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Bio-mineralization of virus-like particles by
metal–organic framework nanoparticles enhances
the thermostability and immune responses of
the vaccines†

Zhidong Teng,*a Fengping Hou, *ac Manyuan Bai,a Jiajun Li,a Jun Wang, a

Jinen Wu,a Jiaxi Ru,a Mei Ren,a Shiqi Sun‡a and Huichen Guo ‡abd

Virus-like particle (VLPs) vaccines have been extensively studied due to their good immunogenicity

and safety; however, they highly rely on cold-chain storage and transportation. Nanotechnology of bio-

mineralization as a useful strategy has been employed to improve the thermal stability and

immunogenicity of VLPs. A zeolitic imidazole framework (ZIF-8), a core–shell structured nanocomposite,

was applied to encapsulate foot-and-mouth disease virus (FMDV) VLPs. It was found that the ZIF-8 shell

enhanced the heat resistance of VLPs and promoted their ability to be taken up by cells and escape

from lysosomes. The VLPs-ZIF-8 easily activated antigen-presenting cells (APCs), triggered higher

secretion levels of cytokines, and elicited stronger immune responses than VLPs alone even after being

treated at 37 1C for 7 days. This platform has good potential in the development of VLP-based vaccine

products without transportation.

Introduction

Foot-and-mouth disease (FMD) is a severe, highly contagious
disease that infects cloven-hoofed animals. Its outbreak will
cause enormous economic loss. At present, vaccines are still the
most effective means to control and prevent the disease in
many countries. Virus-like particles (VLPs) are composed of
major structural proteins of virions without a viral genome.
Thus, they are easily recognized and taken up by antigen-
presenting cells (APCs) to trigger immune responses, exhibiting
excellent immunogenicity and reactogenicity. Nowadays, VLPs
have attracted widespread attention in the development of
vaccines owing to their superior immunogenicity, good safety,
and capacity to distinguish infected animals from immunized
animals to eradicate FMDV.1–4 So far, more than 110 VLP-based

vaccines have been reported. VLP-based vaccines like hepatitis B
virus (HBV) and human papillomavirus (HPV) have been approved
and utilized to prevent related diseases.4–6 Similar to native viruses,
VLPs are required to be preserved at low temperatures to maintain
their integrity and immune effectiveness. Therefore, almost all
commercially available vaccines, including VLP-based ones,
required constant refrigeration from production to delivery to
guarantee the vaccine efficacy, which accounts for nearly eighty
percent of the total cost of vaccines.7,8 To this end, much effort has
been devoted to enhancing the thermostability of vaccines to pro-
long the storage periods and reduce the dependence on cold-chain.

Biomimetic mineralization has been developed as an effective
strategy for improving the thermal stability of vaccines. For
instance, calcium mineralization has been used to protect VLPs.9

With the advantages of facile synthesis, chemical robustness,
thermostability, and biocompatibility, the use of metal–organic
frameworks (MOFs) is promising as an alternative mineralization
approach for the stabilization and delivery of proteins.10–12

Specifically, Zn-based MOFs with methylimidazole as linkers
have been reported as nanocarriers.8,13 MOFs have been used to
encapsulate some model proteins, such as bovine serum albumin
(BSA), ovalbumin (OVA), and tobacco mosaic virus (TMV).14–17

However, using MOFs as a mineralization strategy to improve the
thermostability and immunogenicity is rarely reported in the
development of VLPs-based vaccines.

Herein, we designed a zeolitic imidazole framework-8
(ZIF-8)-based biomimetic system that provided a framework
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for protecting FMDV VLPs from environmental interference.
VLPs-ZIF-8 composites were prepared via a facile one-pot
biomimetic method and they showed outstanding biosafety
and excellent stability at higher temperatures. The shell of
VLPs-ZIF-8 also enabled VLPs to escape from lysosomes and
release into the cytoplasm to trigger a good cellular immune
response. The experiments in vitro and in vivo revealed that the
biomimetic VLPs-ZIF-8 had excellent thermostability and
induced strong humoral and cellular immune responses.
We expect that the VLPs-ZIF-8 composite could shed light on
the application of VLPs and ZIF-8 in the field of vaccines.

Experimental
Synthesis of ZIF-8 and VLPs-ZIF-8 composites

ZIF-8 and VLP-ZIF-8 composites were prepared in a pure aqu-
eous system according to a modified procedure.18 In brief, for
the preparation of VLPs-ZIF-8, 2-methylimidazole aqueous
solution (0.45 mL, 80 mM) and VLPs (100 mL, 1000 mg mL�1)
were quickly mixed, and then added to zinc nitrate solution
(50 mL, 20 mM) and agitated together. After 10 min, a solution
of 2-methylimidazole (0.45 mL, 80 mM) and zinc nitrate (50 mL,
20 mM) was quickly added and mixed,and further mineraliza-
tion for 20 min. After ultrasonic dispersion, 2-methylimidazole
(20 mL, 2 M) and zinc nitrate (5.5 mL, 200 mM) were added. After
incubated for another 1 h, the composite was collected by
centrifugation (8000 rpm, 10 min).

Dot blotting confirms VLP encapsulation

A nitrocellulose (NC) membrane was divided into 12 squares
(1 � 1 cm), and the samples (ZIF-8, VLPs-ZIF-8, VLPs-ZIF-8
lysate and added VLPs) were added to each square with 7 mL per
square. After natural drying, the NC membrane was blocked
with 5% skimmed milk at room temperature (RT) for 1 h and
then incubated with the primary antibody diluted with 1%
skimmed milk (1 : 1000) at RT for 1 h. After being washed
5 times (10 min each time) with PBST solution, the NC
membrane was incubated with an HRP-labeled anti-pig anti-
body diluted with 1% skimmed milk (1 : 2000) at RT for 1 h.
Then the membrane was washed 5 times with PBST solution,
and the VLPs were visualized through a luminous fluid.

Thermostability determination

1 mL of the sample (100 mg mL�1) was treated at 45 1C (1, 3 and
6 h) and 60 1C (0.5, 1 and 3 h), respectively, to investigate the
thermostability of VLPs and VLPs-ZIF-8 composites. VLPs
and VLPs-ZIF-8 composites placed on ice were considered
as controls. The samples were collected at a scheduled time
and washed with purified water. After the samples were de-
encapsulated, the protein released into the supernatant was
collected by centrifugation (8000 rpm, 10 min). The protein
content in the supernatant was measured using a Micro BCA
assay. An ELISA was used to determine the protein activity
of VLPs.

In vitro release of VLPs

The VLPs-ZIF-8 composite was dispersed in pH-modified solutions
(pH7.4, 6.0, and 5.0) at 37 1C. The supernatant of the VLPs-ZIF-8
dispersion was collected by centrifugation (8000 rpm, 10 min) at
different time intervals (0.5, 1, 2, 4, 6, and 8 h), and the released
VLPs in the supernatant were detected using a BCA assay.

Protein release ratio %ð Þ

¼ Amount of VLPs in the supernatant

The total amount of protein in VLPsZIF8
� 100%

In vitro cytotoxicity

According to the manufacturer’s protocol, an MTS assay was
used to detect the cytotoxicity of ZIF-8, VLPs-ZIF-8, Zn (NO3)2�
6H2O, or 2-methylimidazole. In brief, BHK-21 cells (1 � 104

cells well�1) and PK-15 cells (1 � 104 cells well�1) in 100 mL
medium were seeded into 96-well plates, respectively. After
24 h, the cells were incubated with nanoparticles ZIF-8 and
VLPs-ZIF-8 (from 0 mg mL�1 to 100 mg mL�1, respectively), Zn (NO3)2�
6H2O or 2-methylimidazole (from 0 mg mL�1 to 600 mg mL�1,
respectively) for 24 h. Then the MTS reagent (Promega) was
directly added to the cells and incubated for another 4 h. The
absorbance at 490 nm was recorded using a microplate reader
(Bio-Rad). The cell viability was calculated as follows:

Thecell viability %ð Þ

¼Theaverageabsorbancevalueof the experimental group

Theaverageabsorbancevalueof the control group
100%

Hemolysis assay

The blood of the mice was collected, and the red blood cells
(RBCs) were collected by centrifugation (2000 rpm, 10 min).
After being washed 5 times with PBS, the RBCs were diluted 10
fold with PBS. Simultaneously, VLPs-ZIF-8 was diluted with PBS
to different concentrations, respectively. 0.3 mL of RBC
solution were added to 1.2 mL of serially diluted VLPs-ZIF-8
to make the concentrations of VLPs-ZIF-8 25, 50, 100, 200, 400,
600, 800, and 1000 mg mL�1, respectively. The diluted RBC
solution was added to PBS or deionized water as a negative or
positive control. The various mixed solutions were incubated at
25 � 2 1C for 2 h. After centrifugation, the results were recorded
by taking pictures, and the supernatant was collected. A UV-vis
absorption spectrophotometer was used to record the absor-
bance of the supernatant to detect the hemolysis of RBCs in
different concentrations of VLP-ZIF-8.

Results and discussion
Successful encapsulation of VLPs into the VLPs-ZIF-8
composite

FMDV VLPs were prepared by a self-assembly method estab-
lished in our lab.19 The purified proteins and digested proteins
were detected by western blot. The results showed that the
structural protein of FMDV (VP0, VP1, and VP3) was successfully
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obtained (Fig. S1A, ESI†). The hydrated diameter of VLPs was
mainly concentrated in the range of 30–40 nm (Fig. S1B, ESI†).
The result indicated that the structural proteins were successfully
assembled into VLPs.

VLPs-ZIF-8 composites were prepared through a facile one-
pot biomimetic method in an aqueous solution. In the early
synthesis process, it was found that the mineralization rate of
FMDV VLPs was lower when 2-methylimidazole and Zn (NO3)2�
6H2O were added only once. According to the characteristics of
the positive charge of VLPs-ZIF-8 and the negative charge
of VLPs, the mineralization efficiency was improved by adding 2-
methylimidazole and Zn (NO3)2�6H2O repeatedly. The synthesized
VLPs-ZIF-8 and pure ZIF-8 were characterized by transmission
electron microscopy (TEM) and DLS. The TEM images of pure
ZIF-8 (Fig. 1A) showed a uniform morphology with an average size
of about 75 nm. It is noted that the VLPs-ZIF-8 composite exhibited
a similar morphology, but the average size (B100 nm) was
larger than that of ZIF-8 (Fig. 1B). Both particles showed good
dispersibility and regular shape. DLS analysis showed that the
ranges of hydrated particle sizes of ZIF-8 and VLPs-ZIF-8 were 75–
100 and 95–120 nm, respectively (Fig. 1C). Because of the hydration,
the size of the hydrated particles was larger than that of rigid
particles.

Moreover, the zeta potentials of VLPs, ZIF-8, and VLPs-ZIF-8
were �8.83 � 2.36 mV, 25.4 � 2.8 mV, and 19.57 � 2.3 mV,
respectively, indicating that negatively charged VLPs were
encapsulated by the positively charged ZIF-8. Further
characterization was performed using Fourier transform infrared
(FT-IR) spectroscopy and powder X-ray diffraction (PXRD). As
shown in Fig. 1D, the FT-IR spectral data showed that the bands
at 1648 cm�1 and 1536 cm�1 were observed in protein and the
VLPs-ZIF-8 composite, which were ascribed to the amide I and II

bands, respectively, indicating that VLPs were successfully
encapsulated into VLPs-ZIF-8 composites. These characteristic
bonds were not found in pure ZIF-8. In the PXRD patterns
(Fig. 1E), the diffractions of the VLPs-ZIF-8 composite were almost
identical to that of pure ZIF-8 in 2y values except for a slight
difference in intensity, suggesting that ZIF-8 coating VLPs did not
affect its structure.20 Successful encapsulation of VLPs in the
VLPs-ZIF-8 composite was also evidenced by SDS-PAGE and
western blot (Fig. S2, ESI†). Both SDS-PAGE and western blot
results showed that the obvious protein bands (VP0, VP1, and
VP3) in the VLPs-ZIF-8 composites were consistent with those
in control VLPs. Furthermore, the mineralization efficiency of
VLPs-ZIF-8 was about 63% (Fig. 1F), which was calculated by the
protein amount according to the data of dot blot. The influence
of different concentrations of 2-methylimidazole on the reacto-
genicity of VLPs was detected by an ELISA. The results showed
that high concentrations of 2-methylimidazole reduced the reac-
togenicity of VLPs, but had little influence on VLP reactogenicity
when the concentration of 2-methylimidazole was lower than 125
mM (Fig. S3, ESI†).

Encapsulation of VLPs with the ZIF-8 enhanced thermal
stability of VLPs

Mineralization superiorly enhanced the thermal stability of
proteins against denaturation. Therefore, time-dependent and
temperature-dependent experiments were conducted to determine
the thermal stability and reactogenicity of VLPs in the VLPs-ZIF-8
composite. The resultant VLPs-ZIF-8 composite and naked VLPs
were treated with different temperatures (45 1C and 60 1C) and time
periods (from 30 min to 6 h). Then the reactogenicity of the VLPs
was measured by an ELISA. As shown in Fig. 2A, the activity of
naked VLPs decreased sharply with an increase in temperature and

Fig. 1 Characterization of ZIF-8 and VLPs-ZIF-8. The TEM images of (A) ZIF-8 and (B) VLPs-ZIF-8. (C) The hydrated particle sizes and PDIs of samples
(VLPs-ZIF-8 and ZIF-8) were measured by DLS. (D) FT-IR spectra of VLPs, ZIF-8 and VLPs-ZIF-8. (E) PXRD patterns of simulated ZIF-8 and VLPs-ZIF-8.
(F) Dot blotting was used to detect the amount of VLPs bound to the surface of VLPs-ZIF-8 by electrostatic adsorption and the amount of encapsulated
VLPs inside. The ratio of bound VLPs or encapsulated VLPs in VLPs-ZIF-8 was measured by gray scale analysis.
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time during the treatment. In contrast, the percentage of
activity retention in the VLPs-ZIF-8 composite was significantly
higher than that of bare VLPs at high temperatures. The results
showed that the activity of VLPs remained 50% after VLPs-ZIF-8
were treated at 45 1C for 6 h, while the activity of VLPs in the
VLPs-ZIF-8 composite remained 60% after being treated at
60 1C for 0.5 h. However, the activity was about 10% after
naked VLPs were treated at 60 1C for 0.5 h. Therefore, under the
protection of ZIF-8 biomineralization, the thermal stability and
activity of VLPs were improved, providing a useful strategy to
solve the issues associated with cold-chain transportation.

Release of VLPs in VLPs-ZIF-8 composites at different pH

When vaccines trigger immune responses, they will experience
different physiological environments, including the neutral
environment of body fluids and the acidic environment of cell
lysosomes. Therefore, the different pH values were set to
imitate physiological environments in vitro to verify whether
VLPs in VLPs-ZIF-8 composites could be released. As shown in
Fig. 2B, VLPs-ZIF-8 composites showed a slow release at pH 7.4,
and less than 20% of VLPs were released after being treated at
37 1C for 8 h. In contrast, the release rate of VLPs was
significantly increased with decreased pH values. About 55%
of VLPs were released from the VLPs-ZIF-8 composite at pH 6.0
after being treated for 2 h, while it only took 0.5 h at pH 5.0 to
reach the same amount. The result of pH-sensitive antigen
release was consistent with those in the literature results.21

ZIF-8 is stable under neutral conditions but decomposes faster
under acidic conditions due to imidazole protonation.17,22 The
result indicated that the composites were relatively stable in a
neutral environment, but the encapsulated proteins were
quickly released in an acidic environment, which resulted in
the increase of antigen capture and presentation by APCs,
triggering strong immune responses.

Stability of VLPs-ZIF-8 in different solutions

The stability results of VLPs-ZIF-8 in different solutions showed
that the antigen release of VLPs-ZIF-8 in deionized water
solution was lower, and the release gradually increased with

time in normal saline, DMEM, or simulated body fluid (SBF)
solution (Fig. S4, ESI†).

Good biocompatibility of ZIF-8 and VLPs-ZIF-8

The biocompatibility of nanomaterials is one of the main
problems to be considered as vaccine adjuvants. An MTS assay
was employed for BHK-21 cells (Fig. 3A) and PK-15 cells
(Fig. 3B) to evaluate the cytotoxicity of ZIF-8 and VLPs-ZIF-8.
Though obvious cytotoxicity was observed when the concentration
of ZIF-8 nanoparticles reached 100 mg mL�1, the viability of
the cells treated with VLPs-ZIF-8 nanocomposites was more than
75% at the same concentration, displaying low cytotoxicity
compared to ZIF-8. Meanwhile, BHK-21 cells and PK-15 cells were
incubated with different concentrations of Zn (NO3)2�6H2O or
2-methylimidazole to elucidate this phenomenon. The results
showed that cytotoxicity was mainly triggered by Zn (NO3)2�
6H2O (Fig. S5, ESI†), which could induce necrocytosis at a high
concentration.23 It was known that the hemolysis behaviour of
nanoparticles was a significant indicator to evaluate their bio-
compatibility. Therefore, mice red blood cells (RBCs) were added
to the VLPs-ZIF-8 suspension with different concentrations
(ranging from 25 to 1000 mg mL�1). The results of the hemolysis
assay (Fig. 3C) showed that even 400 mg mL�1 VLPs-ZIF-8 did not
cause significant hemolysis, which revealed that the injection of
VLPs-ZIF-8 into the animal body would not cause hemolysis. The
hemoglobin release from RBCs was also detected by UV-Vis
spectroscopy (Fig. 3D), and the results were consistent with the
hemolysis assay. The result of hemolysis also suggested that the
nanocomposite has good biocompatibility. Owing to the excellent
biocompatibility in vivo and in vitro, VLPs-ZIF-8 has great potential
as a novel vaccine.

Encapsulation of VLPs with ZIF-8 enhanced the cellular uptake
of antigens

The easier the APCs take up the antigens, the more likely
they elicit strong immune responses. Most of the antigens
combined with the nanoparticles as a delivery system can
significantly enhance the efficiency of antigen uptake.24,25 We
have demonstrated that the zeta potentials of VLPs changed
from negative to positive after being wrapped by ZIF-8.

Fig. 2 Thermal stability and release at different pH values of VLPs. (A) The thermostability of VLPs-ZIF-8 was evaluated by detecting the reactogenicity at
different temperatures (45 1C and 60 1C) for a designated time. (B) VLPs released from VLPs-ZIF-8 at different pH values.
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The positive charge of VLPs-ZIF-8 is advantageous for binding
to the negatively charged cell membrane and subsequent
cellular uptake.28 The cellular uptake efficiency of antigens
was further investigated by comparing the bare VLPs with the
VLPs-ZIF-8 composites. The indirect immunofluorescence assay
demonstrated that the uptake of VLPs by BHK-21 cells was time-
dependent, and the uptake of VLPs-ZIF-8 was significantly higher
than that of the naked VLPs (Fig. 4A). Furthermore, the uptake
level of VLPs-ZIF-8 by BHK-21 and RAW264.7 cells was also
measured by western blot. As shown in Fig. 4B and C, the amount
of VLPs taken up by the cells incubated with VLPs-ZIF-8 was

higher than that taken up by the cells incubated with bare VLPs.
The cell uptake experiment results proved that the positively
charged VLPs-ZIF-8 was more easily taken up by the cells, which
might be favourable for triggering good immune responses.

Encapsulation with ZIF-8 assisted VLP escape from lysosomes

More interestingly, it has been reported that the ligand of
2-methylimidazole can be easily protonated in an acidic lysosome
microenvironment, leading to the so-called proton sponge effect
that induces extensive inflow of ions/water and eventually lysoso-
mal membrane rupture.22,26 This may also cause the dissociation

Fig. 3 Biocompatibility of ZIF-8 and VLPs-ZIF-8. Cell viability based on the MTS assay of (A) BHK-21 cells and (B) PK-15 cells treated with various
concentrations of ZIF-8 or VLPs-ZIF-8. (C) Photos of the hemolysis assay. (D) The absorption peak of hemoglobin in the supernatant of RBCs treated with
different concentrations of VLPs-ZIF-8 was measured by UV-Vis.
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of ZIF-8 and fast antigen release, facilitating antigen escape from
lysosomes and antigen presentation by a major histocompatibility
complex (MHC) class I molecule to prime the CD8+ T
response.27–29 Therefore, BHK-21 cells were incubated with
VLPs-ZIF-8 composites at different periods (0.5, 2, and 5 h), and
then examined by confocal laser scanning microscopy (CLSM) to
determine whether the antigen escaped from endolysosomes. The
overlapping (yellow) of red fluorescence from the lysosome
and green fluorescence from VLPs indicated the entrapment of
VLPs-ZIF-8 in the lysosome. The CLSM images showed that an
increasing amount of VLPs-ZIF-8 composites were absorbed by
the cells and entered into lysosomes from 0.5 h to 2 h (Fig. 5),
indicating efficient internalization of the nanocomposites with
time. When the incubation time extended to 5 h, less overlapped
yellow fluorescence and more green fluorescence were observed
compared to 2 h, suggesting that more VLPs escaped from
lysosomes to the cytoplasm. The results of the lysosomal escape
experiment confirmed that VLPs encapsulated with ZIF-8 could
promote lysosomal antigen escape. Therefore, the ZIF-8 bio-
mineralization strategy is expected to play an important role in
the VLPs vaccine to induce a strong cellular immune response.

VLPs-ZIF-8 highly activated APCs

Macrophages and DCs are professional APCs that play significant
roles in innate and adaptive immune responses. Macrophages

can recognize and destroy foreign antigens that promote inflam-
matory responses. The immunostimulatory cytokines secreted by
APCs such as macrophages and DCs are regarded as indicators
of immune response activation.30–32 Tumour necrosis factor-a
(TNF-a) is an inflammatory cytokine produced by monocytes
and macrophages, which fights against infection.33 Meanwhile,
interleukin-6 (IL-6) is also a key cytokine that regulates acute
inflammatory responses and plays an important role in regulating
T lymphocyte activation and differentiation.34 RAW264.7 macro-
phages and DCs were treated with VLPs, ZIF-8, VLPs-ZIF-8, LPS
and PBS to investigate whether cytokine secretion was promoted
during cell maturation. As shown in Fig. 6A and B, both ZIF-8 and
VLPs-ZIF-8 induced higher IL-6 and TNF-a than the PBS group,
while their levels in the VLPs-ZIF-8 group were significantly higher
than those in the VLP group. The elevated levels of TNF-a and IL-6
in Raw264.7 macrophages indicated that VLPs-ZIF-8 could induce
an inflammatory response and improve immune stimulatory
activity. DCs have long cytoplasmic protrusions, activating the
initial T cells to proliferate and exerting immune effects. The
differentiation of T cells is strongly related to the secretion of
cytokines. It is reported that IL-12p70 is a key Th1-driving
cytokine, which contributes to the activation of CD8+ T cells,
triggering the cellular immune response.35,36 The cytokine
secretion from DCs showed that the VLPs-ZIF-8 nanocomposite
also elicited a higher level of IL-12p70 than the VLPs group, which

Fig. 4 The cellular uptake of VLPs-ZIF-8. (A) The amount of VLPs taken up by BHK-21 cells was visualized by laser confocal microscopy. BHK-21 cells were incubated
with VLPs-ZIF-8 or VLPs for different times (0.5 h, 2 h and 5 h). Then they were stained with polyclonal pig anti-FMDV antibody and FITC-conjugated goat anti-pig igg
(green). Nuclei were stained with DAPI (blue). The amount of VLPs ingested by (B) BHK-21 cells and (C) RAW264.7 cells were measured using western blotting.
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was even higher than the positive control, lipopolysaccharide
(LPS) group (Fig. 6C), suggesting that VLPs-ZIF-8 was easier to
activate cellular immune responses.

Histopathological and biochemical index evaluation

Histopathological assessment was implemented to examine the
possible damage to tissues and organs caused by vaccine
formulations. Organs of the heart, liver, spleen, lungs, and
kidneys were collected from mice inoculated with PBS, VLPs,
VLPs-ZIF-8, and VLPs-ISA206, respectively. As shown in Fig. 7,
there were no lesions in the tissues of mice immunized with
VLPs-ZIF-8, compared to the control groups after the hematox-
ylin and eosin (H&E) stain, which implied that the immunized
dose of VLPs-ZIF-8 could be utilized on the mice without
causing body damage. The blood of mice in different immuniza-
tion groups (VLPs group, VLPs-ZIF-8 group, VLPs-ISA206 group)
was collected, the serum was separated, and the influence of
different immunization agents on the mice was observed by
measuring biochemical indicators. The results are shown in
Table S1 (ESI†), the levels of aspartate aminotransferase, creatine
kinase, creatinine, and total bilirubin in the VLPs, VLPs-ZIF-8
and VLPs-ISA206 groups were within the normal range, indicating
that different immunization groups did not affect the biological
indicators of mice, which further proved that each immunized
substance had good biocompatibility.

Biodistribution of VLPs-ZIF-8

The zinc contents of the main organs (heart, liver, spleen,
lungs, and kidneys) of mice injected with VLPs-ZIF-8 via the
tail vein and of non-injected mice were detected by ICP-MS.

As shown in Fig. S6 (ESI†), 48 hours after injection, the zinc
content increased significantly in the heart, liver and kidneys,
increased in the spleen, and almost no increase in the lungs,
indicating that after VLPs-ZIF-8 entered the blood circulation,
part of it entered the liver and kidneys for excretion, and part of
it was retained in the spleen.

Encapsulation with ZIF-8 boosted immune responses induced
by VLPs

The adjuvant effect of ZIF-8 and the thermal protection effect
on VLPs were further verified by immunizing mice. The
immune response of VLPs, VLPs-ZIF-8, and VLPs-ISA206 with
or without heat treatment (37 1C for 7 days) was investigated.
Female BALB/c mice were immunized with VLPs, VLPs-ZIF-8,
VLPs-ISA206, VLPs-heat, VLPs-ZIF-8-heat, VLPs-ISA206-heat,
and PBS by intramuscular injection, respectively. All the mice
remained healthy, and their weights were within the normal
range throughout the experiment (Fig. 8A). Sera were collected
at 28 days post-immunization to detect the specific antibody
level. The specific antibody level produced by mice immunized
with VLPs-ZIF-8 was not significantly different from the VLPs
group (Fig. 8B). It is worth noting that the specific antibody titers
showed no significant difference between the heat-treated and
untreated mice in the VLPs-ZIF-8 group. However, significant
differences were observed in both the VLPs and VLPs-ISA206
groups with or without heat treatment (Fig. 8B). The data in vivo
were consistent with the thermal stability tests in vitro, which
verified that the biomimetic mineralization of VLPs with good
thermostability facilitated strong immune responses. To further
verify the immunostimulatory activity, total IgG1 and IgG2a were

Fig. 5 Lysosomal escape of VLPs-ZIF-8. VLPs encapsulated by ZIF-8 escaped from lysosomes in BHK-21 cells.
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tested using an ELISA. The IgG1 and IgG2a produced by
immunized sera can reflect the level of immune response and
indicate the type of immune response triggered by the vaccine.
The levels of IgG1 and IgG2a in the group immunized with VLPs-
ZIF-8 were significantly higher than the VLPs group (Fig. S7A and
B, ESI†). The difference between the VLPs-ZIF-8 group and the

VLPs-ISA206 group was not significant. Interestingly, the ratio
of IgG2a/IgG1 induced by VLPs-ZIF-8 was significantly higher
than those of the VLPs and VLPs-ISA206 immunized groups,
respectively. However, there was no statistical difference in
the ratio of IgG2a/IgG1 between the VLPs-ISA206 immunized
group and the VLPs immunized group (Fig. S7C, ESI†). The ratio

Fig. 7 Histopathological evaluation. Hematoxylin & Eosin (H&E) staining of vaccine injected mice tissue showed no obvious damage.

Fig. 6 VLPs-ZIF-8 promotes the activation of antigen presenting cells. Cytokine secretion of IL-6 (A), TNF-a(B) after RAW264.7 cells were incubated
with PBS, ZIF-8, VLPs, VLPs-ZIF-8 and LPS for 12 h, and IL-12p70 (C) after DCs were incubated with PBS, ZIF-8, VLPs, VLPs-ZIF-8 and LPS for 12 h. * 0.01
r p o 0.05, **p o 0.01, ns: no significant difference.
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of IgG2a/IgG1 can better reflect the Th1-based immune response
level.37 The results of IgG2a/IgG1 indicated that ZIF-8 miner-
alization of VLPs could significantly enhance the Th1 immune
response, which could be attributed to the high cellular uptake
efficiency, sustained pH-responsive release, and lysosomal
escape. The splenocyte proliferation assay was conducted to
validate that the immune system can be stimulated and respond
to a second exposure to the same antigen quickly and effectively.
Splenocytes collected from mice immunized with VLPs-ZIF-8
proliferated more efficiently than the VLPs group (Fig. 8C). The
heat-treated VLPs-ZIF-8 composite displayed a negligible difference
from the non-heat-treated VLPs-ZIF-8 group. However, the spleno-
cyte proliferation index of heat-treated VLPs and VLPs-ISA206
was significantly different from that of untreated ones (Fig. 8C).
Therefore, the thermally stable VLPs-ZIF-8 nanocomposite could
maintain a good specific memory response after heat treatment.
CD4+ T and CD8+ T cells are two major lymphocyte subsets in
adaptive immune responses. After being activated, naı̈ve CD4+T
cells differentiate into different subsets called Th1, Th2, and Th17
cells, which activate B cells or CTLs to elicit an immune response.
CD8+ T cells are mainly involved in the cellular immune
response.38,39 The frequency of CD4+ T cells and CD8+ T cells was
then measured by flow cytometry. Mice immunized with VLPs-ZIF-
8 displayed higher percentages of CD4+ T cells (Fig. 8D and Fig. S8,
ESI†) and CD8+ T cells (Fig. 8E and Fig. S9, ESI†) than the PBS
group and the VLPs group. The group immunized with bare VLPs
showed a lower T cell response, presumably due to the degradation
and insufficient cellular uptake capacity.40 Unlike VLPs-ZIF-8, either

the VLPs group or the VLPs-ISA206 group showed relatively sig-
nificant decreases after heat treatment. The results of lymphocyte
typing showed that the CD4+ T cells and CD8+ T cells of the VLPs-
ZIF-8 immunized group were significantly higher than the VLPs
group before and after heat treatment, which showed that ZIF-8 as
an adjuvant for the VLPs vaccine promotes not only cellular and
humoral immune responses but also has a thermal-protection
effect on antigens.

The cytokine levels of splenocytes in different immune groups

Since we observed that MOF-encapsulated vaccines induced a
Th1-biased antibody response in mice compared to the antigen
alone, we further investigated the cytokine levels secreted by
splenic lymphocytes of immunized mice. Inflammatory cytokines
such as TNF-a and IL-6 regulate the growth and differentiation of
various cells and play important regulating roles in immunity.33,34

IFN-g, a Th1 cytokine, is essential to promote the cellular immune
response, which is significant for responding to viral infections
and eliciting the differentiation of CTLs from CD8+ T cell
precursors.41,42 IL-4, a Th2 cytokine, is closely related to the
humoral immune response.43,44 The cytokine (IFN-g, IL-4, TNF-
a, and IL-6) levels in the supernatants of the splenocyte cultures
were tested using ELISA kits according to the manufacturer’s
instructions. The results showed that the secretion of cellular
immune-related cytokines, such as IFN-g, elicited by the VLPs-ZIF-
8 nanocomposite was higher than that in other groups (Fig. 9A).
Interestingly, the secretion levels of humoral immunity-related
cytokine IL-4 (Fig. 9B) and inflammation-related cytokines TNF-a

Fig. 8 Immune responses induced by VLPs-ZIF-8. (A) The weight changes of mice. The body weights of immunized mice was weighed at 0, 14, and 28
days after immunization. (B) Specific antibody levels in the mice immunized with various vaccine formulations. (C) Proliferative responses of splenocytes
restimulated by antigen in vitro. Flow cytometry results of CD4+ T (D) and CD8+ T (E) cells in splenocytes harvested from mice immunized after 28 days.
Each group contains two subgroups, untreated vaccine groups (black column) and heat-treated vaccine group (gray column), respectively, except for the
PBS control group. Error bars indicate SD. * 0.01 r p o 0.05 and **p o 0.01; ns: no significant difference.
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(Fig. 9C) and IL-6 (Fig. 9D) in the VLPs-ZIF-8 immunized
group were relatively higher than those in the VLPs and PBS groups.
The results showed that ZIF-8 mineralized VLPs had enhanced
Th1 and Th2 type immune responses. It was also observed that
the secretion of all cytokines stimulated by the heat-treated
VLPs-ZIF-8 nanocomposite showed no significant difference
compared to the untreated group, in contrast to the VLPs
group, which showed lower secretion of cytokines after heat
treatment, except for the secretion of TNF-a. Altogether, the
bio-mineralized VLPs-ZIF-8 nanocomposite effectively
enhanced the heat resistance of VLPs and protected them
against degradation, and further elicited both humoral and
cellular immunity, which is beneficial for the preparation of
effective thermostable vaccines.

Conclusions

In summary, we have developed a novel platform in which
antigen VLPs were encapsulated into ZIF-8 to prepare

thermostable vaccines. This biomimetic mineralization strategy
is a facile one-pot process with high encapsulation efficiency. The
resultant VLP-ZIF-8 composite has excellent biocompatibility,
without obvious damage to organs. Importantly, VLP-ZIF-8
showed improved thermostability and retained the immunogeni-
city after being treated at 37 1C for 7 days. Moreover, ZIF-8
encapsulation promoted cellular uptake and lysosomal escape.
Thus both the humoral immunity and cellular immunity were
enhanced. Therefore, the bio-mineralization strategy of VLPs is
promising for producing thermostable vaccines with enhanced
immune responses, paving the way for the development of next-
generation vaccines with high performance and avoiding cold
chain storage and transportation.
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