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Background: Vaccination provides a viable alternative to antibiotics for the treatment of 
drug-resistant bacterial infection. Bacterial protoplasts have gained much attention for a new 
generation vaccine due to depleting toxic outer wall components.
Purpose: The objective of this study was to reveal the effects of bacterial protoplast-derived 
nanovesicles (PDNVs) size on antibacterial immunity.
Methods: Herein, we prepared bacterial PDNVs with different sizes by removing the cell 
wall of Staphylococcus aureus (S. aureus) to generate multi-antigen nanovaccines. 
Furthermore, we investigated the ability of PDNVs in different sizes to activate dendritic 
cells (DCs) and trigger humoral and cellular immune responses in vivo.
Results: We obtained particles of ∼200 nm, 400 nm, and 700 nm diameters and found that 
all the PDNVs readily induce efficient maturation of DCs in the draining lymph nodes of the 
vaccinated mice. Dramatically, the activation of DCs was increased with decreasing particle 
sizes. In addition, vaccination with PDNVs generated elevated expression levels of specific 
antibody and the production of INF-γ, especially the smaller ones, indicating the capability 
of inducing strong humoral immunity and Th1 biased cell responses against the source 
bacteria.
Conclusion: These observed results provide evidence for size-dependent orchestration of 
immune responses of PDNVs and help to rationally design and develop effective antibacter-
ial vaccines.
Keywords: nanoparticles, protoplasts, size, bacterial vaccines

Introduction
Staphylococcus aureus (S. aureus), a typical human pathogenic bacterium, has 
become a significant threat to global public health with the incidence of associated 
infectious diseases increasing continually.1 Overuse of antibiotic regimens leads to 
the emergence of resistance, which presents a great challenge to clinical treatment. 
Drug-resistant S. aureus can induce severe skin lesions, pneumonia, bacteremia and 
meningitis life-threatening diseases.2 As highlighted by the World Health 
Organization (WHO) recent report, S. aureus spread worldwide, which is majorly 
responsible for high mortality by multidrug-resistant organism infection.3 With the 
development of new antibiotics near stagnant, exploration in novel antibacterial 
strategies against drug-resistant S. aureus infections is crucial.4–6 Vaccination has 
become a promising approach for preventing or treating infectious diseases, which 
is easy operation, extensive application, and possesses the ability of generating 
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long-term protection.3,7 Training host immune systems to 
recognize and combat pathogens by vaccination can be 
leveraged to enhance the ability of innate immunity and 
induce highly specific responses against pathogens in 
adaptive immunity.1,8,9

Recently, bacterial derivatives, such as extracellular 
vesicles (EVs, also known as outer membrane vesicles 
[OMVs] in Gram-negative bacteria) and protoplast- 
derived nanovesicles (PDNVs) have emerged as attractive 
vaccines or delivery systems.10–12 Both EVs and PDNVs 
contain various biological immune stimulating compo-
nents with the ability of activation immune system.13 

They are spherical non-replicating vesicles formed with 
bilayered membrane, which incorporate with various bac-
terial proteins, polysaccharides, lipids and nucleic acids. 
Recent studies have shown that EVs with inherently multi- 
antigen and immunostimulatory is a reliable vaccine 
platform.14,15 EV vaccines against N. meningitidis shown 
great clinical efficacy in Cuba, Norway, and New 
Zealand.16 However, EVs usually contain some virulence 
factors, such as endotoxin lipopolysaccharide (LPS), pneu-
molysin (Ply), and pore-forming toxin Cytolysin A (ClyA) 
derived from bacteria.17 Therefore, the safety of EVs 
limits their further application. In addition, the relatively 
low quantities of EVs released from bacteria will result in 
a high cost.18 In contrast, PDNVs are harvested by remov-
ing the cell wall of bacteria where most of the bacterial 
toxins located. Due to the depletion of the toxic compo-
nents on the cell wall, PDNVs are believed to be safe for 
use as vaccines or drug delivery vectors.19 Also, as the 
development of nanotechnology, crude protoplasts are 
micro-sized vesicles which have a broad range of size 
adjustability providing attractive options for optimizing 
the vaccine delivery systems.20,21

Nowadays, increasing studies showed the size of parti-
culate vaccines strongly influence vaccine properties.22,23 

Rational designs of vaccines on particular size will achieve 
orchestrating immune responses. Upon peripheral injec-
tion, the vaccines are taken up by antigen presenting 
cells (APCs) or directly enter the afferent lymphatic ves-
sels and traffick to the secondary lymphoid tissue.24,25 

Sizes of particles will affect their routes of antigen deliv-
ery to the lymphoid tissue. Small sized particles (< 10 nm) 
can direct traffic into capillaries of circulatory system. 
Particles with the sizes of 10 ~ 200 nm can enter lymphatic 
capillary, while particles larger than 200 nm can be pha-
gocytosed by partial APCs and migrated to lymph 
nodes.26,27 Compared with transportation by APCs in 

peripheral tissues, antigens targeting to lymph nodes 
directly can induce stronger immune responses due to 
abundant APCs, B cells, and T cells in lymphoid 
tissues.20 Moreover, the APC activation and immune 
responses are also affected by particle sizes because of 
drainage and retention in lymph nodes. Smaller particles 
tend to be internalized more efficiently by APCs, while 
particles with larger size have better ability of retention in 
lymph nodes.28–30 Despite a number of studies attempted 
to illustrate the corresponding rules between particle sizes 
and vaccination efficacies, most studies are focused on 
non-liposome particles.27,31 Bacterial protoplasts have 
gained great attention as promising vaccine with lipid 
structures.32 However, the effects of size on immune 
responses were still unknown.

In this study, in an attempt to optimizing vaccination 
efficacy, we prepared bacterial PDNVs with different sizes 
as multi-antigen vaccines (Figure 1). We then assessed the 
size, potential, morphology and stability of PDNVs. 
Furthermore, the size effects on APC activation, humoral 
and cellar immune responses were investigated in vivo.

Materials and Methods
Materials
BCA protein assay kit was purchased from the Beyotime 
Institute of Biotechnology (Haimen, China). FITC- 
conjugated anti-mouse CD11c antibody was purchased 
from BioLegend (San Diego, USA). PE-conjugated 
CD86 monoclonal antibody, PE-conjugated CD80 mono-
clonal antibody, and PE-conjugated CD40 monoclonal 
antibody were purchased from Invitrogen (Carlsbad, 
USA). Drug-resistant S. aureus BW15 was obtained from 
Dr. Gao (School of Medicine, Yangzhou University). 
Unless otherwise stated, all other reagents were purchased 
from the Nanjing Well Offer Biotechnology Co., Ltd. 
(Nanjing, China).

Bacterial Culture and Preparation of 
PDNVs
Drug-resistant S. aureus BW15 were cultured on Luria 
broth (LB) agar overnight at 37 °C. Then a single colony 
was inoculated into LB medium. Following shaking at 
250 rpm for 10~12 h, a 1:100 dilution of bacteria were 
further cultured until they reached late-logarithmic-phase. 
We first prepared EVs as positive control, the bacteria 
were centrifuged at 5000 g for 15 min. Then the medium 
were filtered through a 0.45 μm vacuum filter and the EVs 
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were pelleted by centrifuging at 150,000 g for 2 h at 4 °C 
(Beckman Coulter, California, USA).33 To prepare 
PDNVs, EDTA was added slowly until the final concen-
tration reached 10 mM and then incubated on a rotary 
shaker for 30 min. Then, the cells were centrifuged at 
3000 g for 20 min and treated with lysozyme (2 mg/mL) 
at 37 °C for 1 h. The protoplast was harvested by centri-
fugation at 4000 g for 20 min at 4 °C.11 Protoplast was 
then sequentially extruded thrice through 0.8, 0.4 and, 0.2 
μm sized polycarbonate membrane filters with an Avanti 
mini-extruder to generate PDNV1, PDNV2, and PDNV3, 
respectively.

Characterization of PDNVs
The hydrodynamic size, polydispersity (PDI) and zeta 
potential of a series of PDNVs were measured by Zeta 

Plus (Malvern Instruments, Worcestershire, UK). The mor-
phology of PDNVs with different sizes from S. aureus 
were investigated by transmission electron microscopy 
(TEM; Tecnai 12, Philips, Holland). The protein composi-
tions of PDNVs were analyzed by SDS-PAGE. The stabi-
lity of three different size PDNVs were evaluated by 
determining size changes incubated with PBS (pH 7.4) at 
different time points by Zeta Plus.

Animal Care and Injections
The animal studies were approved by Jiangsu Province 
Administrative Committee for Laboratory Animals and 
complied with the guidelines of the Animal Care and 
Use Committee of Yangzhou University (Approval code: 
201930788). Pathogen-free 5-week-old male C57BL/6 
mice were purchased from Laboratory Animal Centre of 

Figure 1 A schematic illustration of size-dependent antibacterial immunity of S. aureus protoplast-derived particulate vaccines. Briefly, protoplasts were prepared by treating 
with lysozyme to remove the cell wall of S. aureus. Then the protoplasts were extruded serially through polycarbonate membranes to obtain different sizes of PDNVs. As 
a control group, EVs were prepared from the supernatant of bacterial cultures by ultracentrifugation. When injected subcutaneously into mice, PDNVs displayed size- 
dependent antibacterial immunity (iDC, immature DC; mDC, mature DC).
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Yangzhou University, randomly grouped (n = 6) and 
allowed to adapt the animal facility for one week before 
experiments. The mice were injected at the tail base via 
the subcutaneous routes with 5 μg of PDNVs on day 
0, day 7, and 14. EVs were used as the positive control 
and saline as the negative control.

DC Maturation Induced by PDNVs with 
Different Sizes
For evaluating DC activation, inguinal lymph nodes were 
isolated 12 h after a single injection of PDNVs or EVs. 
The collected lymph nodes were teased with 26-gauge 
needles and digested into single cell suspensions by col-
lagenase. Subsequently, cells were washed, blocked, and 
stained with fluorescently labelled anti-mouse antibodies 
against CD11c, CD86, CD80, and CD40. All the samples 
were analyzed by flow cytometry. A total of 10,000 cells 
were counted for analyze frequency.

Bacterium-Specific Antibody Responses 
in vivo Induced by PDNVs with Different 
Sizes
One day before immunization, serum was collected and used 
to quantified antibacterial IgG antibodies by an ELISA assay. 
Ninety-six-well plate was coated with S. aureus and then 
blocked with 1% BSA. The blood serum was diluted by 
blocking buffer and 100 μL diluted serum was loaded into 
the plate for incubating for 1 h at 37 °C. Then, the wells were 
treated with peroxidase-conjugated anti-mouse IgG for 1 h at 
37 °C, then HRP-conjugated anti-mouse IgG antibody was 
added and incubated for 1 h at 37 °C. Finally, the antibacterial 
IgG antibodies were quantified by measuring the UV-Vis 
absorbance at 450 nm. The avidity detection was performed 
by incubating plates with urea (6 M) to remove the weak 
bound IgG before adding HRP-conjugated antibodies. The 
avidity index was defined as the ratio of IgG titer with urea to 
IgG titer without urea.

Bacterium-Specific T Cell Activation 
Responses in vivo Induced by PDNVs 
with Different Sizes
Mice were sacrificed and their spleens were collected from 
each group on day 21. The single splenocytes were pre-
pared similar with DCs as illustrated above. The cells were 
resuspended with PBS and seeded onto 12-well plates with 
a density of 2 × 105 cells/well. S. aureus were inactivated 

by formalin and 1 × 107 CFU of bacteria were added to 
each well incubating for 3 days. After that, the concentra-
tions of IFN-γ and IL-4 in supernatants were quantified 
using ELISA assays.

Statistical Analysis
Statistical assessments were conducted using a two-sided 
Student’s t-test for two groups (P < 0.05 was considered 
statistically significant). *P < 0.05, **P < 0.01, ***P < 
0.005, vs. control or the relevant group, as illustrated in the 
figure legends. The results are shown as the means ± SD.

Results and Discussion
Preparation and Characterization of 
PDNVs from S. aureus
In this study, PDNVs and EVs from drug-resistant S. aureus 
strains BW15 were prepared by established protocols 
(Figure 1).34 The obtained PDNVs sequentially extruded 
through 0.8 μm, 0.4 μm, and 0.2 μm polycarbonate mem-
brane filters were named PDNV1, PDNV2, and PDNV3, 
respectively. Zeta Plus analysis showed the diameters of 
PDNV1, PDNV2, PDNV3, and EV was 712 ± 20.96 nm, 396 
± 11.45 nm, 220 ± 10.21 nm, and 142 ± 10.96 nm with PDI 
of 0.39 ± 0.01, 0.21 ± 0.01, 0.23 ± 0.01, and 0.26 ± 0.01, 
respectively (Figure 2A). All the vesicles displayed similar 
zeta potentials approximately −15 mV as shown in Figure 
2B. To compare the stability of PDNVs with different sizes, 
we used PBS to simulate physiologic ionic conditions and 
to study the colloidal stability of PDNVs. Changes in the 
hydrodynamic size of the vesicles were monitored for 7 
days in PBS (Figure 2C). The results showed that the size 
of PDNV1 changed a lot within 1 week. The average max-
imum diameter of PDNV1 over the 7 days is 682±95.19 nm, 
while the minimum diameter is 418.83±92.86 nm, and the 
change is more than 200 nm. In contrast, the PDNV2, 
PDNV3, and EV showed negligible hydrodynamic size 
change during the whole period of the study. The results 
indicate that PDNVs with smaller size were more stable. 
The protein bands of PDNVs with different sizes were 
similar, which indicated the protein compositions of 
PDNVs were not be impaired in the process of preparation. 
Even PDNV with smaller particle size could provide abun-
dant protein antigens (Figure 2D). The morphologies of 
representative PDNVs and EVs were determined by TEM 
(Figure 3). All vesicles presented as spherical particles. And 
these results observed in TEM were consistent with the 
sizes analyzed by Zeta Plus (Figure 2A).
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DC Maturation Induced by PDNVs with 
Different Sizes in vivo
We next evaluated the vaccine potential of PDNVs with 
different sizes in vivo. Mature DCs are the first line of 
cells in the initiation of antigen specific immune response, 
which were featured by upregulated expression levels of 
costimulatory molecules. Therefore, we analyzed the upre-
gulation of CD86, CD80, and CD40 by DCs in the drain-
ing lymph nodes using flow cytometry.35–37 Mice were 
divided into five groups (n = 6) and injected subcuta-
neously at the tail base with PDNV1, PDNV2, PDNV3, 
EV (positive control), and PBS (negative control), respec-
tively. Then the inguinal lymph nodes were collected after 
twelve hours of the injection. As shown in Figure 4A–C, 
compared with control group (CD86, 9.9%; CD80, 3.3%; 
CD40, 8.9%), all the PDNVs and EVs elevated the expres-
sion levels of CD86, CD80, and CD40 in DCs. PDNVs 

with different sizes showed different expression levels of 
CD86 (PDNV1, 10.9%; PDNV2, 13.1%; PDNV3, 40.3%), 
CD80 (PDNV1, 7.3%; PDNV2, 13.9%; PDNV3, 35.3%), 
and CD40 (PDNV1, 19.3%; PDNV2, 24.6%; PDNV3, 
41.6%). PDNV3 displayed similar results with EVs 
(CD86, 43.5%; CD80, 31.8%; CD40, 45.6%) to promote 
DC maturation. These results indicated that smaller-sized 
PDNVs were able to induce more efficient activation of 
DCs by providing stronger co-stimulatory signals. These 
phenomena can be attributed to the superior stability of 
smaller particles as shown in Figure 2C. In addition, DC 
maturation requires efficient lymph node accumulation of 
antigens. Particles distribute to lymph nodes including 
active and passive ways and the fate depends strongly on 
particle size. Smaller particles (< 200 nm) are hypothe-
sized to be convected much easier through the interstitial 
flow, whereas larger particles require transport by tissue- 

Figure 2 Characterization of PDNVs with different sizes. (A–B) Hydrodynamic size (diameter, nm) and zeta potential of PDNVs. S. aureus-derived EVs were used as 
positive control. (C) Size changes of PDNVs in PBS buffer. (D) SDS-PAGE analysis of PDNVs. The molecular weights of a protein marker are shown on the left. Data are 
presented as means ± SD (n = 3).

International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                      
10325

Dovepress                                                                                                                                                              Fan et al

http://www.dovepress.com
http://www.dovepress.com


Figure 3 Representative TEM images of PDNVs and EV from S. aureus. The scale bars of the inserted panels are 200 nm.

Figure 4 DC cellular maturation induced by PDNVs with different sizes in the draining lymph nodes in vivo. Expression of CD86 (A), CD80 (B), and CD40 (C) on CD11c+ 

DCs from inguinal lymph nodes of the mice was determined by flow cytometry (n = 6).
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resident DCs to shuttle them to the lymph nodes. 
Moreover, several studies have reported smaller-sized 
nanoparticles are taken up more efficiently by DCs no 
matter in the injection site or lymph node. Therefore, the 
potent activation of DCs by PDNVs highlights the advan-
tage of using small-sized vesicles for DC activation.

Antibody Responses in Mice Triggered by 
PDNVs with Different Sizes
To investigate the ability of PDNV to induce bacterium- 
specific B cell responses, we next examined the antibody 
responses in mice. During the immunization process, the 
S. aureus-binding IgG titers were measured by collecting 
sera from mice of all groups.38,39 As shown in Figure 5A, 
a continuous increase in S. aureus-binding IgG was detected 
in both PDNVs and EV groups, but not in PBS group during 
the period. The results showed that PDNV3 induced higher 
bacterium-specific antibody titers compared with the 
PDNV1 and PDNV2, which was similar with EV group. 
Beyond the titer levels, we also assessed the avidity against 
the source bacteria of sera collected from the immunized 
mice. As shown in Figure 5B, the significant enhancement 
of PDNV3 in avidity index to the S. aureus bacteria com-
pared with PDNV1 and PDNV2 was observed, which was 
comparable to the positive control. Dramatically, the avidity 
was increased with decreasing particle sizes. Overall, vacci-
nation with PDNV3 generated higher specific antibody 
responses and avidity to bacterium, indicating the potential 
of small-sized PDNVs for enhancing antibacterial immunity.

T Cell Activated by PDNVs with 
Different Sizes in vivo
T cell-mediated immunity has become a crucial role in 
eliciting effective protection against bacterial infections. 

The levels of IFN-γ and IL-4 were used for quantifying 
T cell activation in the cell culture after restimulation of 
splenocytes by inactivated bacteria.40–42 As shown in 
Figure 6A, the levels of IFN-γ were higher in mice immu-
nized with either PDNVs or EVs compared with the con-
trol mice, implying S. aureus-specific Th1 cell activation. 
The results also showed that mice immunized with 
PDNV3 generated significantly higher levels of IFN-γ 
(P < 0.05) than PDNV1 and PDNV2 immunized mice, 
indicating a higher efficacy of small-sized PDNVs in 
activating T cells. However, the level of IL-4, 
a representative Th2 cytokine, showed no obvious changes 
in all the groups (Figure 6B). Altogether, the elevated 
production of IFN-γ but not IL-4 suggested strong Th1 
biased cell responses against the S. aureus bacteria 
infection.43–45 On the contrary, Th2 biased cell response 
are usually associated with extracellular parasite infec-
tions or asthma, which was not activated by PDNVs 
immunization.

Conclusion
In this study, we developed bacterial PDNVs with different 
sizes to study their ability as vaccine delivery system against 
drug-resistant S. aureus infection. Small-sized PDNVs 
showed better stability in biological buffer solutions than 
the large ones. In addition, our key findings demonstrate 
that as the vesicle size decreased, the DC maturation, B cell 
antibody response, and T cell response increased in PDNV 
immunized mice. PDNVs smaller than 200 nm induced sig-
nificant improved B cell antibody response with high avidity 
than other sized PDNVs. In T cell-mediated immunity, the 
results showed PDNVs less than 200 nm elevated production 
of IFN-γ significantly, indicating their ability to generate Th1 
biased cell responses against the source bacteria. Overall, 

Figure 5 Effects of PDNV size on antibody responses in vivo. (A) Time course of bacterium-specific IgG titers. (B) Quantified avidity index of the antisera from immunized 
mice binding to S. aureus. Data are presented as mean ± SD (n = 6). *P < 0.05, vs. indicated groups.
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PDNVs as promising multivalent antigen vaccines offer 
great potentials for designing effective antibacterial vaccines 
by size adjustment. The present study established the way 
towards the design of properly sized PDNVs with high 
vaccine efficacy. Our future studies will focus on compre-
hensive evaluation of the antigen presentation pathways, bio- 
distribution, vaccine efficacy in prophylactic and therapeutic 
models of PDNVs with different sizes.
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