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Purpose: COVID-19 is rampant throughout the world, which has caused great damage to human lives and seriously hindered the 
development of the global economy. Aiming at the treatment of SARS-CoV-2, in this study, we proposed a novel fenobody strategy 
based on ferritin (Fe) self-assembly technology.
Methods: The neutralizing nanobody H11-D4 of SARS-CoV-2 fused to the C-terminus of end-modified human ferritin was expressed 
in E. coli and silkworm baculovirus expression systems. A large number of nanoparticles were successfully self-assembled in 
silkworms, while relatively few nanoparticles can be observed in the treated products from E. coli by electron microscopy. 
Subsequently, the fenobody’s expression level and neutralizing activity were then evaluated.
Results: The results showed that the IC50 of H11-D4 and fenobody Fe-H11-D4 expressed in E. coli were 171.1 nmol L−1 and 20.87 nmol 
L−1, respectively. However, the IC50 of Fe-HD11-D4 expressed in silkworms was 1.46 nmol L−1 showing better neutralization activity.
Conclusion: Therefore, fenobodies can be well self-assembled in silkworm baculovirus expression system, and ferritin self-assembly 
technology can effectively improve nanobody neutralization activity.
Keywords: COVID-19, ferritin, fenobody, baculovirus expression system, silkworm

Introduction
Since 2020, novel coronavirus disease (COVID-19) caused by SARS-CoV-2 has broken out in the world. It is very 
important to develop a new and effective antibody to cope with the COVID-19 pandemic. SARS-CoV-2 viruses are 
particles approximately 80–120 nanometres in diameter, and the presence of spikes on the surface is a distinguishing feature 
of this virus as a member of the Coronaviridae family.1 The receptor-binding domain RBD of S protein on the surface of the 
SARS-CoV-2 virus binds to the receptor ACE2 on the body’s cell membrane, allowing the virus to enter the body.2

At present, the control strategy of SARS-CoV-2 mainly depends on the vaccine and antibody against spike (S) 
protein. Various vaccines have been put on the market, including inactivated vaccines, vector vaccines, recombinant sub- 
vaccine, etc. The antibody is another very important research strategy and has a broad research prospect. The research of 
antibodies has evolved from conventional antibodies to single-chain antibodies to nanobodies, and nanobodies are 
becoming an emerging hot field in antibody development with widespread and sustained attention due to their unique 
physical and chemical stability and greater suitability for large-scale production.3 Nanobodies were first proposed in 1993 
with the discovery of the variable domain of heavy chain (VHH) alone expression of a heavy chain antibody from 
camelid bodies4 had a stable structure and strong antigen binding ability.5

Accumulating works indicate that the modified nanobodies have the advantages of weaker immunogenicity, stronger 
penetration,6 better stability, and higher affinity, and their preparation method is simpler, which has great development 
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potential.7 Recently, several strategies have been used to develop nanobodies, the nanobody Ty18 can be expressed in 
large quantities in bacteria and specifically targets RBD protein, and its binding to RBD directly blocks the binding 
between RBD and ACE2. The RBD-binding nanobody H11 was identified in the original alpaca VHH library, and the 
nanobody H11-D4 was proved to bind to RBD with a KD (dissociation constant) of 39±2 nmol L−1, and then it was fused 
with the Fc segment of IgG protein to carry out the pseudovirus neutralization experiment at the cell level. The results 
showed that the IC50 of H11-D4-Fc was 161 nmol L−1. This undoubtedly provides an effective anti-COVID-19 method 
and an excellent candidate drug for the treatment and prevention of COVID-19.9

Ferritin can be used as the backbone of nanoparticles because of its advantages in protein display and antigen 
presentation, and it is a new strategy for preparing high-efficiency antibodies. For instance, the anti-H5N1 nanobody was 
displayed on the surface of ferritin from archaea in the form of 24-mer,10 and researchers found that its affinity with 
antigen increased by more than 300-fold, and its half-life in mice was about 10-fold longer than that of the anti-H5N1 
nanobody alone, and then they named this chimera protein fenobody. In 2021, two subunit vaccine candidates were 
designed based on self-assembled ferritin nanoparticles to display the full-length outer domain (S-Fer) or 70 amino acid 
deletion (S∆C-Fer) of poly-SARS-CoV-2 spikes,11 and researchers found that fusion expression with ferritin improved 
the protein expression level.

Ferritin nanoparticles can self-assemble into stable structures12 with remarkable thermal and chemical stability and 
can be used as drug delivery carriers and scaffolds to display exogenous peptides or proteins.13 It is important for the 
development of new drugs. Ferritin is conserved, and human ferritin is one of the classical ferritins with a protein shell 
that is self-assembled from heavy chains (H-chain, 21 kDa) and light chains (L-chain, 19 kDa).14 However, individual 
heavy chains can also self-assemble into ferritin with high efficiency.15 In this study, the human ferritin heavy chain was 
chosen as the antibody carrier, which is expected to be more suitable for human use and has lower immunogenicity.

The baculovirus expression system has become a mature production platform for producing viral vaccines and gene 
therapy vectors.16 Compared with mRNA and adenovirus vector vaccines, COVID-19 vaccines developed by the 
baculovirus expression system17 have certain advantages in safety, production cost, and vaccine storage temperature. 
The target protein from insect cells has a correct protein folding and can be modified by post-translation processing, 
glycosylation, and phosphorylation.18 Therefore, the silkworm baculovirus expression system was used to produce 
fenobodies efficiently and cheaply in silkworms, and the activity of fenobodies was evaluated.

Materials and Methods
E. coli competent cells DH5ɑ and Rosetta (DE3) were purchased from TransGen Biotech, Beijing, China. Prokaryotic 
expression vector pET28a were preserved in our laboratory. The human embryonic kidney cells (HEK-293T) were 
obtained from ATCC. The pcDNA3.1-hACE2-GFP plasmid, pcDNA3.1-S plasmid and pNL4-3.Luc.R-E plasmid are 
preserved in our laboratory. The gene sequence needed in the experiment was codon optimized and synthesized by 
GenScript, Nanjing, China.

Construction of Recombinant Expression Vector
Prokaryotic Expression Vectors pET28a-H11-D4 and pET28a-Fe-H11-D4 for Nanobody and Fenobody
The amino acid sequence of SARS-CoV-2 neutralizing nanobody H11-D4 (PDB: 6YZ5_F) and the amino acid sequence 
of human ferritin heavy chain (GenBank: AAA35832.1) were selected from the database. To promote the better fusion of 
nanobody H11-D4 with human ferritin, the following design method was determined by the prediction of Alphafold:19 

the N-terminal 5 and C-terminal 21 amino acids of ferritin, the C-terminal 6 amino acids of H11-D4 were removed. The 
H11-D4 protein sequence was fused to the C-terminal of ferritin by a linker (GGGSGGGGSGGGS). After codon 
preference optimization, restriction enzyme sites BamH I and EcoR I were added to both ends of the optimized 
nucleotide sequence. Subsequently, H11-D4 and Fe-H11-D4 fragments (Phanta Max ultra-fidelity DNA polymerase 
was purchased from Vazyme) were amplified by fusion PCR. The fragments were then connected to the pET28a vector 
through BamH I and EcoR I to construct pET28a-H11-D4 and pET28a-Fe-H11-D4.
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Construction of Recombinant Silkworm Baculovirus with Nanobody and Fenobody
The H11-D4 and Fe-H11-D4 fragments were amplified via enzyme digestion and cloned into the pBR vector20 to obtain 
transfer vectors pBR-H11-D4 and pBR-Fe-H11-D4. Inactivated rescue baculovirus DNA was co-transfected into cells 
with baculovirus transfer vectors pBR-H11-D4, pBR-Fe-H11-D4, and pBR-Luc control, respectively21 (VigoFect was 
purchased from Vitality Biotech Beijing Co., Ltd. in Beijing, China). Finally, the recombinant BmNPV baculoviruses 
reBm-H11-D4 and reBm-Fe-H11-D4 were obtained from the supernatants of the cotransfected cells, based on which the 
recombinant viruses were screened, purified, amplified, and retained as viral stocks.

Expression and Purification of H11-D4 and Fe-H11-D4
In terms of E. coli expression, the recombinant plasmids pET28a-H11-D4 and pET28a-Fe-H11-D4 were transformed into 
E. coli expression strain Rosetta (DE3). Monoclone was picked and cultured in liquid LB medium with the kana 
antibiotic at 37 °C for about 12 h. According to the ratio of 1%, monoclone was transferred into a new liquid medium for 
further cultivation. After optimization, the bacterial broth was cultured until the OD600 was between 0.6 and 0.8, and the 
expression products were obtained by adding 1.0 mmol/L IPTG and analyzed using SDS-PAGE. The fusion protein was 
then expressed and purified via Ni-NTA affinity purification. To assemble the Fe-H11-D4 protein spherical nanostruc
tures, the fusion protein was refolded in dialysis buffer (Fe3+ with an appropriate concentration) with a gradually 
decreased urea concentration. Then, 1% Triton X-11 was added to the supernatant of the renatured proteins to remove 
endotoxin, concentrated by ultrafiltration using an ultrafiltration tube, quantified, and diluted to 1 mg/mL.

In terms of silkworm expression, the recombinant virus (105 PFU) was injected into the dorsoventral internode of 5th 
instar silkworm larvae or pupae and then continued rearing or incubation at 25–27 °C and 65% humidity. After 96 h of 
rearing and observation of typical baculoviral symptoms in the silkworm, silkworm hemolymph was collected by 
puncturing the ventral foot of the silkworm and frozen preservation. The supernatant of the sample of silkworms 
expressing fenobody after ultrasonic crushing and high-speed centrifugation to remove cell debris. The crude samples 
were purified by gentle ultrasonic crushing and ultracentrifugation using a 30% sucrose cushion at 120,000 g for 3 h. The 
white transparent nanoparticle pellets were resuspended in PBS overnight.

Identification and Quantitative Determination of H11-D4 and Fe-H11-D4
Identification of the products of prokaryotic expression, the purified H11-D4 and Fe-H11-D4 proteins were validated by 
Western blot using mouse-derived His-tag primary antibody (TransGen Biotech, Beijing, China) and HPR-labeled goat 
anti-mouse IgG secondary antibody (ZSGB-BIO, Beijing, China). To verify the purified targeted proteins, the purified 
proteins were subjected to SDS-PAGE. The properly sized protein bands were excised and forwarded to the central 
laboratory of the Biotechnology Research Institute of the Chinese Academy of Agricultural Sciences (CAAS) for LC-MS 
-MS analysis, specifically utilizing the Orbitrap Fusion instrument.

H11-D4 and Fe-H11-D4 proteins expressed in E. coli were purified using the Ni-NTA affinity purification method and 
quantified using the BCA protein assay kit.

Identification of the products of eukaryotic expression, the products expressed in silkworms were ultrasonically 
disrupted, and cell debris was removed by centrifugation. The supernatant was then used to determine the amount of 
recombinant protein expressed in silkworms by ELISA. The prokaryotic expression of Fe-H11-D4 protein was embedded 
in the enzyme label plate at the concentrations of 5 μg/mL, 1 μg/mL, 0.5 μg/mL, and 0.1 μg/mL; then, Fe-H11-D4 
expressed in silkworm and the corresponding treated negative samples of Bm-Luc were coated with gradients at serial 
dilutions, respectively. After overnight incubation at 4 °C, plates were washed thrice with PBST, a blocking buffer 
containing 1% BSA in PBST was added, and the plates were incubated for 1 h at room temperature. After 1 h of 
incubation at 37 °C, the plates were washed thrice, and HRP-conjugated goat anti-mouse IgG antibody was added at 
a dilution ratio of 1:5000. After incubation for 1 h at 37 °C, the plates were washed thrice with PBST and developed with 
TMB (Sigma-Aldrich (Shanghai) Trading Co. Ltd.) for 10 min. The reaction was stopped using a stop solution (1 M H2 

SO4). The absorbance was measured at 450 nm using a microplate reader.
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The concentration of recombinant proteins expressed by silkworms was determined by using human ferritin heavy 
chain rabbit primary antibody (purchased from ABclonal Biotechnology Co., Ltd.) and HRP-labeled goat anti-rabbit IgG 
secondary antibody.

Electron Microscope Observation
A transmission electron microscopy (Tecnai G2 F20 TWIN TMP) was used to observe whether the nanoparticles self- 
assembled successfully. Negative staining and transmission electron microscopy were performed on the purified protein 
expressed in E. coli and the crude purified protein expressed in silkworms, respectively. Immunogold labeling was used 
to determine whether H11-D4 proteins were present on the surfaces of the nanoparticles, which were incubated with a 50- 
fold dilution of ferritin monoclonal antibody for 10 min and with a 50-fold dilution of goat anti-rabbit IgG gold-10nm 
antibody (purchased from SIGMA-ALDRICH) for 10 min and stained with uranium acetate under the electron 
microscope.

Construction of SARS-CoV-2 Pseudovirus and Neutralization Test
Following the methodology of reference,22 to construct SARS-CoV-2 pseudovirus (original Wuhan-Hu-1 strain, RefSeq: 
YP_009724390.1), pcDNA3.1-S plasmid and pNL4-3.Luc. R-E plasmid were transfected into 293T cells, and the viral 
supernatant was collected. To assess the neutralization of pseudovirus infection in vitro, 293T cells were seeded in 96- 
well plates and grown overnight, and the pcDNA3.1-hACE2-GFP plasmid was transfected into 293T cells according to 
the VigoFect instructions. The plasmid transfection was confirmed by observing fluorescence 24h after transfection. The 
H11-D4, Fe-H11-D4, and BSA samples were preincubated with an equal volume of pseudoviruses of SARS-CoV-2 
origin, respectively. DMEM was mixed with an equal amount of pseudovirus as a positive control, DMEM-only wells 
were used as a negative control, and three replicate wells per sample. After incubation, the mixture was added to hACE2- 
expressing cells, and then the cells were suspended with lysis buffer (Promega), after collection, the nanobody was mixed 
with luciferin, and the expression of firefly luciferase (relative light unit, RLU) was detected by luminometer (Promega, 
GloMax® 20/20). The inhibition rate of pseudovirus entry into cells was calculated.23 Inhibition rate = (experimental 
group RLU-negative control group RLU)/(positive control group RLU-negative control group RLU)×100%.

Results
Expression of H11-D4 and Fe-H11-D4
Ferritin can generally be modified at the C-terminal or N-terminal and is originally an 8-trimer nanoparticle, while the 
trimer structure does not conform to the natural nanobody conformation. To obtain better display results, we designed 
various forms of fusion methods. The three-dimensional structural prediction analysis of nanobody was performed via the 
AlphaFold program and PyMol software. It was speculated that the heavy chain subunit of human ferritin (N-terminal 
removal of the first 5 amino acids and the C-terminal removal of 21 amino acids of ferritin) would convert the displayed 
triple-petal-like structure into a homodimeric structure, and to promote a better fusion and expression of nanobody H11- 
D4 with human ferritin, the C-terminal 6 amino acids of H11-D4 were removed, and the GGGSGGGGSGGGS was used 
as a linker added to the N-terminal of H11-D4, thereby obtaining the possible dimer nanobodies displayed on the surface 
of human ferritin nanoparticles, and each nanoparticle can display six (2X2) nanobody clusters on the surface of human 
fenobody (Figure 1), which basically conforms to the spatial structural form required for highly active fenobodies.

After codon preference optimization, the plasmids pUC57-linker-H11-D4 and human Ferritin plasmid pUC57-Fe 
were obtained by synthesis, and the H1-D4 gene was obtained by PCR using pUC57-linker-H11-D4 as a template, and 
cloned into the prokaryotic expression vector pET28a by digestion of BamH I and EcoR I to obtain pET28a-H1-D4; The 
Fe-H11-D4 gene was obtained by fusion PCR using pUC57-linker-H11-D4 and pUC57-Fe as templates, and cloned into 
the prokaryotic expression vector pET28a by digestion of BamH I and EcoR I to obtain pET28a-Fe-H1-D4. Then, the 
above expression plasmid was transformed to Rosetta (DE3) strains for expression and obtained H11-D4, Fe-H11-D4 
protein.
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The H11-D4 and Fe-H11-D4 genes were cloned into the baculovirus transfer vector pBR and identified the pBR-H11- 
D4 and pBR-Fe-H11-D4 plasmids by digestion and sequencing, which demonstrated the successful construction of 
transfer plasmids driven by the promoter of the polyhedrin gene, and co-transfected in Bm-N cells of silkworms with 
inactivated rescuing baculoviral DNA, and cultured the cells for 5 d. After 5 d of incubation, compared with normal cells 
(Figure 2a), the co-transfected cells showed typical pathological effects caused by baculovirus, such as aggregation and 
suspension (Figure 2b). Similarly, pBR-Luc DNA was used for co-transfection as a quality control standard for the 
process of viral recombination, and the supernatant was collected to detect the luciferase expression of the reBmBac-Luc 
group which reached more than 8 million CPM (15 microlitres), which proved that the effect of co-transfection was good, 
and recombinant baculoviruses reBamBacFe-H11-D4 and reBamBacH11-D4 were obtained. The recombinant viruses 
were purified and amplified as virus stocks, and the silkworms were infected with them to collect the silkworm 
expression products. Accordingly, the recombinant viruses containing luc were also used as the quality control standard 
for the expression process in the silkworms, and the luciferase expression of the reBmBac-Luc group was detected to 
reach more than 60 million CPM, which indicated that the silkworms were healthy, free of contamination by the wild 
viruses, and suitable for expression of the target proteins.

Genomic DNA was extracted from silkworm expression samples infected with reBmBac-H11-D4, reBmBac-Fe-H11- 
D4, and reBmBac-Luc group, and verified the H11-D4 and Fe-H11-D4 genes by PCR. A clear single band appeared 
around 400bp and 900bp, respectively (Figure 2c), which was consistent with the size of the fragments of H11-D4 and 
Fe-H11-D4 genes, indicating that the target genes had been successfully integrated into the baculovirus genomes.

Western Blot Analysis and Mass Spectrometry Identification of the Expression 
Products H11-D4 and Fe-H11-D4
The prokaryotic expression products were detected by SDS-PAGE as shown in (Figure 3A and B). The results showed 
clear bands around both 17.9 kDa and 37.1 kDa, which were consistent with the predicted molecular weight size of the 
theoretical fusion proteins, and with a less soluble state and a large amount in the form of inclusion bodies. Subsequently, 
the fusion protein was expressed in large quantities, and the H11-D4 and Fe-H11-D4 proteins expressed in E. coli were 
purified by Ni-NTA affinity purification and carried out Western blot to verify the recombinant proteins, with His-tag 
primary antibody of murine origin, and HPR-labelled goat anti-mouse IgG secondary antibody, and the results of the 

Figure 1 Structural prediction of nanobody H11-D4 fused with the heavy chain of human ferritin fusion protein.
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validation were as shown in Figure 3C. As shown in Figure 3C, there was a single obvious band around 18 kDa and 37 
kDa in lanes 1 and 2, respectively. The molecular weights were consistent with the theoretical values, which proved that 
the recombinant proteins H11-D4 and Fe-H11-D4 were successfully expressed in E. coli after the purification of 
recombinant proteins by SDS-PAGE. The protein bands with correct sizes were cut, and sent to the central laboratory 
of CAAS, for LC-MS-MS analysis. The protein coverage for recombinant proteins H11-D4 and Fe-H11-D4, as revealed 
by the MS-MS analysis, is exceptionally high at 89.06% (Table S1) and 76.85% (Table S2), respectively. Additionally, 12 
specific peptide sequences were identified for H11-D4, and 20 specific peptide sequences were identified for Fe-H11-D4 
through successful amino acid sequence determination. The observed protein molecular weights and amino acid counts 
align with the theoretical values, confirming that the purified recombinant proteins are indeed H11-D4 and Fe-H11-D4.

The Fe-H11-D4 and H11-D4 proteins expressed in silkworms were subjected to ultrasonic fragmentation, centrifuga
tion, and filtration after appropriate dilution, followed by Western blot verification. The results showed that the molecular 
weight of Fe-H11-D4 protein was 33.4 kDa. The results were consistent with the predicted molecular weight, indicating 
that Fe-H11-D4 protein was successfully expressed in the expression system of the silkworm (Figure 3D).

Figure 2 Construction of recombinant virus. (a) Normal cells; (b) Co-transfected cells; (c) M: DNA Marker; 1: PCR with reBmBac-Luc genome as template; 2: PCR with 
reBmBac-H11-D4 genome as template; 3: PCR with reBmBac-Fe-H11-D4 genome as template.
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Determination of Recombinant Protein Expression Levels of Fe-H11-D4 and H11-D4
The concentration of the purified protein was determined using a BCA protein quantification kit, and the standard curve 
y = 0.001x+0.0413 (R2 = 0.9959) was plotted with the concentration of standard BSA as the x-axis and the absorbance 
value of OD562 as the y-axis, which showed a good linear relationship. The yields of recombinant proteins H11-D4 and 
Fe-H11-D4 per liter of the bacterial solution in the shake flask after purification were calculated as 25.16 μg/mL and 8.70 
μg/mL based on the absorbance substitution into the formula. To determine the content of recombinant proteins 
expressed in the silkworm, we examined the expression level of the fusion protein Fe-H11-D4 by ELISA of the 
expression sample. The purified and quantified Fe-H11-D4 protein expressed in E. coli was used as the standard material, 
and human ferritin antibody as the primary antibody. The results showed that the expression level of Fe-H11-D4 was 
101.23 μg/mL silkworm haemolymph detected by ELISA.

Electron Microscopic Observation of Fe-H11-D4
The inclusion bodies in the Fe-H11-D4 proteins expressed in E. coli were purified and refolded via dialysis and observed 
using the electron microscope. The results showed that the ferritin fusion H11-D4 was able to self-assemble into 

Figure 3 Expression of the H11-D4 and Fe-H11-D4 proteins. (A) SDS-PAGE analysis of recombinant pET-28a-H11-D4 in E. coli. M: protein marker 1: pET28a; 2: pET28a- 
H11-D4 (uninduced); 3: pET28a-H11-D4 (induced with 1.0 mmol/L); 4: pET28a-H11-D4 (induced with 0.8 mmol/L); 5: pET28a-H11-D4 (induced with 0.5 mmol/L); 6: 
pET28a-H11-D4 (induced with 0.3 mmol/L); 7: pET28a-H11-D4 (induced with 0.1 mmol/L); (B) SDS-PAGE analysis of recombinant pET-28a-Fe-H11-D4 in E. coli. M: protein 
marker; 1: pET28a; 2: pET28a-Fe-H11-D4 (uninduced); 3: pET28a-Fe-H11-D4 (induced with 1.0 mmol/L); 4: pET28a-Fe-H11-D4 (induced with 0.8 mmol/L); 5: pET28a-Fe- 
H11-D4 (induced with 0.5 mmol/L); 6: pET28a-Fe-H11-D4 (induced with 0.3 mmol/L); 7: pET28a-Fe-H11-D4 (induced with 0.1 mmol/L); (C) Western blot analysis of H11- 
D4 and Fe-H11-D4 recombinant proteins expressed in E. coli. M: protein marker; 1: pET28a-H11-D4; 2: pET28a-Fe-H11-D4; 3: pET28a unloaded; (D) Western blot analysis 
of Fe-H11-D4 recombinant proteins expressed in silkworm. M: protein marker; 1: infected reBmBac-Luc; 2: infected reBmBac-Fe-H11-D4.
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a spherical structure of about 20 nm (Figure 4A), and further immunogold particle labeling of the ferritin showed that 
ferritin was located at the center of the spherical nanostructure. However, there are few nanoparticles in a field of vision. 
Even if some conditions are optimized during dialysis, such as adding a small amount of iron ions during the dialysate, 
there is no obvious effect, which shows that the method we adopted needs to be further improved, and the self-assembly 
efficiency of fenobodies is low in prokaryotic expression systems. The Fe-H11-D4 expressed by silkworm was observed 
by electron microscope after crude purification. It was observed that the fenobody Fe-H11-D4 was self-assembled into 
a natural spherical structure of about 20nm in silkworms (Figure 4B). The ferritin was located at the center of the 
spherical nanostructure and H11-D4 was displayed on the surface of ferritin, and there were more Fe-H11-D4 expressed 
by silkworms in a field of vision. These results show that the eukaryotic expression system of silkworms is more suitable 
for self-assembly ferritin technology than the prokaryotic expression system of E. coli.

Pseudovirus Neutralization Test Analysis
The inhibitory rates of H11-D4 and Fe-H11-D4 expressed in E. coli against viruses entering cells were calculated 
according to the detected luminescence counts, and the neutralization activity curves of H11-D4 and Fe-H11-D4 against 
pseudoviruses were drawn by using GraphPad Prism 8, as shown in Figure 5. The results showed that H11-D4 and Fe- 
H11-D4 could effectively inhibit pseudovirus from entering cells, and the inhibition rate increased with the increase of 
recombinant protein concentration, while the inhibition rate of BSA negative control was close to zero, and there was no 
ability to inhibit pseudovirus from entering cells. We calculated the 50% inhibitory concentrations (IC50) of H11-D4 and 
Fe-H11-D4 by using GraphPad Prism 8, which were 171.1 nmol L−1 (Figure 5A) and 20.78 nmol L−1 (Figure 5B), 
respectively. The neutralizing activity of the fenobody is obviously higher than that of the nanobody expressed alone, 
which proves that the nanobody on the surface of ferritin improves the targeting affinity for the RBD domain of the 
S protein.

Figure 4 TEM and IEM analyzes of Fe-H11-D4 and electron microscopic observation of the nanoparticles. (A) Electron microscopic observation of E. coli expressing Fe-H11 
-D4. (B) Electron microscopic observation of Fe-H11-D4 expressed by silkworm (suitable diluted). Scale bar is 100 nm. 
Abbreviations: TEM, transmission electron microscopy; IEM, immunoelectron microscopy.
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The neutralization titers of H11-D4 and Fe-H11-D4 in silkworm expression production were dilution ratios of 1:1226 
and 1:2080. According to the concentration of Fe-H11-D4 protein in silkworm expression production, the IC50 of Fe-H11 
-D4 was calculated to be 1.46 nmol L−1 (Figure 5C), and the IC50 was significantly higher than that of Fe-H11-D4 
expressed in prokaryotic expression production, which proved that the neutralization activity of fenobody expressed in 
silkworm samples was higher than that of fenobody purified and renaturated in prokaryotic expression production, 
reflecting the advantages of silkworm baculovirus in better self-assembly efficiency and post-translation processing.

Discussion
In the prophylaxis and treatment of COVID-19, conventional monoclonal antibodies generally suffer from long 
preparation periods and high preparation costs. In addition, the relatively large size of the antibodies also leads to low 
permeability, which affects their therapeutic effect, while nanobodies have a smaller molecular weight, better tissue 
penetration and weaker immunogenicity, and have a good stability. Therefore, nanobodies can be administered by 
inhalation, oral administration, infusion, and injection, which is especially suitable for the treatment of respiratory 
diseases,24 and has promising potential as therapeutic25,26 and diagnostic tools.27 Moreover, nanobodies perfectly 
compensate for the deficiency of monoclonal antibody preparation and application due to their low production cost, 
easy modification and amplification,3 and have great clinical application potential.

The three-dimensional structure of ferritin is highly conserved from bacteria to mammals,15 prokaryotic ferritin has 
the feature that 24 monomers are assembled into nanoparticles, and eukaryotic ferritin reassembly also has this feature. 
Existing research suggests that bacterial ferritin was used to present preS1,28 a protein structural domain on the surface of 
hepatitis B virus. PreS1 on the surface of bacterial ferritin can elicit a strong immune response and has good biosafety 
upon entry into the organism. Compared with other carriers, ferritin shows unique advantages, such as high heat 
resistance and water solubility, good biocompatibility, and other advantages, which make it has great prospect for 

Figure 5 Pseudovirus neutralization test. (A) The half inhibitory concentration of H11-D4 expressed by E. coli was 171.1 nmol-L−1; (B) The half inhibitory concentration of 
Fe-H11-D4 expressed by E. coli was 20.78 nmol-L−1; (C) The half inhibitory concentration of Fe-H11-D4 expressed by Bombyx mori was 1.46 nmol-L−1.
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application in the fields of medicine, food, and so on.29 In this study, human ferritin was similarly modified by changing 
the display mode of archaea ferritin (P. furiosus ferritin-nanobody by replacing the sequence encoding the helix ε and 
loop of the ferritin subunit with the nanobody sequence through a linker) as a nanobody carrier, which can reduce the 
immunogenicity in the human body. The heavy chain of human ferritin was predicted by Alphafold in the hope of 
modifying the displayed trimer-like structure to be able to display nanobodies on the surface.

After purification of the prokaryotic expression products, the successful expression of H11-D4 and Fe-H11-D4 in 
E. coli was confirmed by Western blot and Mass Spectrometry. Transmission electron microscopy showed that Fe-H11- 
D4 had a spherical structure with a diameter of about 20nm, and immunogold labeling showed that the gold particles 
were attached to the core of the spherical structure. Ferritin nanoparticles fused with nanobody H11-D4 could success
fully self-assemble into spherical nanostructures in complexation. The better neutralization activity was further verified 
by the pseudovirus neutralization assay, and the IC50 of Fe-H11-D4 was 20.78 nmol-L−1, which was 8-fold higher than 
that of the H11-D4 (IC50 171.1 nmol-L−1) expressed alone. The fenobody (a nanobody against H5N1 virus is displayed 
on the surface of ferritin in the form of a 24mer) TEM analysis showed that nanobodies were displayed on the surface of 
ferritin in the form of 6 × 4 bundles, and the clustered nanobodies are flexible in their spatial structure for antigen 
binding, the apparent antigen binding affinity of the anti-H5N1 fenobody was dramatically increased.10 In this study, it is 
possible that ferritin can be accurately folded and displayed as a dimer by transforming the structure of human ferritin- 
heavy chain. Nanobodies are displayed on the surface of human ferritin nanoparticles, improving the structure and 
properties of the nanoparticles.

The prokaryotic-expressed fusion proteins were refolded via dialysis, and fewer particles were observed by electron 
microscopy. Even though various methods such as adding a small amount of ferric ions, temperature and protein 
concentration, etc. during the renature process were changed, but none of them had any significant effect, and the 
refolding efficiency of ferritin was low, which indicated that the method we used still needs to be further improved.

Analyzed from the perspective of different expression systems, the silkworm-expressed samples were crudely purified 
and then verified by Western blot and Electron Microscopy, and more nanoparticles could be observed in the field of 
view. The existing research shows that the ability of H11-D4-Fc to block the binding of RBD in MDCK cells stably 
expressing ACE, and the half-inhibitory concentration of H11-D4-Fc9 was 161 nmol-L−1. The IC50 of Fe-H11-D4 
expressed in silkworms was calculated to be 1.46 nmol-L−1 compared to the prokaryotically expressed Fe-H11-D4 fusion 
protein (IC50 20.78 nmol-L−1), which has an almost 20-fold higher neutralizing activity. Results showed that there are 
two possible reasons for the better neutralization activity of fenobody expressed by eukaryotic systems, one is that the 
eukaryotic expression system has a post-translational modification function and is more conducive to the nanoparticle 
self-assembly than the prokaryotic expression system,30 and another may be that nanobody is displayed on the surface of 
ferritin, which effectively improves the targeting affinity of nanobodies to RBD and the neutralizing activity of fenobody 
against pseudovirus.

The silkworm expressed H11-D4 was purified by various treatments, including high temperature and hydrochloric 
acid denaturation. Although it had little effect on the activity, its purity was not enough to quantify the silkworm- 
expressed H11-D4. The IC50 of H11-D4 was 5.81 nmol·L-1 based on the hypothesis that the expression level of H11-D4 
in the eukaryotic expression system was equal to that of Fe-H11-D4, and the neutralizing activity of eukaryotic 
expression was 29-fold higher than that of prokaryotic. Since the prokaryotic expression system does not have post- 
translational modification functions such as glycosylation and phosphorylation, the bioactivity of denatured proteins may 
be reduced after renaturation because they cannot revert to the correct folding mode of natural products. However, the 
exogenous protein expressed in the eukaryotic expression system does not need a denaturation and renaturation process 
and has the function of post-translational processing and modification. The function of ferritin nanocages to display 
polyproteins can be used to the maximum extent by using the baculovirus expression system.

The recombinant proteins expressed in the silkworm baculovirus expression system with 10-fold higher yields than 
those of the Ac-SF cell system, and the production cost can be reduced by more than a hundredfold.31,32 This system has 
the advantages of low production cost, high expression level, and does not involve live harmful viruses in the preparation 
process. Compared with the conventional antibody production method, it is safer and simpler to operate and more 
suitable for rapid large-scale production. The fusion expression of nanobody H11-D4 with human ferritin broadens the 
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application range of ferritin self-assembly technology in vaccine and drug production. Fenobody also provides 
a reference for the subsequent production of neutralizing antibodies and the development of vaccines. This study laid 
a foundation for the establishment of a low-cost, high-neutralizing drug for the diagnosis and treatment of other 
important epidemic viruses.

Conclusion
The nanobody was displayed on the surface of ferritin, which effectively improved the targeting affinity of the nanobody 
to RBD and the neutralizing activity of the nanobody against pseudoviruses. The fenobodies can self-assemble well in 
silkworms, and the neutralizing activity of fenobody expressed in silkworms was significantly higher than that expressed 
in prokaryotic.
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