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Abstract Fifty whitespotted bamboo sharks (Chiloscyllium playgiosum) of both sexes were used to

establish a large capacity variable domain of the new antigen receptor (VNAR) library with a total capac-

ity of over 109 colony-forming units (CFU). It was applied to screen VNARs against human serum albu-

min (HSA) and human transcription factor EB (TFEB), respectively. Meanwhile, VNAR libraries specific

to HSA and TFEB with capacities above 108 CFU were obtained following conventional immunization.

These two approaches were systematically studied in terms of VNAR yield and composition. By

comparing the VNAR sequences obtained from naı̈ve and antigen-immunized libraries, we found that

the complementary-determining region 3 (CDR3) of the former differs in composition from that of the

latter. It shares a higher degree of homology with the naı̈ve library. Meanwhile, the binding efficiency

assessed by ELISA is also different between the naı̈ve and antigen-immunized libraries. The binding
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of VNARs from the TFEB-immunized library appeared to surpass that observed with the naı̈ve libraries,

whereas the performance of VNARs from the HSA-immunized library indicated that both the immunized

and naı̈ve libraries for HSA had positive binding responses in polyclonal and monoclonal ELISA. The

results are useful to develop novel diagnostic and therapeutic products based on shark VNARs.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The therapeutic antibody market has experienced unprecedented
growth in recent decades1,2, with global sales exceeding $232 billion
in 2023. However, the limitations of traditional immunoglobulin G
(IgG) antibodies, due to their largemolecular weight (approximately
150 kDa), have become increasingly evident3. Single-domain anti-
bodies (sdAbs) have emerged as a promising next-generation ther-
apeutic platform, offering distinctive advantages in terms of
molecular weight, stability, and expression systems4-6. These mol-
ecules demonstrate not only high binding affinity but also superior
accessibility to sterically hindered epitopes7 that are typically inac-
cessible by conventional IgGs. Furthermore, their small size facili-
tates enhanced tissue penetration, including the ability to cross
biological barriers such as the bloodebrain barrier (BBB)8-10, eye
tissue11 and solid tumors5. Currently, the most extensively investi-
gated sdAbs are the variable regions of heavy-chain antibodies
(VHHs) derived from camelids and the variable new antigen re-
ceptors (VNAR) from cartilaginous fish12. The discovery of a
naturally occurring heavy-chain antibody family (HCAbs) lacking
light chains in the humoral immune system of camelids in 1993
marked a significant breakthrough in antibody research13. A parallel
discovery in 1995 identified an immunoglobulin (Ig)-based novel
antigen receptor (IgNAR) in the nurse shark (Ginglymostoma cir-
ratum) serum14. The antigen-binding variable domains of these
unique antibodies, termed VHH and VNAR, respectively, have
molecular weights of 11e15 kDa15,16. The evolutionary divergence
of the shark immune system has endowed VNAR with distinct
structural characteristics17. Each VNAR contains only two
complementarity determining regions (CDR1 and CDR3) and two
additional hypervariable loops (HV2 and HV4)18, resulting in an
even more condensed molecular weight compared to VHHs.
Notably, the absence of CDR2 contributes to enhanced sequence,
length, and conformational diversity within the VNAR CDR3 re-
gion19,20, which plays a crucial role in antigen recognition speci-
ficity. The structural stability of VNAR is further enhanced by
intramolecular disulfide bonds and hydrogen bonds that stabilize the
CDR loops18,19. Additionally, the evolutionary adaptation to high
urea concentrations in shark blood, necessary for osmotic regulation
in marine environments, has contributed to the exceptional stability
of VNAR molecules under extreme conditions21.

Despite these compelling advantages, the widespread applica-
tion of VNARs has been constrained by technical challenges in
obtaining high-quality molecules, emphasizing the critical impor-
tance of establishing suitable model organisms for VNAR research
and development. Early studies on sdAb have predominantly
focused on camelids, primarily due to their manageable husbandry
requirements compared to sharks22. While nurse sharks served as
the initial model for IgNAR studies, research utilizing cartilaginous
fish has been limited by various factors affecting most shark species
suitable for VNAR generation, including their endangered status,

large size, prolonged maturation time, aggressive nature, and
challenges in laboratory maintenance23. Recent genomic studies,
however, have identified the whitespotted bamboo shark (Chilo-
scyllium plagiosum) as a model organism, being the first shark
species documented to possess a complete chromosomal configu-
ration of all IgNAR clusters5,10,12,24-26, capable of generating high-
affinity VNARs following systematic immunization protocols27-29.
Thewhitespotted bamboo shark’s characteristics as a small, benthic
species with rapid growth and adaptability to laboratory conditions
make it particularly suitable for experimental immunology
research24. This species presents a unique opportunity to advance
our understanding of VNAR biology and development12.

In this study, we employed the whitespotted bamboo shark as a
model organism to establish both naı̈ve and antigen-specific immu-
nized libraries, enabling systematic evaluation of screening out-
comes against diverse antigens. Through comparative analysis, we
investigated the screening efficacy across different library formats.
Our findings not only validate the whitespotted bamboo shark as a
viable model organism for VNAR research but also provide critical
insights into optimizing VNAR screening strategies against various
antigen types.

2. Methods

2.1. Animals

Wild-caught healthy adult whitespotted bamboo sharks (Chilo-
scyllium playgiosum) from the coastal area of Sanya, Hainan,
China, were utilized in this study. These animals were maintained
at 23 �C in sterilized natural seawater in pools of Yazhou Bay
Agriculture and Aquaculture Development Co., Ltd. and used
according to the guidelines set forth by the Institutional Animal
Care and Use Committee. This study has been approved by the
Institutional Animal Care and Use Committee of the Sanya Yaz-
hou Bay Agricultural and Aquaculture Development Co., Ltd.
(SYAA), Protocol No. SYAA-202302001.

2.2. Immunization

Individual sharks, approximately 60e70 cm in length and weighing
0.5e1 kg, were immunized with human serum albumin (HSA,
MW Z 67 kDa; SigmaeAldrich, MO, USA) or full-length human
transcription factor EB [TFEB, MW Z 52.8 kDa; expressed in E.
coli BL21 (DE3) and purified with Ni þ His Trap, Anhui General
Biol Co., Ltd.] by subcutaneous injection into the abdominal pos-
terior fins (right or left side). Each shark received 8 injections
(100 mg inMontanide ISA-201, SEPPIC, Paris, France) at two-week
intervals. Inoculation emulsions were prepared at an antigen-to-
adjuvant ratio of 1:1 (v:v). Anesthesia was performed with MS-
222 before immunization, blood collection, and dissection.
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2.3. Blood collection

Whole blood samples (5 mL) were collected from the caudal vein
of adult sharks and centrifuged at 30 ✕ g for 5 min at room
temperature (RT) to separate buffy coat containing peripheral
blood mononuclear cells (PBMCs) and plasma. The cell pellets
were resuspended in TRIzol (ThermoFisher Scientific, Waltham,
MA, USA) before storage at �80 �C (Fig. 1).

2.4. Naı̈ve VNAR library

Target RNA was extracted from the PBMCs of 50 healthy adult
whitespotted bamboo sharks (1:1 male-to-female ratio). Total
RNA was obtained by lysis solution and phenolechloroform
centrifugation, followed by treatment with DNase to remove
possible contamination by genomic DNA. Random primers and
the extracted RNA were used as templates to synthesize cDNA
with reverse transcriptase which was purified by RevertAid
reverse transcriptase kit (Takara, Otsu, Japan) thereafter.

The above reverse-transcribed cDNA library was subsequently
used to design primers for the conserved regions FrameworkRegion
1 (FR1) and FR4 flanking the VNAR region, and NotI and XbaI
double restriction enzyme sites on the pComb3 phagemid vector
(Addgene, Watertown, MA, USA). Polymerase chain reaction
(PCR) was applied to amplify antibody genes (Fig. 2), yielding
products of 300e500 base pairs (bp), which were subsequently
purified. The gene fragments and the vectors were digested over-
night at 37 �C using NotI and XbaI to facilitate ligation of the
antibody genes. Following electrotransformation of the VNAR
pCmob3 recombinant plasmid into E. coli SS320 competent cells
(Lucigen, Beijing, China) under 180 V, 1.8 kV, and 25 mF, 1 mL
SOC medium (Lucigen, Wisconsin, USA) was introduced with
shaking at 37 �C for 1 h. Gradient dilution was made with 10 mL
bacterial solution to determine the library capacity. The remaining
bacterial solution was evenly spread on a LuriaeBertani (LB) agar
plate (Sangon Biotech, Shanghai, China) with ampicillin and
cultured overnight at 37 �C prior to extraction into a plasmid the

next day, which was then electroporated into SS320 competent cells
and verified by DNA sequencing to determine the diversity and
integrity of the library (stored at �80 �C).

2.5. Antigen-immunized VNAR library

cDNA from PBMCs of the sharks previously inoculated with
different antigens was used to amplify VNAR genes as described in
the literature30. Specifically, cDNA fragments were amplified using
a gradient annealing program ranging from 60 to 65 �C. The po-
lymerase chain reaction (PCR) products were analyzed using 2%
agarose gel electrophoresis, and the target fragments were extrac-
ted and purified. The purified PCR products were then digested
with the restriction enzyme SfiI (New England Biolabs, Beverly,
MA, USA) followed by ligation into the pComb3 vector using T4
DNA ligase (New England Biolabs) at 16 �C for 24 h. The ligation
products were purified and transformed into electrocompetent E.
coli TG1 cells (Lucigen, Wisconsin, USA) by electroporation
under the preset conditions of 1.8 kV, 25 mF, and 200 U. After
electroporation, the cells were immediately transferred into SOC
medium (Lucigen, Wisconsin, USA) and incubated at 37 �C with
shaking at 250 rpm for 1 h to allow full recovery.

Following recovery, the bacterial suspension (10 mL) was
transferred to a sterile Eppendorf tube, while the remaining
suspension was added to 2YT liquid medium (Sangon Biotech,
Shanghai, China) and incubated at 37 �C with shaking at
250 rpm. When the bacterial culture reached an OD600 value of
0.6e0.8, a helper phage M13 (New England Biolabs), at a
multiplicity of infection (MOI) of 10:1 (phage to bacteria) was
added, followed by infection at 37 �C for 1 h. The bacterial cells
were then collected by centrifugation and resuspended in 2YT
medium containing 100 mg/mL ampicillin and 50 mg/mL kana-
mycin and incubated at 30 �C with shaking at 220 rpm for
14e16 h. The following day, the bacterial culture was centri-
fuged at 640 ✕ g for 10 min, and the supernatant was collected.
One-fourth volume of 20% PEG8000-NaCl solution (2.5 mol/L
NaCl) (Sangon Biotech, Shanghai, China) was added to the

Figure 1 Variable domain of the new antigen receptor (VNAR) library construction and screening.
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supernatant to precipitate the recombinant phage. The mixture
was centrifuged at 640 ✕ g for 20 min at 4 �C, and the super-
natant was discarded. The phage pellet was resuspended in PBS
containing 50% glycerol, and the phage titer was determined by
measuring the absorbance at 280 nm using a spectrophotometer
(OD280 Z 2.33 � 1012 pfu/mL). This constituted the phage
VNAR library, which was aliquoted and stored at �80 �C.

2.6. Phage display screening and panning

2.6.1. Solid phase
The library was thawed on ice and recombinant phages were
precipitated by adding one-fourth volume of 20% PEG8000-NaCl
solution (2.5 mol/L NaCl). For the first round of selection, microtiter
plates were coated with antigen (10 mg/mL in PBS) and incubated
overnight at 4 �C. Upon removal of excess antigens, the plates were
blocked by PBS containing 5% skim milk powder (MPBS, w/v) at
37 �C for 1 h and eluted with 0.05% PBST (Solarbio Life Sciences,
Beijing, China) thereafter. Phage particles (approximately 1000
times the phage reservoir capacity) were introduced to the plates for
binding at 37 �C for 1 h. The unbound phage particles were washed
away with 0.05% PBST. For subsequent panning rounds, antigen
concentrations were decreased to 1e5 mg/mL allowing sufficient
elution to enrich antigen-specific phages.

2.6.2. Liquid phase
The screening was conducted as previously described31. The li-
brary was thawed on ice and recombinant phages were precipi-
tated by adding one-fourth volume of 20% PEG8000-NaCl
solution (2.5 mol/L NaCl). After discarding the supernatant,
the phage pellet was resuspended in PBS, blocked by 3% MPBS
(w/v), and incubated with biotinylated antigen (ACRO Bio-
systems, Beijing, China; 5, 3, 2, and 1 mg for the first, second,
third and fourth rounds, respectively) at RT on a rotary mixer for
0.5 h. Streptavidin-coated magnetic beads (SigmaeAldrich) were
then added and incubated for 1.5 h. Upon removal of the super-
natant, the mixture was placed on a magnetic stand for washing
with 0.05% PBST to discard unbound or nonspecifically bound
phages. The phages bound to the magnetic beads were used to
infect logarithmic-phase TG1 cells by incubation at 37 �C for
45 min without shaking. A 20 mL aliquot of the infected bacterial

suspension was serially diluted 103-, 104-, and 105-fold, and 50 mL
of each dilution was plated onto 2YT agar plates. The plates were
incubated overnight at 30 �C to titrate the eluted phages. The
remaining infected bacterial suspension was cultured in a 2YT
medium containing 100 mg/mL ampicillin and 2% glucose at
37 �C with shaking at 250 rpm for 2 h. After the addition of
approximately 1011 pfu of helper phage M13KO7, the culture was
incubated at 37 �C for 45 min, followed by the removal of the
magnetic beads. The TG1 bacteria cells were collected by
centrifugation, resuspended in 2YT medium containing
100 mg/mL ampicillin and 50 mg/mL kanamycin, and incubated
overnight at 30 �C with shaking at 220 rpm. The following day,
the bacterial culture was centrifuged, and the supernatant was
collected. One-fourth volume of 20% PEG8000-NaCl solution
(2.5 mol/L NaCl) was added to the supernatant to precipitate re-
combinant phage VNARs, which were resuspended in PBS
thereafter. This constituted the antigen-immunized VNAR library
enriched in the first round, which was used for the next round of
enrichment screening. This screening process was repeated four
times in total, with each round utilizing 1012 phages. After four
rounds of screening, polyclonal ELISA was performed on the
phages obtained after each round to determine the degree of
enrichment. Specifically, a 96-well ELISA plate was coated with
2 mg/mL of HSA and incubated overnight at 4 �C. It was then
blocked by 3% MPBS (w/v) for 1 h. Subsequently, the superna-
tants from the library (1011 pfu phages) obtained after each round
of screening were added to the HSA-coated plates and incubated
at 37 �C for 1.5 h. Binding was detected using an HRP-anti-M13
antibody (Sino Biological, Beijing, China). Subsequently, the
phage pool with the highest level of enrichment was selected for
monoclonal ELISA identification. Specifically, the phages from
the fourth round were employed to infect TG1 cells, which were
subsequently plated on 2YT agar plates and incubated overnight at
30 �C. The following day, 200 mL of 2YT medium containing
100 mg/mL ampicillin was dispensed into each well of a round-
bottom 96-well cell culture plate. Single colonies were
randomly selected from the agar plates and inoculated into the
wells, followed by incubation at 37 �C with shaking at 220 rpm for
6 h. Protein expression was induced by adding isopropyl b-D-1-
thiogalactopyranoside [IPTG (SigmaeAldrich)] to a final con-
centration of 1 mmol/L, with further incubation at 30 �C for

Figure 2 Construction and sequences of shark VNAR libraries. Primers and PCR conditions used in constructing naı̈ve VNAR libraries

(VNAR1 and VNAR2).
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14e16 h. The bacterial cultures were then incubated with HSA,
which had been precoated onto a 96-well ELISA plate, for 1.5 h.
After washing the wells three times with PBST, an HRP-
conjugated anti-Flag antibody (SigmaeAldrich) was applied to
detect positive monoclonal colonies.

2.7. Statistical analysis

The data analysis and graphing were performed by GraphPad Prism
8.0 software (GraphPad Software, San Diego, CA, USA). Binding
kinetics and dissociation between TFEB and the antibody were
monitored via surface plasmon resonance (SPR) on a Biacore™ 8K
system (Cytiva,Marlborough,MA,USA) and analyzedwithBiacore
Insight Evaluation (software version 2.0.15.12933). At least three
independent experiments were performed for TFEB, and represen-
tative or pooled data from repeated experiments are presented.

3. Results

3.1. General features of the VNAR libraries

VNAR residues were classified into four types based on the number
and position of classical and non-classical cysteine residues within
the domain. Four primer pairs were designed to construct VNAR
libraries targeting the conserved regions of FR1 and FR4, located
before and after the VNAR sequence, respectively30. These primers
(Fig. 2) were used to construct the naı̈ve VNAR libraries from
pooled cDNA samples of 50 sharks under optimized experimental
conditions. Excellent sequence diversity and integrity with a ca-
pacity of over 109 colony-forming units (CFU) was achieved
(Supporting Information Fig. S1A) for both VNAR1 and VNAR2
libraries (Fig. S1B and S1C), thereby meeting the screening re-
quirements32. The products (Fig. 3) with a length of 300e500 bp
were subsequently used to construct libraries against HSA and

TFEB, both with a capacity above 108 CFU. As shown in
Supporting Information Fig. S2A and S2B, the insertion rate is
approximately 90% and their amino acid sequences show different
CDR3 colonies, indicating a high degree of diversity.

3.2. HSA versus TFEB screening

3.2.1. HSA-immunized library screening
The enrichment of phages after four rounds of screening was
assessed using polyclonal ELISA. As demonstrated in Fig. 4A, a
significant enrichment of VNAR was first noted during the third
round of screening, with further substantial enrichment observed
by the fourth round. Consequently, the fourth-round library was
selected for monoclonal ELISA characterization (Fig. 4B). The
significant fold change observed after screening indicates that
certain molecules demonstrate potential binding activity to the
target antigen.

The specific VNARs isolated through panning were subjected
to DNA sequencing, revealing that six of the sequences were
identical (data not shown). Subsequently, we selected five
different enriched sequences from the sequencing results (data not
shown), along with the sequences obtained from the screening, for
expression and further validation.

3.2.2. TFEB-immunized library screening
Three rounds of panning were performed using TFEB as the an-
tigen (Fig. 5A). Polyclonal ELISA results suggested an effective
enrichment of TFEB-specific phages (Fig. 5B). Subsequently, 96
single colonies were randomly selected and evaluated via mono-
clonal ELISA (Fig. 5C). Based on the monoclonal ELISA results
(OD450 values) and the sequencing data of the final enriched se-
quences, seven sequences with distinct CDR3 regions were
selected for further validation (Supporting Information Fig. S3).

Figure 3 Primers and PCR conditions used in constructing human serum albumin (HSA)- and human transcription factor EB (TFEB)-

immunized VNAR libraries.
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3.2.3. Screening of the naı̈ve library against TFEB
The naı̈ve libraries (VNAR1 and VNAR2) were subjected to two
rounds of panning using TFEB as the antigen (solid phase). Phage
input and recovery in each round were statistically analyzed and
single colonies were randomly selected for PCR to identify the
full-length rate. The results showed a 10-fold difference in phage
recovery between the experimental and control groups after the

first round, with a 100% full-length rate (Fig. 6A). In the second
round, due to the optimization of the experimental conditions, no
significant difference in phage recovery was observed between the
groups. PCR results showed that the full-length rate remained
100% (Fig. 6B), suggesting that enrichment of TFEB-specific
VNARs likely occurred during the first round. Nine full-length
sequences were identified from 20 randomly selected single

Figure 4 Panning and screening results of HSA-immunized VNAR library. (A) Polyclonal ELISA of HSA-immunized library. (B) Monoclonal

ELISA of the HSA-immunized library (all relative binding values were normalized to the absorbance of the blank well). (C, D) Evaluation of

VNAR affinity to HSA (C) and non-specific binding assessment (D) using ELISA. LPS, lipopolysaccharide.

Figure 5 Panning and screening of TFEB-immunized library. (A) Panning conditions. (B) Polyclonal ELISA of TFEB-immunized library. (C)

Monoclonal ELISA of TFEB-immunized library. (D) Surface plasmon resonance (SPR) sensorgram showing the binding affinity of VNAR T5.
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colonies after the second round of panning. They were then
resuscitated and cultured for identification of corresponding
monoclonal phages by ELISA, yielding four monoclonal strains
with high OD450 absorbance values (Fig. 7).

3.3. Naı̈ve versus antigen-immunized library screening

In the naı̈ve libraries, four full-length sequences were randomly
selected and numbered as 5, 6, 17 and 19 (Fig. S3). Although,
compared with the screening results of the TFEB-immunized li-
brary, there are multiple enriched VNAR sequences (Fig. S3), the
CDR3 region of these four sequences did not show obvious
enrichment. However, all showed ELISA reactivity. This implies
that although the positive screening rate from the naı̈ve library is
low, it is still possible to obtain promising VNARs. Meanwhile, it
also indicates that the TFEB-immunized library displays a higher
efficiency in the screening of shark-derived nanobodies.

Four rounds of phage selection were conducted on the naı̈ve
and immune VNAR libraries using HSA as an antigen. Polyclonal
ELISA results demonstrated that phage enrichment appeared in
the fourth round. DNA sequencing was performed on the specific
VNARs isolated by selection, revealing 7 sequences with distinct
CDR3 regions in the HSA-immunized library and 19 in the naı̈ve
library. Sequence alignment (Supporting Information Fig. S4)
showed that the CDR regions of the naı̈ve VNAR1 library shared a
high degree of homology with those from the HSA-immunized
library, albeit the latter exhibits more residue variations.

Of interest is that all sequences obtained from screening of the
HSA-immunized library belonged to VNAR1, while sequences
from the naı̈ve library yielded both VNAR1 and VNAR2, indi-
cating that HSA could bind to multiple VNAR types, with a higher
affinity for VNAR1. The results of polyclonal ELISA showed that
the HSA-immunized library had a higher binding activity than that
of the naı̈ve. Monoclonal ELISA results indicated variable binding
activities from immune and naı̈ve libraries, suggesting that both
are suitable for screening VNARs against HSA (Fig. 4A and B).

3.4. Solid versus and liquid phase screening

In the HSA-immunized library, six sequences were screened in
liquid phase, of which three were enriched sequences, while seven
sequences were screened in solid phase, of which only one was
enriched sequence (Supporting Information Fig. S5). Solid phase
screening uncovered sequences from both VNAR1 and VNAR2
versus only one using liquid phase. Sequences from the former
displayed a high degree of homology.

3.5. Characterization of VNARs

As previously mentioned, seven sequences were identified from
the TFEB-immunized library and four from the naı̈ve libraries
after panning. To characterize these sequences, the seven se-
quences were expressed using a cell-free expression system33. The
production yields ranged from 2.5 to 5 mg/L (data not shown). SPR
was performed to assess binding kinetics, and binding affinities
were calculated from the kinetic parameters. Among them, only T5
exhibited a notable binding affinity to TFEB, with a KD value of
6.85 � 10�8 mol/L (Fig. 5D).

Six VNARs against HSA were expressed and purified using a
cell-free expression platform, yielding distinct target bands
observed for all samples. The production yields ranged from 1 to
12 mg/L (data not shown). The binding affinities of these VNARs
for HSA were subsequently evaluated by ELISA. As displayed in
Fig. 4C and D, only the screened sequence demonstrated specific
binding capability to the antigen. However, it was observed that its
affinity for HSAwas weak. This could be attributed to the fact that
when we attempted to express the VNAR using a prokaryotic
expression system, we observed either no target band or only a
very faint target band. These results suggest that phage polyclonal
and monoclonal ELISA evaluation systems may provide a more
effective approach for screening VNARs from Chiloscyllium
plagiosum, compared to the IPTG-induced periplasmic secretion
method. This strategy could significantly enhance the likelihood
of identifying high-quality candidate molecules.

Figure 6 Colony PCR monitors the size of the phagemid insert fragments in the first (A) and second round (B) of screening.

Figure 7 Identification of TFEB-specific phage clones with

monoclonal ELISA.
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4. Discussion

Large capacity antibody libraries24 cover a wide range of anti-
body sequences and specificities, increasing the chances of
discovering antibodies with specific functions, such as those
against various disease-related antigens, toxins, or other molec-
ular target5,34. In this study, we used 50 whitespotted bamboo
sharks of both sexes to establish a large capacity VNAR library,
containing two types, VNAR1 and VNAR2, with a combined
capacity exceeding 109 CFU. It was applied to screen VNARs
against HSA and TFEB, respectively. Meanwhile, VNAR li-
braries specific to HSA and TFEB with capacities above
108 CFU were obtained following a conventional immunization
protocol. The two libraries were systemically compared in terms
of VNAR yield and composition. HSA is a widely distributed
serum protein35 with multiple biological properties, and it shares
homology across species36,37. Positive responses were detected
from both the naı̈ve and HSA-immunized library screenings,
including enrichment in polyclonal ELISA and binding of
monoclonal VNARs, indicating that both are suitable for the
selection of nanobodies against HSA.

In contrast, TFEB is an intracellular transcription factor38 that
is not normally exposed to the immune system. Compared to the
TFEB-immunized library, screening against the naı̈ve library did
not deliver an ideal yield. This can be explained by the fact that
exogenous antigen stimulation typically induces stronger im-
mune responses, leading to more specific VNAR sequences as
reflected in our work. It appears that the suitability of naı̈ve
versus immune libraries is dependent on the nature of a given
antigen. Generally, while immune libraries provide antibodies
with better affinity and specificity caused by in vivo immune
responses, the process of generating these libraries requires high-
purity, concentrated antigen samples and the immunization of
animals, making it more costly and time-consuming39. Further-
more, the success of immune libraries is influenced by several
factors, including the nature of the antigen and the physical
condition of the animals used40,41. In contrast, naı̈ve libraries
offer a simpler, more cost-effective alternative, bypassing the
need for animal immunization42. Although antibodies derived
from naı̈ve libraries typically exhibit lower affinity, they provide
broader specificities, making them suitable for a wider range of
targets. Additionally, their affinity can be enhanced through
subsequent affinity maturation or engineering steps, making
naı̈ve libraries a versatile tool for screening31,43,44.

Evolutionary distance is often considered one of the key fac-
tors defining antigenicity45. Cartilaginous fish, which represent the
first jawed vertebrate group46, are also the oldest vertebrates with
an adaptive immune system47. Due to the evolutionary divergence
between mammals and sharks, this distance may enable sharks to
generate high-affinity VNARs against conserved mammalian
proteins like serum albumin32,48. Additionally, IgNAR undergoes
iterative affinity maturation following immunization in sharks49.
The first batches of antigen-specific IgNARs were isolated from
nurse sharks immunized with lysozyme50. Comparison of se-
quences from hen egg-white lysozyme (HEL)-specific clones
isolated from immunized phage libraries revealed the extent of
somatic hypermutation and key residue changes that occurred
during the affinity maturation process in sharks51. As expected,
VNARs from immune libraries generally exhibit higher affinity
and specificity than those from semi-synthetic or naı̈ve libraries52,
a conclusion consistent with our results. However, for studies
focusing on the selection of low-to moderate-affinity candidates,

or when affinity maturation through engineering is the goal, naı̈ve
libraries are an excellent choice.

The CDR3 region plays a critical role in determining the af-
finity and specificity of antibodyeantigen interactions53-55.
Comparisons between the HSA-immunized and naı̈ve libraries
revealed that certain amino acids, such as serine, aspartic acid,
and tyrosine, appeared more frequently in the CDR3 region of the
naı̈ve library. Previous researches have shown that the frequency
of tyrosine is correlated with CDR3 length, suggesting conserved
amino acid patterns may be crucial to the functionality of anti-
bodies in both naı̈ve and immune libraries56,57. Furthermore,
structural stability in CDR3 is influenced by the presence of
specific amino acids. Cysteines may form disulfide bonds within
the antibody, contributing to antibody stability, while large hy-
drophobic residues like tryptophan help reduce water exposure,
thus enhancing the internal stability of the antibody58,59.

Regarding the construction and selection of naı̈ve shark
VNAR library, the present study revealed the diversity of distinct
types of VNARs based on screening and panning of both naı̈ve
and immune libraries. Abundant diversity was found in VNAR1
and VNAR2, while VNAR3 and VNAR4 are conserved. This is
consistent with the expression levels of different VNARs in
sharks: VNAR1 > VNAR2 > VNAR3/VNAR430. Therefore, it is
recommended to prioritize VNAR1 and VNAR2 types when
establishing a naı̈ve library60, particularly in the screening of
nanobodies with significant diversity, allowing for enhanced
“hit” efficiency and enrichment of more VNAR sequences of
high quality50. In addition, ideal VNARs were identified even
with a smaller naı̈ve library (e.g., 107 CFU)61. However, studies
in camels suggest that VNARs having affinity comparable to
monoclonal antibodies could be readily found in a large
capacity naı̈ve library (109 CFU)62. To further investigate this
issue, we selected rat IgG as a new antigen63, and an identical
antibody sequence was unexpectedly identified through
screening of both naı̈ve and immune libraries that were exposed
to different antigens, including rat IgG. As shown in Supporting
Information Fig. S6, the VNAR sequences from four colonies
(1-1 RAT, 1-7 RAT, 1-8 RAT, and 1-9 RAT) in the IgG (rat)-
immunized VNAR library, and one colony (3-RAT naı̈ve)
from the naı̈ve library, were identical. The results indicate that
this sequence exhibited specific ELISA binding capacity towards
the rat IgG. Previous studies have suggested that this antibody
sequence may recognize a conserved epitope on the Fc
domain64, which enables binding to the conserved epitope. It is
obvious that VNARs against a specific antigen could be retrieved
from both immune and naı̈ve libraries. Thus, the establishment
of a large capacity and diverse naı̈ve VNAR library, as shown
here, would provide a solid foundation for future applications.

5. Conclusions

In conclusion, through a comparative analysis of screening out-
comes against HSA and TFEB, in conjunction with the diverse
characteristics of VNARs, we proposed a rational strategy for
screening naı̈ve and antigen-immunized libraries. Depending on
the nature of antigens such as sequence conservation and in vivo
exposure, an appropriate approach could be selected. For
screening with naı̈ve libraries, prioritizing VNAR1 and VNAR2
will enhance “hit” rates and increase the diversity of identified
nanobodies. Our results provide a practical template for the
research and development of therapeutic and diagnostic applica-
tions based on shark VNARs.
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