E
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and CAP. TrpH52 engages in a m-n T-shaped interaction with the phenyl ring of CAP and form a
carbon-hydrogen bond with an oxygen atom of the nitro group; GlyH110 forms a carbon-hydrogen bond;
AlaH113 provides a m-alkyl contact; and AspL.116 contributes attractive charge and m-anion interactions.
CAP, chloramphenicol; CDR, complementarity-determining region; FR, framework region; Fv, fragment
variable; RabmAb, rabbit monoclonal antibody; VH, heavy-chain variable region; VL, light-chain variable

region.
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1049  Table 1. Comparison of RabmAb-4E with previously reported CAP-specific antibodies.

Antibody Host/format Discovery method ICso (ng/mL) Reference

RabmAb-4E Rabbit IgG FACS-microfluidics pipeline? 0.01 This study
RmAD3 Rabbit IgG CSMNP 0.08 27
CAP-9-3 Rabbit IgG Rabbit hybridoma 1.06 4
6F11 Mouse IgG Mouse hybridoma 0.01 35
2D2 Mouse IgG Mouse hybridoma 0.46 56
4B5 Mouse IgG Mouse hybridoma 0.23 37
Chl-D1 Llama VHH Phage display 1034.7* 58

1050  Note: *The FACS-microfluidics pipeline developed in this study integrates FACS-based sorting of
1051 antigen-specific MBCs with microfluidics-based automated single-cell cDNA preparation. "CSMN denotes
1052  an indirect competitive screening method in nanowells used to select individual CAP-specific rabbit ASCs.
1053 *The ICso of Chl-D1 was converted from 3.202 pM using the molecular weight of CAP (323.13 g/mol).
1054 ASC, antibody-secreting cell; CSMN, competitive screening method in nanowells; FACS,
1055 fluorescence-activated cell sorting; MBC, memory B cell; VHH, variable domain of a heavy-chain-only

1056  antibody.
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1060
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1062

1063

1064

1065

1066

Table 2. Recovery, CV, LOD and linear range for CAP in spiked samples using the RabmAb-4E-based

icELISA.
Spiking level® Recovery CvV LOD? Linear range®
Sample
(ng/L or pg/kg) (%) (%) (ng/L or pg/kg) (ng/L or pg/kg)
0.005 95.12 8.56
Skim milk 0.01 112.84 3.94 0.0012 0.003-0.039
0.02 117.53 6.69
0.01 90.28 10.75
Chicken 0.02 105.02 6.12 0.0025 0.004-0.053
0.04 112.15 8.73

Note: Each spiking level was analyzed in triplicate (n = 3), and recovery values are reported as the mean.

Recovery (%) = (measured concentration/spiked concentration) x 100, and CV (%) = (standard

deviation/mean value) x 100. The LOD was defined as the CAP concentration corresponding to the mean

signal of 20 CAP-negative blank samples minus three times the standard deviation. The linear range was

defined as 1C2-ICgo. *Concentrations are expressed in pg/L for skim milk and pg/kg for chicken samples.

CAP, chloramphenicol; CV, coefficient of variation; IC and ICgo, concentrations producing 20% and 80%

inhibition, respectively; icELISA, indirect competitive enzyme-linked immunosorbent assay; LOD, limit of

detection; RabmAb, rabbit monoclonal antibody.
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