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ABSTRACT
It is urgently needed to develop novel adjuvants for improving the safety and efficacy of vaccines.
Metal-organic frameworks (MOFs), with high surface area, play an important role in drug delivery. With
perfect biocompatibility and green preparation process, the c-cyclodextrin metal-organic framework
(c-CD-MOF) fabricated with cyclodextrin and potassium suitable for antigen delivery. In this study, we
modified c-CD-MOF with span-85 to fabricate the SP-c-CD-MOF as animal vaccine adjuvants. The
ovalbumin (OVA) as the model antigen was encapsulated into particles to investigate the immune
response. SP-c-CD-MOF displayed excellent biocompatibility in vitro and in vivo. After immunization,
SP-c-CD-MOF loaded with OVA could induce high antigen-specific IgG titers and cytokine secretion.
Meanwhile, SP-c-CD-MOF also significantly improved the proliferation of spleen cells and activated
and matured the bone marrow dendritic cells (BMDCs). The study showed the potential of SP-c-CD-
MOF in vaccine adjuvants and provided a novel idea for the development of vaccine adjuvants.
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1. Introduction

Vaccination is effective and powerful in preventing and treat-
ing infections. Compared with the traditional inactivated and
attenuated vaccines, protein antigen-based vaccines have
better safety and lower cost, but protein antigens are easy
to degrade, with poor immunogens when administered
alone (Bobbala & Hook, 2016). Therefore, the application of
antigen-based vaccines in biomedicine is limited. Thus, it is
essential to use the delivery vehicle and adjuvant to improve
immune response (Baldwin et al., 2008; Zhao et al., 2020).
Freund’s complete adjuvant (FCA), the most common adju-
vants, has been extensively used in animal vaccines because
of its particular strong stimulant to both cellular and humoral
immunities (Li et al., 2019). However, FCA can cause serious
adverse reactions, including persistent pain, local tissue
necrosis, and tumor-like hyperplasia at the injection site
(Lukacs et al., 2015; Nakamura et al., 2020). Currently, alum
with high safety is the only adjuvant approved by the Food
and Drug Administration (FDA) for human vaccines.
However, alum also has some disadvantages, such as anergy
to cellular immunity and poor immunogenicity (Kool et al.,
2012). Therefore, it is urgent to develop new vaccine adju-
vants with great potency but much lower toxicity.

With the development of nanotechnology, nanoparticles
as vaccine adjuvants have gained widespread attention
because nanoparticles can protect the protein antigen
against degradation, ensure sustained antigen release, and
enhance the immune response (Liu et al., 2020; Wang et al.,
2020). Various nanoparticles such as polymer nanoparticles
(Liu et al., 2016), liposomes (Yaghob et al., 2020), inorganic
nanoparticles (Krystina et al., 2019), and gold nanoparticles
(Zhang et al., 2015) have been investigated as vaccine adju-
vants. Despite significant superiority, the fabrication protocol
is complicated. Metal-organic frameworks (MOFs), con-
structed from metal ions or clusters and organic ligands via
diffusion or solvothermal method, have a porous structure
and ultrahigh surface area (Lawson et al., 2021). MOFs can
be widely used in the field of biomedicine, such as drugs
and gene delivery, biocatalysis, tissue engineering, bioimag-
ing, cancer treatment, biosensors, and so on. (Li et al., 2019;
Gumilar et al., 2020; Liu et al., 2020; Li et al., 2021; Meng
et al., 2021; Niu et al., 2021; Liu et al., 2022). In recent years,
protein encapsulated MOFs have been prepared as vaccine
adjuvants. Sun’s group had synthesized aluminum-integrated
nano-MOF to deliver antigen. This delivery system enhanced
antigen cross-presentation and elicited strong humoral and
cellular immune responses (Zhong et al., 2019). Qu et al.
developed a novel kind of MOF-based subunit vaccines. ZIF-
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8 nanoparticles were used to encapsulate antigens and could
adsorb the CpG ODNs through strong electrostatic inter-
action. The MOF-based vaccines could enhance systemic
immune response and induce potent immune memory
response (Zhang et al., 2016). Xue’s group used MOF nano-
particles as an antigen delivery system for cotransporting the
antigen model ovalbumin (OVA) and CpG. The results
showed that the MOF nanoparticles could not only improve
the uptake of OVA by the antigen-presenting cells but also
deliver both OVA and CpG into the same cell. The delivery
system induced strong cellular immunity, CTL response, and
potent immune memory response (Yang et al., 2018). The
MOF nanoparticles mentioned above were used to develop
vaccines against cancers. Meanwhile, the fabrication of these
MOF nanoparticles involved heavy metal ions, non-pharma-
ceutical grade organic linkers, and organic solvents, increas-
ing production costs and causing sustained toxic effects.
Thus, these MOF nanoparticles were not suitable for vac-
cines. The demand for a novel kind of MOFs as vaccine adju-
vants is increasing.

c-Cyclodextrin (c-CD), a kind of cyclic oligosaccharide, is
obtained from starch on the kilogram scale via microbiology
degradation (Xu et al., 2021). Stoddart built a cyclodextrin
metal-organic framework by combining c-cyclodextrin with
alkali metal ions, called c-CD-MOFs. c-CD-MOFs possessed
high porosity, good biocompatibility, and a simple and green
preparation process (Forgan et al., 2012). However, the adju-
vanticity of c-CD-MOFs has not been explored. Therefore,
c-CD-MOFs have broad prospects in the application of ani-
mal vaccine adjuvants.

Herein, we designed a novel kind of vaccine adjuvants
(SP-c-CD-MOF) to delivery antigen by modifying c-CD-MOF
with span-85, which was obtained in a very mild, simple and
green-friendly way. The SP-c-CD-MOF loaded with the model
antigen OVA(SP-c-CD-MOF/OVA) had the potential to
enhance immune response, due to it could be sustained
released of model antigen OVA and be ability to protect
antigen against degradation. Furthermore, the SP-c-CD-MOF
displayed perfect biocompatibility in vivo and in vitro. More
importantly, SP-c-CD-MOF/OVA was favorable for promoting
the production of OVA-specific antibodies, inducing the pro-
liferation of spleen cells and increasing the cytokine secre-
tion of splenocytes. In addition, SP-c-CD-MOF/OVA induces
BMDC activation and maturation and facilitates the activation
of lymphocyte cells (CD4þ T and CD8þ T lymphocytes cells)
to induce strong immune responses. This study highlights
the SP-c-CD-MOF/OVA complex have the potential to serve
as efficient vaccines, which would expected to broaden the
understanding of SP-c-CD-MOF and its application as a vac-
cine adjuvant.

2. Materials and methods

2.1. Materials and instrumentation

Potassium hydroxide (KOH), methanol (MeOH), dichlorome-
thane (CH2Cl2), Span 85 (SP85), and isopropanol (C3H8O)
were purchased from Chengdu Kelong Chemical Engineering
Company (Chengdu, China). c-Cyclodextrin (c-CD) was

purchased from Aladdin (Shanghai, China). RPMI 1640
medium, fetal bovine serum, and penicillin-streptomycin
were obtained from Gibco (Carlsbad, CA, USA). Horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG antibodies
were obtained from Abcam Ltd (Hong Kong). GM-CSF and IL-
4 were produced from Novoprotein(Suzhou, China). ELISA
kits were ordered from Enzyme-Linked Biosystems (Shanghai,
China). CCK-8 kit was purchased from BOSTER Biological
Technology (USA).

Scanning electron microscope (SEM) was measured with
JEOL-JSM-7500. X-Ray powder diffraction (XRD) was collected
using Bruker D8 advance. The UV/Vis and fluorescence spec-
tra results were detected using Varioskan LUX. Fourier trans-
form infrared (FTIR) spectra were recorded by American
Nicolet 67.

2.2. Animals

Healthy female Kunming mice (6-8weeks) were obtained
from the Chengdu Dossy Experimental Animals Co. LTD
(Chengdu, China), and all animal experiments were approved
by the Institutional Animal Care and Ethics Committee of
Southwest Minzu University.

2.3. Synthesis of SP-c-CD-MOF

c-CD (648mg) and KOH (224mg) were dissolved into a
21mL mixture solution of pure water and methanol (v/
v:20:1). MeOH was allowed to vapor diffuse into the solution.
After 6 h, the supernatant was transferred into MeOH with
the addition of CTAB, and the solution was incubated 3 h at
room temperature. The white cubic crystals were isolated, fil-
tered, and washed with isopropanol three times. The wet
sample was then dried in a vacuum oven at 45 �C for 12 h (Li
et al., 2017). The white powers were collected and named
c-CD-MOF. In order to improve the stability, 100mg c-CD-
MOF were dispersed into dichloromethane with span-85 for
48 h. Then the precipitates were collected via centrifuge at
8000 rpm for 5minutes and washed 2–3 times with dichloro-
methane. The collected powders were SP-c-CD-MOF.

The SP-c-CD-MOF loaded with OVA(SP-c-CD-MOF/OVA)
was obtained through the same methods. The PVP-modified
OVA was first prepared by adding OVA into a water solution
containing PVP to stabilize OVA in the methanol solution
(Zhang et al., 2016). And the synthesis process of SP-c-CD-
MOF/OVA was shown in Scheme 1.

2.4. Hemocompatibility evaluation

Firstly, the hemolysis test was performed in the blood of dif-
ferent animals (such as chicken, cat, dog, and rabbit).
Different concentrations of SP-c-CD-MOF suspension (1mL)
were added into red blood cell suspension (50lL, 16%).
Ultrapure water and PBS buffer were the positive and nega-
tive groups, respectively. The solution was incubated at 37 �C
for 12 h, and the supernatant was collected by centrifuge at
3000 rpm for 5min. The absorbance of the supernatant was
measured at 570 nm.
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Secondly, Thrombin time (TT) was analyzed. Plasma was
collected and added into SP-c-CD-MOF suspension (V/
V¼ 9:1). The mixture solution was incubated for 15min at
37 �C. After adding the TT reagent (V/V¼ 1:1), the plasma
clotting time was recorded. The prothrombin time (PT) was
detected with the same method.

2.5. Cytotoxicity analysis of the SP-c-CD-MOF

Cytotoxicity of SP-c-CD-MOF for RAW246.7 cells was eval-
uated by the CCK-8 Kit. Firstly, RAW246.7 cells were plated at
the density of 1� 104 cells per well in 96-well plates and cul-
tured in a cell incubator containing 5% CO2 at 37 �C for 12 h.
Then SP-c-CD-MOF at concentrations from 0 to 100 lg/mL
was added to wells, and then cells were incubated for
another 12 h. After that, 10 lL CCK-8 solution was added to
each well, followed by 4 h incubation. Absorption was meas-
ured at 450 nm. Cell viability was calculated according to the
equation below (Li et al., 2017):

Cell viability ð%Þ ¼ OD sample=OD controlð Þ � 100%

where OD control was obtained in the absence of SP-
c-CD-MOF.

2.6. Immunization of mice

The mice were randomly divided into four groups with five
mice in each group and immunized with 100 lL of SP-c-CD-
MOF/OVA, SP-c-CD-MOF, and free OVA via subcutaneous
injection. The control group was injected with 100lL PBS.
The mice were immunized 3 times on days 0, 14, 28, and
sera were collected on days 7, 21, 35. On the 14th day after
the third immunization, all of the mice were sacrificed to col-
lect splenocytes.

2.7. Elisa determination of OVA-specific antibodies
in serum

The OVA-specific antibody levels were determined according
to the previous report (Jia et al., 2017). In brief, ELISA 96-well
plates were coated with 100 lL of OVA per well (2 lg/mL) in
coating buffer (50mM Na2CO3–NaHCO3, pH 9.6) and incu-
bated overnight at 4 �C. Then, the plates were washed with
PBST (0.05% Tween 20 in PBS) and blocked with 200 lL 1%
BSA in PBST for 1 h at 37 �C. After washing with PBST four
times, sera dilutions were added to the plates, and the plates
were incubated for 1 h at 37 �C. The plates were stained with

the antibody of Anti-Mouse and incubated for 40min. The
plates were again incubated with TMB substrate for 20min
in the dark. H2SO4 was added to stop the enzymatic reaction.
At last, the adsorption values were measured at 450 nm. The
titers of IgG were determined as the maximum dilution that
the absorbance value was twice higher than that of nega-
tive serum.

2.8. Splenocyte proliferation assay

Spleens were collected from the immunized mice, and the
splenocyte suspension was obtained via grinding through a
cell strainer and splitting the erythrocytes. Then, the spleno-
cytes were seeded in the plate with 5� 106 cells/mL and
incubated with OVA, SP-c-CD-MOF, SP-c-CD-MOF/OVA, or
nothing for 72 h. Thereafter, each well was added 10 lL CCK-
8 solution and incubated for another 4 h. Finally, the absorb-
ance was evaluated at 450 nm. The proliferation index (PI)
was calculated according to the following equation (Yang
et al., 2018): PI¼OD450 for stimulated cultures/OD450 for
non-stimulated cultures.

2.9. Cytokine expression of splenocytes in vitro

Splenocytes were cultured with RPMI 1640 and treated with
OVA (30 lg/mL). After incubation for 72 h, the supernatants
were harvested. The levels of TNF-a, IFN-c and IL-4 in super-
natants were measured using ELISA Kits.

2.10. Detection of CD41 and CD81 T cells

Splenocytes were re-stimulated with OVA (30mg/mL) for 72 h
at 37 �C. Then the cells were stained with fluorescent-labeled
antibodies against CD4, CD8. The percentages of CD4þ,
CD8þ was analyzed by flow cytometry (Jia et al., 2017).

2.11. Evaluation of the maturation of bone marrow-
derived dendritic cells (BMDCs)

Briefly, BMDCs were harvested from the femur and tibia and
incubated with GM-CSF and IL-4 (10 and 50 ng/mL, respect-
ively) for 6 days. Then, the BMDCs were cultured with OVA,
SP-c-CD-MOF, SP-c-CD-MOF/OVA, or nothing for 24 h. The
cytokines (IL-6, IL-1b) of supernatant were quantified using
ELISA kits.

Scheme 1. The synthesis process of SP-c-CD-MOF/OVA.
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2.12. Histopathology assay

The liver and kidney of the mice were obtained after immun-
ization. Tissue slices were prepared by hematoxylin and eosin
(H&E) and the histopathological changes were observed via
a microscope.

3. Results and discussion

3.1. Characterization of SP-c-CD-MOF particles

In this study, the vaccine adjuvant of SP-c-CD-MOF was pre-
pared via solvent evaporation, with an uniform diameter of
about 1 mm (Figure 1(A)). After mixing OVA with SP-c-CD-
MOF, SP-c-CD-MOF/OVA was obtained. For comparison, the
pure c-CD-MOF was also synthesized. According to the scan-
ning electron microscopy (SEM) images (Figure 1(B)), the
morphology and size of SP-c-CD-MOF and SP-c-CD-MOF/OVA
were similar to c-CD-MOF (Figure 1(C,D)). To further confirm
the structure, Fourier transform infrared (FTIR) spectra was
measured. As can be seen in Figure 2(A), the spectrum of SP-
c-CD-MOF appeared C¼C stretching vibrations of Span 85
at 1560.15 cm�1, which indicated that Span 85 was modified
on the surface of c-CD-MOF. And the spectrum of SP-c-CD-

MOF/OVA exhibited stretching vibrations of C¼O
(1658.03 cm�1) and –NH (3471.30 cm�1), which appeared in
the spectrum of OVA. Thus, SP-c-CD-MOF/OVA was success-
fully synthesized. The amount of loaded OVA was quantified
with the bicinchoninic acid assay (BCA) (Figure S2), and 6 mg
OVA could be loaded onto MOF nanoparticles per milligrams.
The X-ray diffraction (XRD) pattern of SP-c-CD-MOF, SP-c-CD-
MOF/OVA and pure c-CD-MOF were also measured and no
significant difference was found. (Figure 2). The results sug-
gested that the loaded OVA did not affect the crystal struc-
ture and particle size of SP-c-CD-MOF.

3.2. The biocompatibility assessment in vitro
and in vivo

Red blood cell hemolysis is a common indicator of biosafety.
Higher hemolysis activity for red blood cells indicates lower
biological safety (Zhang et al., 2016). In the study, five spe-
cies were chosen to assess the hemolysis activity of SP-c-CD-
MOF at the concentration of 0.1–10mg/mL (Figure 3(A)).
SP-c-CD-MOF displayed no hemolytic activity to chickens,
mice, and goats at high or low concentrations for 12 h incu-
bation. In rabbit red blood cells, effective hemolysis was per-
ceived, and the hemolysis rate of SP-c-CD-MOF was raised

Figure 1. The SEM images of c-CD-MOF (A), SP-c-CD-MOF (B) and SP-c-CD-MOF/OVA (C). The DLS pattern of c-CD-MOF (D), SP-c-CD-MOF (E) and SP-c-CD-MOF/
OVA (F).

Figure 2. The FTIR spectra (A) and XRD pattern (B) of c-CD-MOF, SP-c-CD-MOF and SP-c-CD-MOF/OVA.
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significantly with the increase of concentration. The results
showed significant differences in hemolytic activity among
different species. In addition, the hemolysis rate of dog red
blood cells was negligible in the concentration range
(0.1–5mg/mL). When the concentration increased to 10mg/
mL, the hemolytic rate was 35%. Therefore, SP-c-CD-MOF
had excellent biosafety for kinds of animals in vivo.

Thrombin time (TT) and prothrombin time (PT), represent-
ing intrinsic coagulation and exogenous coagulation time,
respectively, were used to evaluate plasma coagulation and
reflect biocompatibility. As shown in Figure 3(B,C), TT and PT
values for five species of animals are positively correlated
with the concentration of SP-c-CD-MOF, in contrast with no
significant differences in the control group are observed.
Thus, SP-c-CD-MOF cannot affect TT and PT. The results fur-
ther confirmed that SP-c-CD-MOF had good blood
compatibility.

For the safety of SP-c-CD-MOF prior to animal investiga-
tions, the cytotoxicity of SP-c-CD-MOF was assessed on
RAW246.7 cells by CCK-8 (Figure 3(D)). The results revealed
that SP-c-CD-MOF had extremely high cell viability until the
concentration reached 100 mg/mL. In addition, the histo-
pathological was studied to estimate the cytotoxicity in vivo.
The images of organ slices (liver, kidney injected with SP-
c-CD-MOF and SP-c-CD-MOF/OVA) show no recognizable
morphologic abnormalities (Figure 4). All indicators of the
blood treated with SP-c-CD-MOF and SP-c-CD-MOF/OVA
were in the normal range (Table S1). The above results dem-
onstrated that SP-c-CD-MOF exhibited perfect

biocompatibility and biosafety. Thus, SP-c-CD-MOF could be
used as vaccine adjuvants to deliver antigen.

3.3. Evaluations of OVA-specific immune response

In addition to good biocompatibility, preeminent adjuvants
should also enhance immunity. Thus, we investigated the
ability of the SP-c-CD-MOF to induce OVA-specific humoral
immunity in vivo. The OVA-special IgG titers for immunized
mice were measured by ELISA (Figure 5(A)). The IgG titers
immunized with SP-c-CD-MOF/OVA are higher than that
immunized with free OVA, while there is no significant differ-
ence for IgG titers between SP-c-CD-MOF/OVA and Freund’s
adjuvant antigen (FCA/OVA) (Figure S3). The results indicated
that the SP-c-CD-MOF had the same strength as Freund’s
adjuvant to enhance immune response. Furthermore, spleno-
cyte proliferation efficiency could indirectly reflect the
immune effect. The splenocyte proliferation assay was con-
ducted with a CCK-8 kit after stimulation with SP-c-CD-MOF/
OVA for 72 h, to evaluate the efficacy of activating spleno-
cytes. In Figure 5(B), the PIs of SP-c-CD-MOF/OVA, OVA, and
FCA/OVA are 1.39, 0.65, and 1.13, respectively. The spleno-
cyte cells treated with SP-c-CD-MOF/OVA proliferated more
efficiently than other groups. Thus, the SP-c-CD-MOF/OVA
could enhance splenocyte proliferation more significantly
and induce an OVA-specific immune response to prevent the
intrusion of antigens. Therefore, SP-c-CD-MOF is an excellent
immune adjuvant for animals, with perfect biocompatibility
and immune-enhancing effects.

Figure 3. (A)The red blood cell hemolysis results of c-CD-MOF and SP-c-CD-MOF. (B) Thrombin time of c-CD-MOF and SP-c-CD-MOF in different species of animals.
(C) Prothrombin time of c-CD-MOF and SP-c-CD-MOF. (D) The cytotoxicity assessment results of c-CD-MOF and SP-c-CD-MOF. (���p< .001).
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3.4. Analysis of cytokine secretion levels

The cytokine secretion levels reflect the effect of immune
responses. In order to further evaluate the adjuvanticity of
SP-c-CD-MOF, the levels of Th1-type IFN-c, TNF-a, and Th2-
type IL-4 from splenocytes were measured by ELISA.
According to Figure 6(A,B), the concentrations of IFN-c and
TNF-a cytokines production by SP-c-CD-MOF/OVA are higher
than free OVA and FCA/OVA, indicating that SP-c-CD-MOF/
OVA can improve the IFN-c and TNF-a secretion by spleno-
cytes. While the levels of IFN-c and TNF-a treated with FCA/
OVA and SP-c-CD-MOF/OVA are not significantly different.
IFN-c played an important role in the differentiation of Th0
cells to Th1 cells and the promotion of T cell responses. TNF-
a could regulate adaptive immunity. Both IFN-c and TNF-a
were representative cytokines of cellular immune responses.
Thereby, the results revealed that SP-c-CD-MOF/OVA
enhanced cellular immunity. In addition, the IL-4, a Th2-type
cytokine, is shown in Figure 6(C). The IL-4 level in SP-c-CD-
MOF/OVA group is slightly higher than that in the OVA, but
not different, compared with OVA and SP-c-CD-MOF/OVA. In

all, SP-c-CD-MOF/OVA induced higher secretion of Th1 and
Th2 cytokines by splenocytes improving immune responses.

3.5. BMDCs activation and maturation in vitro

The mature DCs played a vital role in antigen presentation
and immune response induction. High expression of cyto-
kines was the sign of DC maturation. In order to evaluate
the adjuvanticity of SP-c-CD-MOF, the secreted cytokines by
BMDCs, including IL-1b, IL-12, IL-4, and IL-6, were evaluated
using ELISA kit. As shown in Figure 7, SP-c-CD-MOF/OVA
induces the greater production of inflammatory cytokines IL-
1b between OVA and SP-c-CD-MOF/OVA. Meanwhile, Th1-
polarizing cytokines IL-12 induces protective immune
responses. The level of IL-12 treatment with SP-c-CD-MOF/
OVA is remarkably higher in comparison with OVA, indicating
that SP-c-CD-MOF/OVA can enhance BMDC maturation.
Besides, SP-c-CD-MOF/OVA treatment efficiently promotes
the secretion of IL-6 and IL-4. Hence, the results confirmed
that SP-c-CD-MOF/OVA could activate and mature BMDCs,

Figure 5. (A) The antigen-specific titers of IgG at indicated time points. (B) Splenocyte proliferation index. (�p< .05, �� p< .01,��� p< .001).

Figure 4. Hematoxylin and eosin (H&E) staining of histological sections (�100)(liver, kidney).
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enhance antigen processing, and induce protective
immune responses.

3.6. Lymphocyte activation

T cells, as important lymphocytes, mediate immunity. CD8þ T
cells can recognize endogenous antigens, while CD4þ T cells
play an important role in the activation and regulation of
specific immune responses. The proportion of CD8þ T and
CD4þ T cells reflected the strength of the immune response.
CD4þ T and CD8þ T cells of splenocytes were measured with
labeling specific antibodies. The results showed that the per-
centage of CD4þ T and CD8þ T cells from SP-c-CD-MOF/OVA
was 0.98%. And in the OVA group, the percentage of CD4þ T

and CD8þ T cells was only 0.54% (Figure 8). SP-c-CD-MOF/
OVA significantly increased the proportion of CD4þ T and
CD8þ T cells more than other groups. The activation of
immune cells initiated the whole immune response. The
effective activation of effector lymphocyte cells initiated the
immune reaction and induced effective specific
immune responses.

4. Conclusions

In this study, we developed a kind of SP-c-CD-MOF with sim-
plicity, convenience, and greenness, through solvent evapor-
ation. In terms of biocompatibility and cost-effectiveness,
SP-c-CD-MOF as vaccine adjuvant was evaluated. The SP-c-

Figure 6. The levels of cytokine secretion by splenocytes. IFN-c (A), TNF-a (B), and IL-6 (C). (�p< .05, �� p< .01).

Figure 7. Cytokine release of BMDCs stimulated with various adjuvants. (A)IL-1b, (B) IL-12, (C) IL-6, and (D) IL-4. (�p< .05).
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CD-MOF loaded with OVA (SP-c-CD-MOF/OVA) can promote
the production of OVA-specific antibodies, enhance spleno-
cyte proliferation, and increase the cytokine secretion of sple-
nocytes. In addition, SP-c-CD-MOF/OVA induces BMDC
activation and maturation and facilitates the activation of
lymphocyte cells (CD4þ T and CD8þ T lymphocytes cells) to
induce strong immune responses. This study shows the
potential of SP-c-CD-MOF in vaccine adjuvants and provides
a novel idea for the development of vaccine adjuvants. We
envision that the SP-c-CD-MOF could be possible used to
deliver mRNA, DNA and other specific antigen against bac-
terial and virus infections. Beyond this, this finding lays the
foundation for the design of other safe and effective vaccine
adjuvants, which would facilitate the application in biomed-
ical areas.
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