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ABSTRACT: Vaccines are widely regarded as one of the most
effective weapons in the fight against infectious diseases. Currently,
vaccines must be stored and transported at low temperatures as
high temperatures can lead to a loss of vaccine conformation and
reduced therapeutic efficacy. Metal—organic frameworks (MOFs),
such as zeolitic imidazole framework-8 (ZIF-8), are a new class of
hybrid materials with large specific surface areas, high loading rates,
and good biocompatibility and are successful systems for vaccine
delivery and protection. Silk fibroin (SF) has a good biocompat-
ibility and thermal stability. In this study, the hepatitis B surface
antigen (HBsAg) was successfully encapsulated in ZIF-8 to form
HBsAg@ZIF-8 (HZ) using a one-step shake and one-pot shake
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method. Subsequently, the SF coating modifies HZ through hydrophobic interactions to form HBsAg/SF@ZIF-8 (HSZ), which
enhanced the thermal stability and immunogenicity of HBsAg. Compared to free HBsAg, HZ and HSZ improved the thermostability
of HBsAg, promoted the antigen uptake and lysosomal escape, stimulated dendritic cell maturation and cytokine secretion, formed
an antigen reservoir to promote antibody production, and activated CD4" T and CD8" T cells to enhance memory T-cell
production. Importantly, HSZ induced a strong immune response even after 14 days of storage at 25 °C. Furthermore, the
nanoparticles prepared by the one-step shake method exhibited superior properties compared to those prepared by the one-pot
shake method. This study highlights the importance of SF-coated ZIF-8, which holds promise for investigating thermostable vaccines

and breaking the vaccine cold chain.

KEYWORDS: metal—organic frameworks, hepatitis B surface antigen, silk fibroin, vaccine cold chain, thermostability, cellular immunity

Bl INTRODUCTION

Hepatitis B is a disease that results from infection with the
hepatitis B virus (HBV). This viral pathogen is more
transmissible than the human immunodeficiency virus,
probably due to its ability to survive in the environment for
more than 7 days or longer."” According to statistics, 296
million people worldwide were hepatitis B surface antigen
(HBsAg)-positive in 2019, and hepatitis B infection causes
more than 800,000 deaths each year, which is more than the
number of deaths caused by malaria.”* In China, hepatitis B is
highly prevalent and considered endemic, with approximately
130 million people being HBV carriers, accounting for more
than one-third of the world’s carriers and up to 30 million
chronic hepatitis B patients.” These data suggest that HBV has
not only not disappeared but also continues to infect people.
Currently, there are no drugs that effectively treat hepatitis B
patients or HBV carriers, so timely and planned hepatitis B
vaccination is the most effective way to prevent HBV
infection.” Currently, available recombinant HBsAg subunit
vaccines, which are safer than inactivated or live attenuated
vaccines but carry the potential risk of virulence atavism and
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are less immunogenic, need to be supplemented with adjuvants
to induce a good immune response. The utilization of
aluminum as an adjuvant is prevalent in commercial
antiviral-hepatitis B vaccines. Although aluminum adjuvant
enhances the humoral immune response, it has difficulty in
activating effector CD4" or CD8" T cells. Therefore, clearing
intracellularly infected viruses and producing the synergistic
protective effect of humoral and cellular immunity are
challenging. Aluminum adjuvants are also prone to side effects,
such as inflammatory reactions, granulomas, and subcutaneous
nodules.”~” In addition, the stability of the current hepatitis B
vaccines is inadequate. This means that during production,
storage, transportation, and clinical vaccination, the vaccine
must be kept at a cold storage or freezing temperature, referred
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Scheme 1. Schematic Illustration of the Preparation of HZ and HSZ to Enhance Vaccine Stability and Induce Humoral and
Cellular Inmune Responses In Vivo and In Vitro; (A) 2-Methylimidazole (MeIM), HBsAg, and Zinc Acetate were Mixed
Together to Produce HZ, Which was Then Modified with SF; The Synthesized HSZ Improved the Thermal Stability of HBsAg
and Facilitated RT Storage; (B) After Intramuscular Injection of HSZ in Mice, an Antigenic Reservoir at the Injection Site
Forms, Strong Antigen-Specific Humoral and Cellular Immune Responses are Induced, and Immune Memory is Enhanced
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to as the vaccine cold chain. Notably, elevated temperatures
lead to the degradation of HBsAg in the vaccine, destroying its
intricate composition and impeding the successful elicitation of
an enhanced immune protective response after vaccina-
tion."”"" Moreover, the vaccine cold chain accounts for
approximately 80% of the total cost of vaccination programs,
resulting in approximately 50% of vaccine products being
discarded each year.'”"’ The vaccine cold chain increases not
only the risk of vaccine failure but also the cost of vaccines. As
a result, attempts have been made to increase the thermal
stability of vaccines to extend their storage duration and reduce
their dependence on the cold chain.

The safety, heat resistance, and stability of vaccines are
critical factors that significantly impact their utilization. Since
the outbreak of coronavirus disease 2019 (COVID-19), there
has been a substantial surge in the global demand for
vaccination. However, insufficient cold chain transport and
storage facilities have significantly restricted the utilization of
COVID-19 vaccines in certain countries and regions.14 It is
challenging to vaccinate individuals in remote locations with
the currently available commercial hepatitis B vaccine due to
the lengthy vaccination cycle, which also hinders efficient HBV
prevention and management. In addition, to prevent perinatal
transmission of HBV, the World Health Organization
recommends that infants receive their first dose of hepatitis
B vaccine within 24 h of birth, but this is also a challenge in
some remote areas or countries that lack or have an inadequate
vaccine cold chain. Although some regions or countries, such
as rural China, rural Vietnam, the Solomon Islands and Lao
People’s Democratic Republic, have implemented strategies
such as storing hepatitis B vaccines outside the cold chain to
alleviate the burden on the cold chain, it remains essential to
address the problem of the vaccine cold chain by
fundamentally enhancing the thermal stability of vaccines."> ™"
Currently, the predominant approaches employed to enhance
the thermal stability of vaccines involve the utilization of

stabilizers, such as polyethylene glycol (PEG),"” glutamate,*
and alginate,21 as well as thermal stabilization techniques,
including genetic engineering,22 surface charge engineering,23
freeze-drying,”* spray-drying,”> and foam-drying.”® In recent
years, several innovative approaches have been developed for
the manufacture of vaccines that can withstand hi%h temper-
atures, including the use of gold nanoparticles,2 bacterial
spores,”® poly(lactic-co-glycolic acid) particles,” and virus-like
particles.”” Unfortunately, these approaches still rely on the
cold chain or have intricate preparation processes, which limit
their application. In addition, using the most advanced delivery
method for mRNA vaccines to date, nanostructured lipid
carriers (NLCs) also improve the thermal stability of vaccines.
Self-amplifying RNAs (saRNAs) can be coupled with NLCs to
create a sSaRNA/NLC vaccine, which can be lyophilized and
stored at room temperature (RT) for at least 6 months or
stored at 4—8 °C for at least 10 months. However, several
problems remain for their clinical use, such as poor
immunological function, inability to be taken up by cells,
difficulty in loading large molecular drugs, and susceptibility to
particle size expansion and flocculation during long-term
st01‘a~ge.31’32

Metal—organic frameworks (MOFs) are a class of porous
materials with a crystalline structure formed by the self-
assembly of metal ions and organic ligands through ligand
bonding. MOFs are widely used in gas storage and separation,
catalysis, sensing, and biomedicine due to their ease of
preparation, tuneable and uniform pore sizes, large specific
surface area, and good biocompatibility.”> > Due to these
numerous advantages, MOFs are mainly used in biomedical
applications for drug delivery (encapsulation, oral, and ocular
delivery), in vivo photothermal and radiotherapy, diagnosis
(glioma, prostate cancer, and early diagnosis of Alzheimer’s
disease), magnetic resonance imaging, and optical imaging and
as vaccine carriers, antimicrobial agents, etc. Furthermore,
MOFs can be modified after synthesis, such as with PEG, by
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postsynthetic modifications based on metals or ligands, and by
postsynthetic guest substitution in the MOFs, making MOFs
one of the most promising materials for future biomedical
applications. In recent years, zeolitic imidazolate framework-
8 (ZIF-8), which is composed of zinc ions and 2-
methylimidazole, has garnered attention due to the excellent
properties of MOFs and its sensitive response to pH.
Consequently, ZIF-8 has been explored as a potential
framework to protect various encapsulated model proteins,
such as ovalbumin,>” bovine serum albumin,®® and tobacco
mosaic virus.”> Using ZIF-8 as a platform to disrupt the
vaccine cold chain by implementing nano-MOFs has attracted
considerable attention. Silk fibroin (SF) is a bioderived protein
extracted from silkworm cocoons that has good biocompati-
bility, controlled biodegradability, and low immunogenicity,
which allow it to enter the body with a minimal inflammatory
response.’”*" A recent study investigated the application of air-
dried thin films containing SF for polio vaccine protection.
After nearly 3 years of storage at RT, 70% of the antigenic
potency of poliovirus D remained. Furthermore, after 1 year of
storage at 45 °C, the potency of the IPV-2 and IPV-3 serotypes
exceeded 50%.*” Due to the aforementioned beneficial
properties of SF coatings, they have the potential to facilitate
the development of heat-resistant vaccines and offer ideas for
vaccine storage at RT. However, few studies have investigated
the use of SF-coated nano-MOFs to enhance the thermo-
stability and immunogenicity of vaccines.

Herein, we developed two straightforward and flexible
approaches to encapsulate HBsAg into ZIF-8 in aqueous
solution, followed by modification with SF to produce HBsAg/
SF@ZIF-8 (HSZ) (Scheme 1). Compared to aluminum
adjuvants, HSZ exhibited enhanced thermostability at elevated
temperatures and induced more robust immune responses in
vivo and in vitro. Subsequent research showed that HSZ can
act in a variety of ways, including increasing antigen loading,
enhancing the positive zeta potential, improving the antigen-
presenting cells (APCs) uptake efficiency, enabling pH-
responsive release, facilitating antigen escape from lysosomes,
promoting memory T-cell responses, and establishing an
antigen reservoir at the injection site. Notably, HSZ exhibited a
nearly equivalent capacity to the untreated group in terms of
inducing cellular and humoral immune responses 14 days after
storage at 25 °C. We expect that SF-coated nano-MOFs will
provide insights on how to break the cold chain of vaccines so
that vaccines can be stored at RT.

B EXPERIMENTAL SECTION

Materials. 2-Methylimidazole (99%) and zinc acetate [Zn(OAc),,
99.99%] were purchased from Sigma-Aldrich (USA). HBsAg and
enzyme-linked immunosorbent assay (ELISA) kits for HBsAg, IgG,
IgG1, and IgG2a were purchased from Ruixin Biotech (Quanzhou,
China). SF was purchased from Aladdin (Shanghai, China).
Recombinant mouse IL-4 and granulocyte-macrophage colony-
stimulating factor (GM-CSF) were purchased from R&D Systems
(USA). BCA protein assay kits were purchased from Thermo Fisher
Scientific (San Diego, USA). The CellTiter 96 AQueous One
Solution Cell Proliferation Assay (MTS) kit was purchased from
Promega (USA). A Quick FITC antibody (protein) labeling kit was
purchased from MeilunBio (Dalian, China). A CyS.5 antibody
conjugation kit and Rehydragel@LV alum adjuvant were purchased
from Bioss (Beijing, China). ELISA kits for IL-2, IL-4, IL-S, IL-6, IL-
10, IL-12, IL-12p70, TNF-a, and IFN-y were purchased from Mlbio
(Shanghai, China). All fluorochrome-conjugated antimouse antibod-

ies for flow cytometry were purchased from BioLegend (USA). All
other reagents used were of analytical grade.

Synthesis of FITC/Cy5.5-HBsAg. HBsAg was labeled using
Quick FITC Antibody (Protein) labeling and CyS.S antibody
conjugation kits according to the instructions.

Preparation of ZIF-8, HZ, and HSZ Composites. A modified
procedure was used to prepare ZIF-8 and HBsAg@ZIF-8 (HZ) in
deionized water by two methods.*** Briefly, to prepare HZ by the
one-pot shake method (three-step shake method), abbreviated as HZ-
1, 450 puL of 2-methylimidazole (80 mM) and 100 uL of HBsAg (1
mg/mL) were quickly mixed, then added to SO uL of zinc acetate (20
mM), and the mixture was shaken (500 rpm/min) on an oscillator for
10 min at 4 °C. Equal amounts of 2-methylimidazole and zinc acetate
were added to the mixture, and shaking was continued for 20 min at 4
°C. After ultrasonic dispersion for 5 min, 20 L of 2-methylimidazole
(2 M) and 6 uL of zinc acetate (200 mM) were added, and the
mixture was shaken for 1 h at 4 °C. Next, the samples were
centrifuged (10,000 rpm, S min), washed three times with deionized
water, and vacuum-dried at RT. The collected supernatant was
analyzed, and the amount of HBsAg encapsulated in ZIF-8 was
calculated using a BCA protein assay kit.

To prepare HZ by the one-step shake method, abbreviated as HZ-
2, 100 uL of 2-methylimidazole (320 mM) and 200 L of HBsAg (0.5
mg/mL) were rapidly mixed and then added to 100 L of zinc acetate
(80 mM); the mixture was shaken (500 rpm/min) on an oscillator for
40 min at 4 °C. Next, the samples were centrifuged (10,000 rpm, S
min), washed three times with deionized water, and dried under
vacuum at RT.

Additional modifications to the preparation method of Wang et al.
were made.”! To prepare HBsAg/SF@ZIF-8—1 (HSZ-1) or HBsAg/
SF@ZIF-8—2 (HSZ-2), 1 mg of HZ-1 or HZ-2 was resuspended in
200 pL of deionized water. Then, 10 uL of 0.1% (w/v) SF was added
to the suspension. The mixture was shaken (600 rpm/min) on an
oscillator for 2 min at RT. After ultrasonic dispersion for 2 min, the
samples were shaken for an additional 2 min at RT. Next, the samples
were centrifuged (12,000 rpm, S min), washed three times with
deionized water, and dried under vacuum at RT.

Characterization. The nanoparticle morphology was observed by
scanning electron microscopy (SEM, TESCAN MAIA3, Czech
Republic). The hydrodynamic diameter and zeta potential of the
nanoparticles were measured using a Zetasizer Nano instrument
(Malvern ZS90, UK). Fourier transform infrared (FT-IR) spectra
analyses were performed using a Nicolet 6700 spectrometer (Thermo
Fisher Scientific, USA). X-ray measurements were performed using an
X-ray diffractometer (XRD, SmartLab, Japan). The HZ and HSZ were
soaked in 10% SDS washing solution for 10 min, then centrifuged,
and washed three times with deionized water. After the addition of
EDTA exfoliation buffer,®” the amount of HBsAg encapsulated in the
nanoparticles was calculated using a BCA protein assay kit.

Cytotoxicity. The cytotoxicities of ZIF-8, HZ, and HSZ were
evaluated by an MTS assay. Briefly, RAW264.7 macrophages and
DC2.4 cells (2 X 10* cells per well) in 100 L of medium were seeded
onto 96-well plates and incubated at 37 °C for 24 h before various
concentrations of ZIF-8, HZ, or HSZ (ranging from 0 to 100 mg/mL)
were added for an additional 24 h of incubation. Next, 20 uL of the
MTS reagent was added to each well for 1.5 h of incubation. Finally,
the absorbance at 490 nm was measured by using a microplate reader
(Tecan, Austria).

Hemolysis Assay. Mouse blood was collected, and the red blood
cells were separated by centrifugation (1000 rpm, 10 min), washed
three times with PBS, and made into a 2% erythrocyte suspension.
Then, 500 uL of different concentrations of HZ and HSZ (25, 50,
100, 200, 300, 400, and SO0 pg/mL) was added to an equivalent
volume of 2% erythrocyte suspension, with PBS as the negative
control and 0.2% Triton X-100 as the positive control. The various
combined solutions were incubated at 37 °C for 1 h. After
centrifugation, the samples were photographed, and the supernatant
was collected. The absorbance of each supernatant sample was
measured using an UV—vis absorption spectrophotometer to identify
red blood cell hemolysis at different HZ and HSZ concentrations.

https://doi.org/10.1021/acsami.3c16358
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c16358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

HBsAg Release In Vitro. The in vitro release of HBsAg from HZ
and HSZ was studied in PBS solutions (pH = 7.4, 6.5, and 5.0) at 37
°C with shaking (400 rpm). The supernatants of HZ-1, HSZ-1, HZ-2,
and HSZ-2 were collected by centrifugation (10,000 rpm, S min) at
the desired time points (0.5, 1, 2, 4, 6, 8, 12, and 24 h), and the
HBsAg released into the supernatant was quantified by a BCA assay
kit.

Thermostability Determination. To investigate the thermal
stability of HZ and HSZ, they were suspended in deionized water and
incubated at 37, 45, and 60 °C for 1, 6, and 12 h and placed on ice as
a control (named as 0 °C). The samples were treated with an EDTA
exfoliation buffer, and the proteins released into the supernatant were
collected by centrifugation (10,000 rpm, 10 min). The activity of
HBsAg was determined by ELISA kits. In addition, to study the long-
term stability of the nanoparticles, these samples were stored at 25 °C
and 45—65% relative humidity in a drug comprehensive stability test
chamber (Zuocheng Instruments, China) for 7, 14, 21, and 28 days.
HBsAg activity was determined by ELISA kits after treatment with an
EDTA exfoliation buffer.

Solution Stability Determination. HZ and HSZ were placed in
different solutions of DMEM, normal saline, and simulated body fluid
(SBF). Samples were taken at different intervals (6, 12, and 24 h), and
the HBsAg released into the supernatant was quantified by a BCA
assay kit.

Isolation and Cultivation of BMDCs. Bone marrow-derived
DCs (BMDCs) were obtained from SPF male BALB/c mice. The
femurs and tibias of the mice were removed and immersed in 75%
ethanol for S min. To obtain the desired cells, the bone marrow was
flushed with RPMI 1640 medium using a 1 mL sterile syringe
alternately on both sides until the bone became translucent, and the
cells were filtered through a 100-mesh sieve. The cell suspension was
centrifuged at 1500 rpm for S min, and the cells were then
resuspended in 3 mL of an erythrocyte lysis solution for 5 min. After
terminating lysis with RPMI 1640 medium and centrifugation, the
cells were grown in RPMI 1640 medium with 10% FBS, 1%
penicillin—streptomycin, 20 ng/mL GM-CSF, and 20 ng/mL IL-4 at
37 °C under 5% CO,; this day was designated day 0. After 2 days, all
media were replaced with fresh media. On days 4 and 6, half of the
medium was replaced with fresh medium. On day 7, the suspended
cells, the extracted BMDCs, were collected.

Cellular Uptake. To analyze the cellular uptake, FITC-labeled
HBsAg was prepared as previously described. Briefly, RAW264.7
macrophages, DC2.4 cells, and BMDCs were seeded in 12-well plates
at a density of 1 X 10° cells per well and treated with HBsAg, Alum +
HBsAg (a 1:2 mixture of HBsAg and aluminum adjuvant), HZ-1,
HSZ-1, HZ-2, or HSZ-2 at a final FITC-HBsAg concentration of S
pg/mL. After 6 h of incubation, the cells were washed three times
with staining buffer (PBS containing 2% bovine serum albumin and
1% penicillin—streptomycin) and analyzed using a flow cytometer
(BD, USA). The DC2.4 cells were stained with Hoechst 33342 (2.5
pug/mL) in the dark at RT for 15 min. Subsequently, the cells were
washed three times with PBS and observed by confocal laser scanning
microscopy (CLSM, Olympus, Japan).

Lysosomal Escape. DC2.4 cells were seeded on 12-well plates at
a density of 1 X 10° cells per well and then cocultured with HBsAg,
Alum + HBsAg, HZ-1, HSZ-1, HZ-2, or HSZ-2 (at a final FITC-
HBsAg concentration of S yg/mL) for 12 h. Cells were then stained
with LysoTracker Red and Hoechst 33342, washed three times with
PBS, and observed by CLSM.

Activation of BMDCs. BMDCs were seeded on 12-well plates at a
density of 1 x 10° cells per well and then cocultured with HBsAg,
Alum + HBsAg, HZ-1, HSZ-1, HZ-2, or HSZ-2 (at a final HBsAg
concentration of S yg/mL) for 24 h. Cells incubated with PBS were
used as a negative control. The cells were washed three times with
staining buffer and then stained with APC-anti-CD11c¢, FITC-anti-
CD86, and PE-anti-CD40 antibodies for 45 min at 4 °C in the dark.
The cells were then washed twice with staining buffer and analyzed
with a flow cytometer.

In Vitro Cytokine Assays. RAW264.7 macrophages and
immature BMDCs were seeded in 12-well plates at a density of 1 X

10° cells per well and then cocultured with HBsAg, Alum + HBsAg,
HZ-1, HSZ-1, HZ-2, or HSZ-2 (at a final HBsAg concentration of §
ug/ mL) for 24 h. The supernatant was collected, and the levels of IL-
6 and TNF-a from the RAW264.7 macrophages and IL-12p70 from
the BMDCs were assessed using ELISA Kits.

Animal Immunization. SPF BALB/c mice (6—8 weeks old) were
purchased from Liaoning Changsheng Biotechnology Co., Ltd. All
animal experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals and obtained permission
from Experimental Animal Ethics Committee in Jilin Agricultural
University (approval number: 2023 06 06 001).

SPF female BALB/c mice were randomly assigned to 13 groups (n
= 5): PBS (control), HBsAg, Alum + HBsAg, HZ-1, HSZ-1, HZ-2,
HSZ-2, HBsAg (stored at 25 °C for 14 days, named heat treatment),
Alum + HBsAg (heat), HZ-1 (heat), HSZ-1 (heat), HZ-2 (heat), and
HSZ-2 (heat). On days 0, 14, and 28, mice were intramuscularly
injected with 100 uL of various agents containing 10 ug of HBsAg.
Blood was collected from the tail vein on days 14, 21, 28, and 35 after
the initial vaccination.

Antibody Detection. An indirect ELISA approach was used to
assess HBsAg-specific antibodies IgG, IgG1, and IgG2a in serum.

Analysis of Splenocyte Proliferation. Mice splenocytes were
harvested 35 days after immunization and plated in a 96-well plate at a
density of 1 X 10° cells per well. Then, HBsAg was added to a final
concentration of S pg/mL. Culture medium was used as a blank
control, while the group without the HBsAg addition was used as a
negative control. Each sample consisted of three replicates. The cells
were cultured for 48 h at 37 °C in 5% CO,. Then, 20 uL of the MTS
reagent was added to each well, and the incubation was continued for
1.5 h. The absorbance at 490 nm was then measured by using a
microplate reader.

Splenocyte Activation and the Memory T-Cell Response.
The collected splenocytes were plated in 24-well plates at a density of
1 X 10° cells per well and treated with HBsAg (5 pg/mL) for 48 h.
The cells were then centrifuged at 4 °C for 10 min at 1500 rpm, and
the levels of the cytokines TNF-a, IFN-y, IL-2, IL-4, IL-S, IL-6, IL-10,
and IL-12 in the supernatants were measured using ELISA kits. Cells
were washed three times with staining buffer and then stained with
PE-anti-CD3, APC-anti-CD4, APC-anti-CD8a, FITC-anti-CD44, and
PerCP/CyS.5-anti-CD62L antibodies for 45 min at 4 °C in the dark.
The cells were then washed twice with staining buffer and analyzed
using a flow cytometer.

Fluorescence Imaging of the Injection Site. SPF BALB/c
mice were divided into six groups (n = 3): HBsAg, Alum + HBsAg,
HZ-1, HSZ-1, HZ-2, and HSZ-2. The mice were intramuscularly
injected with 100 uL of the appropriate agent, each containing 10 g
of Cy5.5-HBsAg. Mice were anaesthetized and photographed using a
small animal fluorescence imaging system (Berthold, Germany) at
predetermined time points (0, 2, 6, 12, 24, 48, 72, 96, and 120 h).

Biodistribution of HSZ. The HSZ-1 and HSZ-2 were injected
into mice by intramuscular or tail vein injection, while uninjected
mice were used as controls. After injection, mice were sacrificed either
S or 2 days later, and zinc levels in major organs (heart, liver, spleen,
lung, kidney, or muscle) were measured by inductively coupled
plasma-mass spectrometry (ICP-MS, Aglient, USA).

Viscera Indices, Histopathological Assay, and Biochemical
Indices. Mice were sacrificed 35 days after vaccination to collect vital
organs (including heart, liver, spleen, lung, and kidney), which were
then weighed, and the viscera indices were calculated. The organs
were then embedded in paraffin and subjected to the histopatho-
logical examination using hematoxylin-eosin staining. The mice serum
was separated to determine various biochemical indices, including
aspartate aminotransferase, alanine transaminase, alkaline phospha-
tase, total bilirubin, globulin, lactate dehydrogenase, creatine kinase,
blood urea nitrogen, and creatinine.

Statistical Analysis. All statistical analyses were performed by
using GraphPad Prism 9 or SPSS 16.0 software, and all data are
expressed as the mean + SD (n = 3). Differences between two groups
were determined by using an independent-sample t-test or one-way
ANOVA for multiple group comparisons. Significant differences
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Figure 1. Characterization of ZIF-8, HZ, and HSZ. (A) SEM images of ZIF-8, HZ, and HSZ. (B,C) Hydrated particle sizes and zeta potentials of
ZIF-8, HZ, and HSZ were determined by DLS. (D) FT-IR spectra of ZIF-8, HZ, and HSZ. (E) XRD patterns of ZIF-8, HZ, and HSZ.

between the groups were expressed as follows: *p < 0.05, **p < 0.01,
*¥p < 0.001, #F¥¥p < 0.0001; and ns: no significant difference.

B RESULTS AND DISCUSSION

Synthesis and Characterization. ZIF-8, HZ, and HSZ
were prepared in aqueous solution by the one-pot shake
method and the one-step shake method. According to the SEM
measurements, the obtained ZIF-8 nanoparticles had a uniform
shape and good dispersion, with a particle size of
approximately 100 nm. The shape of the nanoparticles loaded
with HBsAg and modified with SF was comparable to that of
ZIF-8, but the loaded particles had a rougher surface and were
larger, measuring between 200 and 300 nm (Figure 1A). DLS
analysis showed that the particle sizes of ZIF-8—1, HZ-1, HSZ-

1, ZIF-8—2, HZ-2, and HSZ-2 were 93, 158, 223, 95, 244, and
329 nm, respectively (Figure 1B), and the zeta potentials were
18.7 £ 0.36 mV, 8.25 + 0.39 mV, 14.85 + 0.69 mV, 24.7 +
0.15 mV, —3.66 + 0.29 mV, and 2.02 + 0.09 mV, respectively
(Figure 1C). After loading HBsAg, the zeta potential decreased
significantly, indicating that negatively charged HBsAg was
successfully encapsulated in ZIF-8. Interestingly, although the
SF itself had a negative charge, the modification of HZ with the
SF coating increased the positive zeta potential. The SF
molecule contains a hydrophobic and a hydrophilic peptide
chain with specific amino acid sequences, forming a variety of
secondary conformations, and the diverse structures can be
converted into each other. During the HSZ preparation
process, the application of shaking and sonication may induce
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Figure 2. Biocompatibility of ZIF-8, HZ, and HSZ. (A,B) MTS assay results of toxicity to RAW264.7 macrophages and DC2.4 cells after 24 h of

treatment with ZIF-8—1, HZ-1, and HSZ-1. (C,D) MTS assay results

of toxicity to RAW264.7 macrophages and DC2.4 cells after 24 h of

treatment with ZIF-8—2, HZ-2, and HSZ-2. Determination of the absorption peaks of hemoglobin in the supernatants of RBCs treated with (E)
HZ-1, (F) HSZ-1, (G) HZ-2, and (H) HSZ-2 by UV—vis spectroscopy. The data are presented as the mean + SD (n = 3). *p < 0.05, **p < 0.01,

*#Ep < 0.001, ¥*#*p < 0.0001; and ns: no significant difference.

transitions between the different SF structures, which in turn
could alter the zeta potential. The FT-IR spectroscopy data
showed that the amides I (1680—1630) and II (1650—1515)
were observed in HBsAg, SF, HZ, and HSZ, respectively,

indicating that HBsAg was successfully encapsulated in HZ and
that SF coating modification of HZ was successful (Figures 1D
and S1). The XRD profiles showed that the diffraction peaks of
HZ-1 and HSZ-1 were almost identical to that of ZIF-8—1 in
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Figure 3. Release profiles of HBsAg at different pH values. In vitro HBsAg release from (A) HZ-1, (B) HSZ-1, (C) HZ-2, and (D) HSZ-2 in PBS
at pH 7.4, 6.5, and S.0. The data are presented as the mean + SD (n = 3).

20 values, with only minor variations in intensity. Similarly, the
diffraction peaks of ZIF-8—2, HZ-2, and HSZ-2 showed almost
identical patterns. This indicates that HBsAg encapsulation
and SF coating modification did not affect the structure of ZIF-
8 (Figure 1E). The BCA protein assay kit results showed
70.6% encapsulation efficiency by the one-pot shake method
and 90.7% encapsulation efficiency by the one-step shake
method (Figure S2). After soaking in 10% SDS washing
solution, more than 90% of the HBsAg remained in the HZ
and HSZ. This indicates that most of the HBsAg is
encapsulated within the nanoparticles rather than attached to
the outer surface of the particles, whether the one-pot shake
method or the one-step shake method is used (Figure S3).
Assessment of Cytotoxicity and Hemolytic Activities
In Vitro. When nanovaccines are developed, biocompatibility
is one of the most critical considerations. We first investigated
the toxicity of ZIF-8—1, HZ-1, HSZ-1, ZIF-8—2, HZ-2, and
HSZ-2 to RAW264.7 macrophages and DC2.4 cells using the
MTS assay. As shown in Figure 2A—D, when the
concentration of HZ-1 and HSZ-1 groups reached 100 pg/
mL, the cell survival rates were higher than 88 and 92%,
respectively. In contrast, the cell survival rate in the ZIF-8—1
group was only 40%. When the concentration of HZ-2 and
HSZ-2 groups reached 100 pg/mL, the cell survival rates were
higher than 84 and 90%, respectively, whereas the cell survival
rate in the ZIF-8—2 group was only 33%. This indicated that
the toxicities of HZ-1 and HSZ-1 groups were slightly lower
than those of the HZ-2 and HSZ-2 groups. In addition, the SF
coating further reduced cytotoxicity and improved biocompat-

ibility.

In addition, the hemolytic activity of nanovaccines is a
significant factor in biocompatibility assessments. The results
depicted in Figure 2E—H demonstrate that even at
concentrations as high as 500 ug/mL, HZ-1, HSZ-1, HZ-2,
and HSZ-2 groups did not cause hemolysis, which was
consistent with the hemolysis test photographs (Figure S4),
indicating that these nanoparticles do not induce any
hemolytic effects in animals. The aforementioned data indicate
that due to their robust biocompatibility, HZ and HSZ have
the potential for application in the development of novel
nanovaccines.

Release of HBsAg In Vitro in a pH-Responsive
Manner. Antigen release from cells plays a crucial role in
triggering the immunological response. To evaluate antigen
release from HZ and HSZ, these materials were dispersed with
PBS at different pH values (pH = 7.4, 6.5, and 5.0). As shown
in Figure 3A—D, at pH 7.2, less than 25% of HBsAg was
released from HZ-1 and HZ-2 groups within 24 h, while
HBsAg release from HSZ-1 and HSZ-2 groups was less than
35% within 24 h. However, as the pH decreased, more HBsAg
was released. At pH 6.5, approximately 70% or 80% of the
HBsAg was released from the HZ-1 and HZ-2 or HSZ-1 and
HSZ-2 particles within 24 h. At pH 5.0, more than 80% or 90%
of the HBsAg was released from the HZ-1 and HZ-2 groups or
HSZ-1 and HSZ-2 groups particles within 24 h. Compared to
HZ, the increased release of HSZ at pH 5.0 may be due to the
higher hydrophilicity of SF in PBS. ZIF-8 consists of the
organic ligand 2-methylimidazole and metal Zn®*. The ligand
and metal ion dissociate in acidic environments, leading to the
release of antigens. These results suggest that HZ and HSZ can
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Figure 4. Thermostability of HBsAg, HZ, and HSZ. (A—C) Thermostability of HBsAg, HZ-1, HZ-2, HSZ-1, and HSZ-2 after treatment at 37, 45,
and 60 °C for 1, 6, and 12 h determined by ELISA kits. (D) Evaluation of the effect of RT storage on the stability of HBsAg, HZ-1, HZ-2, HSZ-1,
and HSZ-2 by ELISA kits. The data are presented as the mean + SD (n = 3). *p < 0.0S, **p < 0.01, **¥p < 0.001, ****p < 0.0001; and ns: no

significant difference.

be triggered to release antigens in a pH-responsive manner,
which may enhance the ability of APCs to capture and present
antigens, thereby promoting the subsequent immune response.

HZ and HSZ Improve the Thermostability of HBsAg.
It has been reported that the SF coating increases the thermal
stability of proteins. Therefore, we measured the activity of
HBsAg in HZ and HSZ after treatment at different
temperatures for different lengths of time using ELISA kits.
As shown in Figure 4A—C, HBsAg activity decreased with
increasing treatment temperature and time. After 1 h of
treatment at 60 °C, HBsAg activity in the HZ-1 and HZ-2
groups remained at approximately 65%, whereas the activity in
the HSZ-1 and HSZ-2 groups exceeded 73% but was only
37.8% in the HBsAg group. According to these findings,
encapsulating HBsAg in ZIF-8 made the antigen more
thermally stable, and the addition of an SF coating had the
potential to make this effect even more pronounced. Next, to
study the RT storage stability, the samples were stored at 25
°C for 7, 14, 21, and 28 days. As shown in Figure 4D, the
HBsAg activity in the HZ-1, HSZ-1, HZ-2, and HSZ-2 groups
was over 90% after 7 days of treatment, whereas the HBsAg
activity in the HBsAg group was only 40%. These data show
that the activity of HBsAg in the HZ-2 and HSZ-2 groups was
higher than that in the HZ-1 and HSZ-1 groups, indicating that
the nanoparticles prepared by the one-step shake method were
superior to those prepared by the one-pot shake method. As a
result, the SF-coated ZIF-8 could enhance the thermal stability
of the internally encapsulated HBsAg, and the HBsAg activity

could be maintained at high temperatures, providing a novel
solution to overcome the problem of the vaccine cold chain.

Stability of HZ and HSZ in Different Solutions.
Solution stability is an indicator that examines the stability of
nanoparticles in different solutions. It is used to determine
whether the encapsulated antigen will be released from the
nanoparticles. The release of HBsAg from the HZ-1, HSZ-1,
HZ-2, and HSZ-2 groups in DMEM, NaCl, and SBF after 6 h
was found to be below 15, 20, and 35%, respectively (Figure
SS). Furthermore, HBsAg release showed a gradual increase
with time.

HZ and HSZ Enhance HBsAg Uptake by APCs. The
uptake of loaded antigens by APCs (especially DCs and
macrophages) as well as their processing and presentation is
essential for immune activation, inducing the initial actions of
the immune response. After encapsulation by ZIF-8, the
majority of negatively charged antigens can become positively
charged, and the binding of these antigens to negatively
charged cell membranes can significantly enhance their uptake
efficiency.”’ As displayed in Figure SA—C, the percentages of
HBsAg-positive cells in the HZ-1, HSZ-1, HZ-2, and HSZ-2
groups were significantly higher than those in the HBsAg and
Alum + HBsAg groups. CLSM images also showed that Alum
+ HBsAg, HZ-1, HSZ-1, HZ-2, and HSZ-2 groups were
significantly more taken up by DC2.4 cells than the HBsAg
group (Figure SD). This indicates that the negative charge and
hydrophilicity of HBsAg hinder its ability to efficiently cross
the cell membrane for internalization.** In contrast, APCs were
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Figure 6. HZ and HSZ promote the activation of APCs. (A—C) Analysis of CD40 and CD86 expression on BMDCs by flow cytometry. (D—F)
Secretion of the cytokines IL-6, TNF-a, and IL-12p70 by RAW264.7 macrophages and BMDCs was detected by ELISA kits. The data are
presented as the mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; and ns: no significant difference.

shown to have a higher uptake of positively charged
nanoparticles. The enhanced uptake of the nanovaccine by
APCs may facilitate and improve antigen delivery and induce
efficient humoral and cellular immunity.

HZ and HSZ Assisted in HBsAg Escape from
Lysosomes. Exogenous antigens enter the cell and are
processed via endosomal or lysosomal pathways to be
delivered to major histocompatibility complex II (MHC 1I),
where they are recognized by antigen-specific CD4" T cells to

induce a B-cell immune response. Due to the proton sponge
effect, ZIF-8 dissociates in the acidic lysosomal environment
and rapidly releases the antigen, after which large quantities of
ions and water enter the lysosome to trigger lysosomal rupture,
allowing the antigen to enter the cytoplasm. However, the
antigen that enters the cytoplasm can be identified as an
endogenous substance, and after being processed by the
proteasome pathway and presented to major histocompatibility
complex I (MHC 1), it can activate CD8" T cells and produce
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Figure 7. In vivo immune response before and after storage for 14 days at 25 °C. (A) HBsAg-specific IgG antibody titers were measured by ELISA
kits at 14, 21, and 3S days after primary immunization. HBsAg-specific antibody (B) IgG, (C) IgG1, (D) IgG2a titers, and (E) IgG2a/IgG1 ratio on
Day 35. (F) Splenocyte proliferation after restimulation with HBsAg in vitro. The data are presented as the mean + SD (n = ). *p < 0.0S, **p <

0.01, **p < 0.001, ****p < 0.0001; and ns: no significant difference.

specific cytotoxic T-lymphocytes (CTLs), thereby enhancing
the cellular immune response and achieving antigen cross-
presentation.” When the green fluorescence of HBsAg and the
red fluorescence of the lysosome overlap to produce a yellow
color, this means that HBsAg is still within the lysosome.
Compared to the HBsAg group, the lysosomal antigen escape
in the HZ-1, HSZ-1, HZ-2, and HSZ-2 groups was significantly
higher (Figure SE). This suggests that encapsulating HBsAg
with ZIF-8 and SF enhances lysosomal escape. Therefore, SF-
coated ZIF-8 promotes antigen cross-presentation and is
expected to induce a synergistic B-cell and T-cell immune
response.

HZ and HSZ Promote APCs Activation. Following
antigen uptake, DCs progressively mature and become
activated, which is accompanied by an increase in the
expression of cell surface CD costimulatory molecules. These
molecules provide a second signal for T-cell and B-cell
activation, resulting in the induction of cellular and humoral
immune responses.46 As mature DCs express high levels of
CDl11c, CD40, and CD86, evaluating the expression of these
molecules by flow cytometry can determine whether nano-
particles can induce maturation in immature BMDCs. As
shown in Figure 6A-C, the expression of CD40 and CD86 was
significantly higher in the HZ-1, HSZ-1, HZ-2, and HSZ-2
groups than that in the PBS, HBsAg, and Alum + HBsAg
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Figure 8. Changes in splenocyte population and cytokine levels in different immune groups. (AB) CD3'CD4" T and CD3*CD8" T-cell
populations in the splenocytes of immunized mice determined by flow cytometry. (C—F) Cytokines secreted by splenocytes after HBsAg
restimulation in vitro, including TNF-a, IFN-y, IL-4, and IL-6. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; and ns: no significant

difference.

groups and slightly higher in the HZ-2 and HSZ-2 groups than
that in the HZ-1 and HSZ-1 groups. In addition, Alum +
HBsAg did not increase the expression of CD40 and CD86 in
BMDCs, which was similar to the results in the HBsAg group.

This finding implies that SF-coated ZIF-8 more effectively
promotes DC activation and maturation and induces immune
responses stronger than those of traditional aluminum
adjuvants.
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The activation of APCs, such as macrophages and DCs, is
usually accompanied by the secretion of proinflammatory
cytokines, which is also a sign of activation of the immune
response.”” The secretion of TNF-a and IL-6 by Raw264.7
macrophages and IL-12p70 by BMDCs was evaluated using
double antibody sandwich ELISA kits to determine whether
cytokine secretion is increased during cell maturation. As
shown in Figure 6D—F, HZ-1, HSZ-1, HZ-2, and HSZ-2
induced more IL-6, TNF-q, and IL-12p70 secretion than PBS,
HBsAg, and Alum + HBsAg, a result consistent with the
previous BMDCs maturation data. Furthermore, the levels in
the HZ-2 and HSZ-2 groups were slightly higher than those in
the HZ-1 and HSZ-1 groups and appeared to be the highest in
the HSZ-2 group. This result implies that the nanoparticles
prepared by the one-step shake method were superior to those
prepared by the one-pot shake method. In conclusion,
encapsulating HBsAg in SF-coated ZIF-8 helps promote the
activation of BMDCs and the upregulation of cell surface CD
costimulatory molecules and cytokines, which facilitate antigen
delivery and induce a robust immune response in vivo.

HZ and HSZ Induce a Strong Immune Response.
Currently, a majority of vaccines are extremely sensitive to
temperature changes, necessitating the use of reliable cold
chain storage and delivery systems to maintain consistent
immunogenicity. To evaluate the adjuvant and protective
effects of ZIF-8 and SF on HBsAg, the nanoparticles were
stored at 25 °C for 14 days to study whether they could
maintain their immunogenicity. To determine their produced
immune response, mice were immunized with PBS (control),
HBsAg, Alum + HBsAg, HZ-1, HSZ-1, HZ-2, HSZ-2, HBsAg
(heat), Alum + HBsAg (heat), HZ-1 (heat), HSZ-1 (heat),
HZ-2 (heat), and HSZ-2 (heat) by intramuscular injection.
The ability of the animals to produce high quantities of
antigen-specific antibodies is important in vaccine develop-
ment when assessing the effect of a vaccine on the level of
humoral immunity. As shown in Figure 7A, the specific IgG
antibody titer increased in all groups with an increasing
number of immunizations, and HZ and HSZ induced higher
antibody levels than HBsAg and Alum + HBsAg from day 14.
As shown in Figure 7B, the specific IgG titers in the HZ-1,
HSZ-1, HZ-2, and HSZ-2 groups were significantly higher than
those of the HBsAg and Alum + HBsAg groups at 35 days
postimmunization, with the HSZ-2 group appearing to have
the highest specific IgG titer. Notably, the specific IgG titers in
the HZ-1, HSZ-1, HZ-2, and HSZ-2 groups were not
significantly different before and after heat treatment, but
significant differences were observed in the HBsAg and Alum +
HBsAg groups. However, the heat-treated HSZ-2 group
displayed antibody titers significantly higher than those of
the HZ-2 group, which may be because the SF formed a more
effective protective reservoir that resulted in a better slow
release effect and more potent humoral immunity. After
storage at 25 °C for 14 days, SF-coated ZIF-8 maintained the
structural integrity of HBsAg without degradation and induced
a significant immunological response, which was consistent
with the results of the in vitro thermal stability studies. This
protective and thermally stable composite may have promising
applications in the future.

IgG antibodies are categorized into subtypes, with IgG2a
being a marker of the T-helper 1 (Thl) immune response and
IgGl being a marker of the T-helper 2 (Th2) immune
response.48 As shown in Figure 7C,D, there was no difference
in IgG1 and IgG2a levels in the HZ-1, HSZ-1, HZ-2, and HSZ-

2 groups before and after heat treatment, but these were
significantly higher than those in the HBsAg and Alum +
HBsAg groups, indicating that heat treatment did not affect the
humoral immunity of the vaccine. The IgG2a/IgGl ratio
indicates the tendency of the immune response and allows
analysis of the extents of the cellular and humoral immune
responses.49 As shown in Figure 7E, HSZ-2 induced the
highest 1gG2a/IgG1 ratio, indicating that these nanoparticles
induced a robust Thl-biased immune response with a cellular
immune-enhancing effect and that the nanoparticles prepared
by the one-step shake method were superior to those prepared
by the one-pot shake method. In contrast, Alum + HBsAg may
tend to produce IgG1 and was not better at boosting cellular
immunity, which may be related to their own nature.

Splenocyte proliferation is another method used to assess
the eflicacy of vaccine immunity. Effector lymphocytes are
rapidly activated to mount an immune response, and immune
memory cells can proliferate rapidly upon restimulation with
the same antigen in vitro.’® As shown in Figure 7F, the
splenocyte proliferation index in the HZ-1, HSZ-1, HZ-2, and
HSZ-2 groups before and after heat treatment was significantly
higher than those in the PBS, HBsAg, and Alum + HBsAg
groups. The above results suggest that these nanoparticles can
still produce a positive immunological memory effect even
after heat treatment. The splenocyte proliferation index in the
HZ-2 and HSZ-2 groups was significantly higher than those in
the HZ-1 and HSZ-1 groups before and after heat treatment,
demonstrating that once again, the nanoparticles prepared by
the one-step shake method were superior to those produced by
the one-pot shake method.

CD3 is a surface marker of mature T lymphocytes. CD4" T
and CD8" T lymphocytes are critical components of the
adaptive immune response, and their activation directly
determines the strength of the subsequent immune response.”’
The percentages of CD3*CD4" T and CD3*CD8" T cells in
the HSZ-2 group were higher than those in the other groups
before and after heat treatment, up to approximately 52.8 and
20.6%, respectively (Figures 8A,B and $6,7). In contrast, the
HBsAg and Alum + HBsAg groups showed lower T-cell
responses before and after heat treatment, which may be due
to degradation or insufficient cellular uptake. This suggests that
SF-coated ZIF-8 not only promotes cellular and humoral
immune responses but also enhances antigenic heat resistance.
Then, the levels of cytokines secreted by the splenic
lymphocytes of these immunized mice were measured. Thl-
type cytokines, such as IL-2, IL-12, TNF-a and IEN-y, can
activate CD8* T cells, mediate CTLs killing, and regulate the
cellular immune response. Th2-type cytokines, such as IL-4,
IL-S, IL-6, and IL-10, can help B cells mature and regulate the
humoral immune response.’” As shown in Figure 8C—F, the
levels of TNF-a, IFN-y, IL-4, and IL-6 in the HZ-1, HSZ-1,
HZ-2, and HSZ-2 groups were significantly higher than those
in the PBS, HBsAg, and Alum + HBsAg groups, and there was
no significant difference before and after heat treatment.
However, the HBsAg and Alum + HBsAg groups had different
degrees of difference before and after heat treatment. The
results showed that SF-coated ZIF-8 enhanced Thl-type and
Th2-type immune responses in vivo. In addition, Alum +
HBsAg showed an effective humoral immune response
capacity in vivo (Figure 7B). This result was not caused by
cytokines (IL-4 and IL-6) produced by splenocytes and may be
due to efficient antigen delivery and the formation of an
antigen reservoir, which is consistent with previous reports in
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the literature.”>>* At the same time, the levels of IL-2, IL-12,
and IL-$ in the HZ-1, HSZ-1, HZ-2, and HSZ-2 groups were
significantly higher than those in the PBS, HBsAg, and Alum +
HBsAg groups (Figure S8A—C). IL-2 and IL-12 regulate the
differentiation of T-helper type 0 cells and promote their
polarization into Th1 cells, thereby inducing a high level of a
cellular immune response. IL-10 is an anti-inflammatory and
immunosuppressive factor that affects the function of macro-
phages, monocytes, and DCs by inhibiting the expression of
costimulatory molecules, proinflammatory factors, and chemo-
kines.”® The highest level of IL-10 expression was found in the
Alum + HBsAg group (Figure S8D), while the proliferation of
Th2 cells and secretion of associated cytokines suppressed
Thl-type immune responses, which may explain the low level
of cellular immunity produced by the aluminum adjuvant. In
conclusion, SF-coated ZIF-8 not only enhanced the thermo-
stability of the nanoparticles but also triggered strong humoral
and cellular immunity, providing a theoretical basis for the
storage and transport of the vaccine at RT.

HZ and HSZ Enhance Memory T-Cell Responses. One
of the main aims of vaccination is to provide immunological
memory, which allows the immune system to respond more
quickly and efficiently when the body is exposed to the same
pathogen for a second time after vaccination against a
particular pathogen. For example, protection from HBYV,
which has an incubation period of 6 weeks to 6 months,
typically results after vaccination and remains even after re-
exposure to the virus after a long period of time, when the level
of vaccine-induced antibodies has declined.’® Therefore, the

activation of memory T cells is critical for long-term HBV
protection. The levels of CD4" central memory T cells (T¢y,)
and CD8" Ty were significantly higher in the HZ-1, HSZ-1,
HZ-2, and HSZ-2 groups than that in the HBsAg and Alum +
HBsAg groups, and the results after heat treatment were the
same (Figures 9AB and S9, S10). Furthermore, the highest
Ty levels were observed in both CD4* (30.81%) and CDS8*
(8.78%) T cells in the HSZ-2 group, suggesting that the
nanoparticles prepared by the one-step shake method were
superior to those prepared by the one-pot shake method. In
summary, these findings show that SF-coated ZIF-8 increases
memory T-cell responses and can efficiently and rapidly initiate
an immune response when the same antigen reappears to
protect the body against reinfection.

HSZ Promotes the Formation of an Antigen
Reservoir. Effective vaccination can lead to the creation of
an antigen reservoir at the injection site, which is essential for
eliciting a strong immune reaction. Therefore, the residence
time of different nanoparticles was determined by using a small
animal fluorescence imaging system. The fluorescence area in
the HBsAg group was considerably reduced after 6 h,
indicating that free HBsAg diffused more rapidly into the
organism after injection. The fluorescence area in the Alum +
HBsAg group was significantly diminished after 96 h,
indicating that the aluminum adjuvant could form a gel at
the injection site, which results in the slow release of the
antigen. Intense fluorescence was still detected in the HZ-1,
HSZ-1, HZ-2, and HSZ-2 groups after 120 h (Figure 9C).
Over time, the fluorescence intensity and area in each group
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Figure 10. Histopathological studies of vital organs from different immunized mice. HE staining was performed for histopathological evaluations of
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progressively decreased. Notably, the fluorescence in the HSZ-
1 and HSZ-2 groups was significantly higher than that in the
HZ-1 and HZ-2 groups, indicating that modification with SF
could further prolong the antigen presence. Furthermore, the
data clearly show that the fluorescence in the HSZ-2 group was
still the strongest after 120 h, again indicating that the one-step
shake method is better than the one-pot shake method. The
fluorescence area increased from 6 to 12 h, probably because
HBsAg was encapsulated by ZIF-8 and SF, which masked

some of the fluorescence signal, while after some time, HBsAg
was released from the carrier, resulting in an increase in
fluorescence intensity. These results suggest that SF-coated
ZIF-8 can lead to the creation of an antigen reservoir, extend
the antigen residence time, increase the antigen utilization rate,
elicit a potent immune response through gradual release, and
improve the vaccine efficacy.

Biodistribution of HSZ. In general, there are four
mechanisms that nanomedicines can be broken down and
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removed from the body, including excretion through the
hepatobiliary and renal systems, biodegradation and utilization
in the liver, accumulation in the mononuclear phagocytosis
system, and gradual degradation in the body followed by
excretion.”” Zinc is one of the most essential trace elements in
the human body, with approximately 60% of zinc is stored in
skeletal muscle, 30% in bone, and 5% in the liver and skin.*®
Due to differences in the way vaccine immunization is
considered, the distribution of zinc in major organs (heart,
liver, spleen, lung, kidney, and muscle) of mice injected
intramuscularly and tail vein with HSZ was studied by ICP-
MS. After S days of intramuscular injection, zinc levels in
kidney and heart are elevated, indicating that a small amount of
zinc has been metabolized (Figure S11A). Zinc levels in the
liver and kidney were significantly increased 2 days after tail
vein injection of HSZ (Figure S11B). After injection, HSZ is
primarily excreted through the hepatobiliary and renal systems.

Biocompatibility Evaluation. In vivo and in vitro safety is
critical for vaccines. In this study, the biocompatibility of SF-
coated ZIF-8 was assessed by determining the body weight,
viscera indices, and pathological changes in vital organs. All
mice showed an increasing trend in body weight (Figure S12).
The viscera index is widely used in toxicological safety
evaluations, and the organ/body weight ratio is relatively
constant under normal conditions.” There were no significant
differences in the heart, lung, spleen, liver, and kidney indices
of the immunized mice in any of the groups compared to the
PBS group (Figure S13). Moreover, in contrast to the PBS
group, the immunized mice did not show any significant
pathological changes or inflammatory reactions in their heart,
liver, spleen, lung, or kidney (Figure 10). The ICP-MS results
show that the nanoparticles are excreted through the liver and
kidneys. To confirm the safety of the nanoparticles, the organ
function of immunized mice was evaluated using biochemical
indices. The results showed that all of the indices were within
the normal range, indicating that there was no effect on the
biochemical indices of the mice after immunization (Table
S1). This further substantiates the excellent biocompatibility of
the nanoparticles. Taken together, these results indicate that
the nanoparticles are biocompatible and do not cause adverse
conditions in mice.

Comparative Analysis. Compared to freeze-drying and
genetic engineering to improve the thermal stability of
influenza vaccine,”” human immunodeficiency virus type 1
vaccine,”’ and classical swine fever vaccine,®’ HSZ does not
require a complex preparation process, can be performed in a
short time, and is cost-effective (Table S2). Long-term stability
is also a key factor in the use of vaccines, and this part of the
study is the focus of our subsequent research. In addition, this
study was conducted on a small scale in the laboratory, and the
next study will focus on whether it can be efficiently produced
on a large scale. More importantly, SF-coated ZIF-8 is
expected to improve the immunogenicity and thermal stability
of various subunit vaccines and is also expected to be used to
protect the stability of enzymes, drugs, and live viruses. In
conclusion, SF-coated ZIF-8 is not only easy to prepare but
also improves the thermal stability and immunogenicity of
HBsAg, which is expected to be applied to a variety of
macromolecules and expand the application of MOFs in

biomedical fields.

B CONCLUSIONS

In this study, we prepared HZ by encapsulating HBsAg in ZIF-
8 using a one-pot shake method and a one-step shake method
in an aqueous solution. The SF coatings then self-assembled on
the modified HZ surface by the hydrophobic interaction to
form HSZ. The preparation methods are simple, environ-
mentally friendly, and inexpensive, and HSZ showed good
biocompatibility both in vivo and in vitro. The appropriately
sized HSZ facilitates the internalization of HBsAg into APCs
and promotes the maturation of DCs and lysosomal escape of
HBsAg, which is beneficial for vaccine delivery. HSZ formed
an antigen reservoir at the injection site and significantly
promoted humoral and cellular immunity, including increased
HBsAg-specific IgG antibody production, induction of CD4" T
and CD8" T-cell responses, enhanced cytokine secretion
(including TNF-@, IFN-y, IL-2, IL-4, IL-S, IL-6, IL-10, and IL-
12) by splenocytes, and production of memory T-cells. In
addition, HSZ maintained antibody levels comparable to the
control group after 14 days of storage at 25 °C. Overall, SF-
coated ZIF-8 is expected to be produced as a thermostable
vaccine with enhanced immune responses, which could pave
the way for the development of next-generation novel vaccines
with high performance and independence from cold chain
storage and transport.
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