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Current vaccination schedules, including COVID-19 vaccines, require multiple doses to be administered.
Single injection vaccines eliciting equivalent immune response are highly desirable. Unfortunately be-
cause unconventional release kinetics are difficult to achieve it still remains a huge challenge. Herein a
single-injection COVID-19 vaccine was designed using a highly programmable release system based on
dynamic layer-by-layer (LBL) films. The antigen, S1 subunit of SARS-CoV-2 spike protein, was loaded in
CaCO5; microspheres, which were further coated with tannic acid (TA)/polyethylene glycol (PEG) LBL films.
The single-injection vaccine was obtained by mixing the microspheres coated with different thickness of
TA/PEG films. Because of the unique constant-rate erosion behavior of the TA/PEG coatings, this system
allows for distinct multiple pulsatile release of antigen, closely mimicking the release profile of antigen
in conventional multiple dose vaccines. Immunization with the single injection vaccine induces potent
and persistent S1-specific humoral and cellular immune responses in mice. The sera from the vaccinated
animal exhibit robust in vitro viral neutralization ability. More importantly, the immune response and vi-
ral inhibition induced by the single injection vaccine are as strong as that induced by the corresponding
multiple dose vaccine, because they share the same antigen release profile.
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Statement of significance

Vaccines are the most powerful and cost-effective weapons against infectious diseases such as COVID-
19. However, current vaccination schedules, including the COVID-19 vaccines, require multiple doses to
be administered. Herein a single-injection COVID-19 vaccine is designed using a highly programmable
release system. This vaccine releases antigens in a pulsatile manner, closely mimicking the release pattern
of antigens in conventional multiple dose vaccines. As a result, one single injection of the new vaccine
induces an immune response and viral inhibition similar to that induced by the corresponding multiple-
dose vaccine approach.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The global COVID-19 pandemic has lasted for more than 2 years
and caused over 6.0 million deaths according to Johns Hopkins
University [1]. Similar to the prevention of other infectious dis-
eases, vaccine is regarded as the best approach to contain the
deadly pandemic [2-4]. Numerous COVID-19 vaccine candidates
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are now investigated world-wide, using different platforms includ-
ing inactivated or live attenuated viruses, subunit vaccines, viral
vectors, and nucleic acid [2,3]. Some of them have been authorized
for emergency use and help reduce the number of hospitalizations
and deaths due to COVID-19 [2]. However, for most of the COVID-
19 vaccines, to achieve a long-lasting and potent protective immu-
nity, additional booster immunizations are required [2]. For subunit
vaccines this is particularly true because of their limited immuno-
genicity. Subunit COVID-19 vaccines have been designed using var-
ious antigens, including trimeric spike protein of the novel coron-
avirus [5,6], the S1 subunit of spike protein [7,8], receptor-binding
domain of spike protein [9-12], etc. Even when various adjuvants,
including alum [12], Freund’s adjuvant (FA) [12], Toll-like receptor
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9 agonist CpG [6,8], monophosphoryl lipid A for Toll-like recep-
tor 4 [8], and cubic manganese oxide nanoparticle [9], and vari-
ous delivery systems, including liposomes [8], polymersomes [6],
and mesoporous silica rods [13], were used, booster immunizations
were still required [2].

Replacing multiple-dose vaccines with single-dose ones will not
only reduce vaccination costs, but more importantly improve the
compliance and thus raise the vaccination coverage [14-16]. Par-
ticularly considering the high contagiousness of COVID-19-causing
SARS-CoV-2 virus, less physician office visits reduce the possibil-
ity of being transmitted during the visits. Single-injection vaccines
can be designed using controlled-release systems which allow sus-
tained or pulsatile release of an antigen [16]. Unfortunately, be-
cause of the difficulty in achieving the unconventional release ki-
netics, no commercialized single injection vaccine appeared yet,
despite of significant efforts made during the past four decades
[15].

Compared with sustained antigen release, pulsatile release
mimics the conventional vaccine schedule more closely [16], and
therefore might be more safe and effective [15]. Presently most
studies use poly(lactic-co-glycolic acid) (PLGA) microspheres to en-
capsulate antigens to achieve a delayed release [17-20]. The en-
capsulation process often leads to denaturation and loss of anti-
genicity of the antigens [20]. Distinct pulsatile release is difficult
to achieve using this method. In addition the lag time is difficult
to adjust [17-20].

We previously demonstrated that layer-by-layer (LBL) films as-
sembled using dynamic bonds as driving forces, or dynamic LBL
films, disintegrate in water [21,22]. In addition, the disintegra-
tion rate keeps constant if the film is assembled from monodis-
perse components [23]. Using them as erodible coatings time-
controlled release systems with distinct pulsatile releases were de-
signed [24,25]. The lag time can be precisely and facilely controlled
by coating thickness. Herein we demonstrated that distinct mul-
tiple pulsatile release of subunit antigen, which closely mimics
the release profile of the common multi-bolus regimens, can be
achieved using this powerful delivery system. Then using the S1
subunit of the SARS-CoV-2 spike protein as the antigen, a single-
injection COVID-19 vaccine was designed. The single injection vac-
cine elicits potent humoral and cellular immune responses and
neutralizing antibody response against novel coronavirus. More im-
portantly, these responses are comparable to the corresponding
multiple-dose vaccines.

2. Experimental section

Materials: S1 subunit of the SARS-CoV-2 spike protein (S1), the
SARS-CoV-2 Pseudovirus Neutralization Test Kit and the SARS-CoV-
2 Surrogate Virus Neutralization Test Kit were obtained from Gen-
Script. Poly(ethylene imine) (PEI, Mw 25,000), tannic acid (TA), and
polyethylene glycol (PEG, Mw 10,000) were obtained from Sigma-
Aldrich. Calcium chloride (CaCl,, AR) was obtained from Beijing
Chemical Works. Sodium carbonate (Na,CO3, GR) was purchased
from Bohai Chemical Industry. Cyanine5 N-hydroxysuccinimide
ester (Cy5-NHS ester) was obtained from MeiLunBio. Mouse
granulocyte-macrophage colony stimulating factor (GM-CSF) and
interleukin-4 were purchased from Abbkine (Wuhan, China). Tu-
mor necrosis factor-o (TNF-«), interferon-y (IFN-y), mouse cy-
tokine interleukin-6 (IL-6) and mouse cytokine interleukin-4 (IL-
4) ELISA kits were purchased from Meimian (Jiangsu, China). Cell
counting kit-8 (CCK-8) kits were purchased from Beyotime Biotech-
nology (China). BCA protein assay kits were provided by NJJCBIO
(Nanjing, China). BSA was provided by Gentihold. Fluorescein
isothiocyanate (FITC) was purchased from Solarbio. Fluorescein-
labeled bovine albumin (FITC-BSA) was synthesized from FITC and
BSA following the manufacturer’s instructions. Cyanine5-labeled
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bovine albumin (Cy5-BSA) was synthesized from BSA and Cy5-NHS
ester following the manufacturer’s instructions.

Preparation of S1 subunit-loaded CaCOs; microspheres: To pre-
pare S1 subunit-loaded CaCO3; microspheres (S1@CaC0O3), 1 mL of
Na,CO3 (0.3 M) was added to 1 mL of CaCl, (0.3 M) containing
500 pg of S1 subunit. After 5 min stirring, the precipitate was cen-
trifugated, washed with deionized water for 3 times, and freeze-
dried. Other protein-loaded CaCO3; microspheres, i.e.,, BSA@CaCOs3,
FITC-BSA@CaCO3 and Cy5-BSA@CaCO3;, were prepared using the
same method. The loading efficiency of protein was determined us-
ing BCA protein assay kits or a RF-5301PC Shimadzu fluorescence
spectroscope. The empty CaCO3; microspheres were prepared using
the same process but no protein was added.

Preparation of single-injection vaccine: For the preparation of the
single-injection vaccines, the S1@CaCOs; microspheres were first
coated with TA/PEG films via layer-by-layer assembly [26]. For this
purpose, TA (1 mg/mL) and PEG (1 mg/mL) solutions were pre-
pared using phosphate buffer solution (5 mM Na,HPO,4, 10 mM
NaH,PO4). To assemble a prime PEI layer, S1@CaCO3; was mixed
with PEI (1 mg/mL), stirred at 4 °C for 7 min, and separated by
centrifugation. They were then rinsed with buffer solution for 3
times. A TA layer was then deposited onto the microspheres us-
ing the similar procedure, followed by the deposition of a PEG
layer. The alternative assembly cycle was repeated until the de-
sired bilayer number was obtained. The resulting microspheres
were lyophilized and named as S1@CaCO3/(TA/PEG)x, where “Xx”
represents the bilayer number of TA/PEG film. Finally mixing
S1@CaC03, S1@CaCO3/(TA/PEG),g and S1 @CaCOs/(TA/PEG)so mi-
crospheres (antigen weight 1:1:1) gave the single-injection vaccine.
Other CaCO5 microspheres, either loaded with protein or not, were
covered with TA/PEG films similarly. A Phenom Desktop SEM was
used to characterize the morphology of the particles. The sizes of
the particles were measured using dynamic light scattering (BIC,
USA).

Disintegration of TA/PEG coatings: To measure the disintegration
kinetic of TA/PEG coatings, CaCO3/(TA/PEG), microspheres (1 mg)
were added in pH7.4 0.01M phosphate buffer (5 mL) at 37 °C. The
solution was completely collected for analysis at predetermined
time intervals and equal volume of fresh solution was refilled. The
concentration of TA in the release media was determined using a
UV-2401PC Shimadzu UV-Vis spectrometer at 221 nm.

In vitro release of protein: To measure the release kinet-
ics of protein loaded in CaCO; microspheres, 1 mg of FITC-
BSA@CaCOs/(TA/PEG), microspheres were added in pH 7.4 0.01M
phosphate buffer solution (5 mL) at 37 °C. At predetermined time
intervals, the release solution was completely collected, followed
by the addition of equal volume of fresh solution. The amount
of FITC-BSA released into the media was measured using a RF-
5301PC Shimadzu fluorescence spectroscope. CD spectra of the
protein were acquired using a Chirascan V100 circular dichroism
spectrometer.

Antigen retention and APC recruitment: The animal experiments
in the study were approved by the Animal Care and Use Com-
mittee at Nankai University (No. 2022-SYDWLL-000466). To study
the retention of antigen, different formulation vaccines containing
the same amount of Cy5-BSA as model antigen, i.e., free protein,
free protein + Alum and protein@CaCOs3;, were injected subcuta-
neously into the hind neck of mice (C57BL/6, female, 6-8 weeks
old, n = 6). At predetermined time intervals, the fluorescence im-
ages of mice were captured using a Lumina II IVIS® Spectrum sys-
tem at 640 nm excitation wavelength. Before imaging, the mice
were anesthetized by inhalation with 3% isoflurane. To study the
recruitment of APCs, the subcutaneous adipose tissues near the in-
jection sites were collected at the 48 h post injection. The infil-
tration of APCs was evaluated by hematoxylin and eosin staining
(H&E).
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In vivo release of protein: Various formulations with the
same dose of Cy5-BSA, including free Cy5-BSA, Cy5-BSA@CaCOs,
Cy5-BSA@CaCO3/(TA/PEG);0, Cy5-BSA@CaCO3/(TA/PEG)49
and Cy5-BSA@CaCO3+ Cy5-BSA@CaCOs/(TA/PEG),; + Cy5-
BSA@CaCOs3/(TA/PEG)49, were injected subcutaneously into the
hind neck of mice (C57BL/6, female, 6-8 weeks old, n = 6). At
the predetermined time intervals, the mice were anesthetized and
their fluorescence images were captured.

In vitro activation of BMDCs: From femurs and tibias of mice
(C57BL/6, male, 3-5 weeks old) BMDCs were separated. After
2 min treatment at room temperature with Solarbio RBC lysis
buffer and twice washing with RPMI 1640, the cells were cultured
at 37 °C and 5% CO, in the RPMI 1640 complete medium contain-
ing 10% fatal bovine serum (FBS), 1% antibiotics (P/S), 5 ng/mL IL-4
and 10 ng/mL GM-CSF. Every 2 days the culture media were half-
changed. The non-adherent and loosely adherent cells were col-
lected after 8 days culture. For BMDC activation, the cells were
seeded in 6-well plates with a cell density of 1 x 10° cells per well
and cultured for 12 h. Then free BSA, BSA + Alum or BSA @CaCO;
(2 pg BSA per well) was added, followed by additional 24 h cul-
ture. A group as negative control was treated with medium alone.
Another group as positive control was treated with 1.0 pg/mL LPS.
After 30 min labelling at 4 °C with FITC anti-CD80 antibody and
PE anti-CD40 antibody, the cells were analyzed using a FACS Cal-
ibar flow cytometer. The mean fluorescence intensities (MFI) of the
samples were normalized to that of the negative control. The cy-
tokine levels in the supernatants were measured with ELISA Kits.

Immunization: 5 groups of mice (C57BL/6, female, 6-8 weeks
old) with 6 mice per group were involved in the study. The
PBS, 3 x S1, 3 x S1+Alum, 3 x S1@CaCO3 group received
three injections of PBS, free S1 subunit, S1 subunit with Alum
and S1 subunit@CaCOs3, respectively, at an interval of 14 days.
For the Single injection vaccine group, only one injection of
the single-injection vaccine (S1@CaCO3 +S1@CaCOs3/(TA/PEG) 59
+S1@CaC0O5/(TA/PEG)4) was received. Expect for PBS control
group, for all the groups the total dose of S1 subunit was 24 ng.
Every 7 days sera were collected. The concentrations of the specific
antibodies were determined using a SARS-CoV-2(2019-nCoV) Spike
S1 Antibody Titer Assay ELISA kit (mouse). To follow the growth of
the mice, their weight was measured twice a week. To evaluate the
biosafety of the single-injection vaccine system, the animals were
sacrificed 42 days post immunization. The tissues of heart, lung,
spleen, liver, and kidney were collected, and stained with H&E.

In vitro re-stimulation of splenocytes: From the immunized mice
the splenocytes were collected by grinding the spleens through a
200 mesh cell filter and splitting the erythrocytes 42 days post im-
munization. After PBS washing, the splenocytes were cultured in
RPMI 1640 complete medium supplied with 1% P/S, 10% FBS, and
5 pg/mL S1 subunit. After 72 h culture, the cell viability was as-
sayed using CCK-8. The concentrations of cytokines (IFN-y, TNF-
o, IL-4, and IL-6) in the supernatants (collected after 24 h re-
stimulation) were determined using ELISA Kits. To detect effector
memory T cells, the cells were analyzed with a flow cytometer
(BD, USA) after labeled with PE anti-CD8 antibody, FITC anti-CD4
antibody, and APC anti-CD69 antibody.

SARS-CoV-2 surrogate virus neutralization test: SARS-CoV-2 surro-
gate virus neutralization test kit (GenScript) was used to perform
SARS-CoV-2 surrogate virus neutralization test. The manufacturer’s
protocols were followed. Briefly, using sample dilution buffer the
serum samples were diluted 1:100. After adding equal volume of
HRP-RBD solution, the mixture was incubated at 37°C for 30 min. It
was then added to wells precoated with ACE2 protein. After 15 min
incubation at 37 °C, the plate was washed four times, followed
by adding 100 pL of TMB solution to each well and 15 min in-
cubation in the dark at 25 °C. Finally, by adding the stop solution,
the reaction was terminated, and the absorbance at 450 nm was

493

Acta Biomaterialia 151 (2022) 491-500
recorded. Inhibition of RBD-ACE2 binding was calculated according
to the following equation:

0D Value of Sample
OD Value of Negative Control

Inhibition = (1 ) x 100% (1)

SARS-CoV-2 pseudovirus neutralization test: SARS-CoV-2 pseu-
dovirus neutralization test was performed using the SARS-CoV-2
pseudovirus neutralization test kit from GenScript following the
manufacturer’s protocols. Briefly, the sera were collected from the
immunized mice and inactivated for 30 min at 56 °C. The treated
sera were diluted in proportion, mixed with SARS-CoV-2 pseu-
dovirus and incubated for 1 h. The mixtures were then added to a
dispersion containing 6 x 10> Opti-HEK293/ACE2 cells. After incu-
bated at 37 °C for 48 h, firefly luciferase test agent (GenScript) was
added. The fluorescence signal values were read using Microplate
Reader (Biotek, USA). The infection degree was evaluated by using
the formula:

(2)

Cytotoxicity: In the 96-well plates BMDCs cells were seeded at
a density of 1 x 10° cells per well, followed by adding RPMI 1640
medium containing 10% FBS, 1%PS and various concentrations of
CaCO3/(TA/PEG)4o microspheres (25, 50, 75,100 and 125 npg/mL).
After 24 h culture, CCK-8 reagent (10 pL) was added into the wells.
After 3 h incubation, using a Tecan Spark microplate reader the ab-
sorbance at 450 nm was determined. The cell viability, i.e., the ra-
tio of the absorbance values of the wells containing microspheres
and the negative control wells without microspheres, was calcu-
lated.

Statistical analysis: The experimental data were reported as
means + standard deviation. Statistical analysis was carried out us-
ing one-way ANOVA and indicated using * for p < 0.05, % for <
0.01 and #x*x* for < 0.001.

Inhibition =
1 Value of Positive Control — Value of Blank Control
Value of Negative Control — Value of Blank Control

x 100%

3. Results and discussion
3.1. Synthesis of antigen-loaded microspheres

The synthesis of single-injection subunit COVID-19 vaccine us-
ing S1 subunit of the spike protein (S1) as antigen was schemat-
ically shown in Fig. 1A. First CaCO3 microspheres loaded with S1
subunit were synthesized by mixing Na,CO3 and CaCl, in the pres-
ence of S1. The coprecipitation method has been proved an effi-
cient method to encapsulate proteins in CaCO3 microspheres [27].
To coat the CaCO3 microspheres with tannic acid (TA)/polyethylene
glycol (PEG) films, a primer PEI layer was first deposited, followed
by layer-by-layer deposition of TA and PEG layers [26]. The film
thickness could be facilely controlled by the number of deposi-
tion cycles. In this way S1-loaded CaCO3; microspheres coated with
various thickness of TA/PEG films were produced. Single-injection
COVID-19 vaccine was obtained by simple mixing them.

Because of the high price of S1 subunit, we used a model pro-
tein antigen, BSA, to study the preparation process. As shown in
Fig. 1B, the empty CaCO5; microparticles are spherical with an av-
erage diameter of ~3.43 pm (Fig. 1E). Similar morphology and size
were found for the BSA-loaded particles (Fig. 1C and F). The load-
ing efficiency was determined to be ~60%. The particles remain to
be spherical after being further coated with TA/PEG films, how-
ever, the surface becomes less rough (Figs. 1D and S1). The suc-
cessful film deposition was further demonstrated by the reversal
of surface charge. Before LBL coating, the particles exhibit a nega-
tive Zeta potential. The deposition of a PEI layer reverses it to be
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positive, but further deposition of TA/PEG films reverses it to be
negative again (Fig. 1G).

3.2. Release kinetics of protein antigen

The disintegration of TA/PEG films on CaCO3; microspheres was
studied by following the release of TA from the coatings into the
solution. For all samples, the amount of TA released into the media
increases linearly with time, indicating a constant-rate disintegra-
tion of the films (Fig. 2A). The release rate in terms of TA amount is
the same for all the samples (Fig. 2B). Therefore the time required
for complete disintegration of the film increases linearly with the
film thickness (Fig. 2C). Adding fetal bovine serum into the media
does not change the release profiles, suggesting negligible effect of
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proteins on the disintegration of TA/PEG films (Fig. S2). The unique
behavior of TA/PEG films was previously explained [28]. Simply,
because TA and PEG are bonded with hydrogen bonds, which are
reversible and dynamic, the TA/PEG films disintegrate slowly when
soaked in water [28]. Similar gradual disintegration behaviors were
also observed for other LBL films assembled using reversible, dy-
namic interactions as driving forces [21-25]. The disintegration of
the film is actually the dissociation of TA/PEG complex in the film.
The disintegration rate, R, under the experimental conditions can
be written as:

R = kq[TA/PEG] (3)

The concentration of TA/PEG complex is constant because it is a
solid-like material. In addition, since both TA and PEG have a nar-



X. Zhou, H. Wang, Y. Luo et al.

Acta Biomaterialia 151 (2022) 491-500

O

2000

FITC-BSA@CaCO, /(TAPEG),

1000
Time(min)

—v—n=0 1500+
—0—n=35
—o— n=10
—&—n=15

10004

Time (min)

3]
o
o

o Lagtime
o Disintegration time

2y

ey
2000

10 15
Bilayer number

3000 5 20

— Original protein (BSA)
Released sample

7

Circular Dichroism (mdeg)

)
=
1004 5]
‘s WW s 08'1
Q = P [0}
g§&mis 7 FF 8 o0s{|
o< i ; ¥ I FITC-BSA@Caco, °
o g I ; (TAPEG), = X ot
2 ;504 PFod § S 0.4 4
= [ | 3 £ ——a=0 o It
= e ; £ —0—n=>5 E 4o
g 25"] X —o—n=10 g 024 L ¢
(&) —o—n=15 g Y
0+ T T + 00
0 1000 2000 3000 7} 0
. : -
Time (min)
= 04
- (=}
© 1001 s
[ °
S @ 031
2 = ]
s s
om w024
= O 504 o
§E 2
gL © 011
S = B
o ) R
B 4
0 T T = 0.04%
0 1000 2000 3000 i 0
Time (min)

1000

Time (min)

220 240 260

Wavelength (nm)

2000 3000 200

Fig. 3. (A) Release kinetics of FITC-BSA from TA/PEG films-coated FITC-BSA@CaCO; microspheres. (B) 1st derivative of the release profiles. (C) Disintegration time
and lag time as a function of bilayer number of the TA/PEG coatings, respectively. (D) Release profile of FITC-BSA from a mixture of FITC-BSA@CaCOs/(TA/PEG)s,
FITC-BSA@CaCOs/(TA/PEG);o and FITC-BSA@CaCOs/(TA/PEG);5. (E) 1st derivative of the release profile. (F) CD spectra of the pristine BSA and BSA released from

BSA/CaCOs /(TA/PEG)ss.

row molecular weight distribution, k; could be regarded as con-
stant. Therefore, disintegration rate of the film is constant [23,29-
33].

The unique disintegration behavior of TA/PEG film makes it an
ideal erodible coating for delayed drug release systems [24]. As
a demonstration, FITC-BSA were encapsulated in bare and TA/PEG
film-coated CaCO3 microspheres. When the bare particles were put
into a solution, a burst release of FITC-BSA was observed immedi-
ately. In contrast, a delayed release of FITC-BSA was observed for
the TA/PEG films-coated particles (Fig. 3A). The release of FITC-BSA
is prevented by the TA/PEG coating until the coating is fully disin-
tegrated. The delayed release of FITC-BSA can also be demonstrated
by the 1st derivative of the release profiles (Fig. 3B). The lag time
increases linearly with the film bilayer number (Fig. 3C), suggesting
it can be precisely controlled by the number of assembly cycles. In-
deed, the lag time and the corresponding disintegration time of the
TA/PEG coating are equal, clearly demonstrating that the release of
FITC-BSA is controlled by the erosion of the coating (Fig. 3C). A sin-
gle injection vaccine requires more than one pulsatile releases of
the antigen. This can be accomplished simply by mixing CaCO3 mi-
crospheres covered with different thickness TA/PEG films (Fig. 3D
and E) [25]. The release profile comprising distinct pulsatile re-
leases mimics closely that in prime-boost vaccination regime. In
addition, as indicated by CD spectra, the secondary structure of
the protein released from the microspheres remains almost intact
(Fig. 3F). This property is highly desirable for a carrier when used
for the encapsulation and release of protein antigens.

To study the in vivo release pattern of the microspheres, Cy5-
BSA was chosen as a model subunit antigen. Compared with free
protein, encapsulation in CaCOs; microspheres significantly pro-
longs its retention at the injection sites from less than 24 h to
10~13 days (Fig. 4A and B). The protein started to be released from
the bare CaCO3 microspheres immediately once injected (Fig. 4B).
In contrast, it is delayed when the microspheres were coated with
TA/PEG films (Fig. 4C and D). The lag time was 14 and 28 days
for the particles covered by 20 and 40 bilayer films, respectively.
For the mixed sample of three particles, i.e., Cy5-BSA@CaCO3+Cy5-
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BSA@CaCO3/(TA/PEG),o +Cy5-BSA@CaCOs3/(TA/PEG)yq, three fluo-
rescence signal maxima were observed on Day 0, 14 and 28, in-
dicating three pulsatile releases of Cy5-BSA (Fig. 4E). Obviously the
three pulsatile releases should be attributed to the release from
the bare microspheres, the microspheres covered with 20 and 40
bilayer TA/PEG films, respectively.

3.3. Humoral immune response

After establishing that the TA/PEG coated CaCOs; system
can achieve multiple pulsatile release of protein, a single-
injection COVID-19 vaccine, i.e., S1@CaCO3+ S1@CaCOs/(TA/PEG),q
+ S1@CaCOs3/(TA/PEG),o, was prepared by encapsulating S1 sub-
unit, which was purchased from a commercial vendor, in the same
way with BSA. The immune response of the vaccine was studied
using C57BL/6 mice. For comparison, 4 groups of mice were re-
ceived three injections of PBS, S1, S1 +Alum, or S1@CaCOs, on Day
0, Day 14, and Day 28, respectively (Fig. 5A). Expect for the PBS
control group, the total dosage of S1 of the vaccine groups was all
the same (24 pg).

IgM is the first antibody produced in response to antigen inva-
sion and the prime mediator of the primary immune response. The
IgM responses induced by the vaccines were shown in Fig. 5B. For
the PBS control group, over the 42-day study period no antibody
response was detected, while in groups immunized with the S1
subunit-based vaccines IgM titers were detected. Among all vac-
cines, free S1 elicits the lowest IgM response, suggesting a weak
immunogenicity of the subunit antigen. Addition of Alum adjuvant
effectively improves the immune response of S1. Interestingly en-
capsulation of S1 in CaCO3; microspheres elicits an even stronger
IgM response than the S1+Alum group. One reason for the re-
sult may be that encapsulation in CaCOs; microspheres leads to
an even longer antigen retention at the injection site than addi-
tion of Alum adjuvant (Fig. S3) and a prolonged exposure of anti-
gen is favourable to induce a stronger and more persistent anti-
body response [16]. In addition, CaCO; microspheres can recruit
more APCs to the injection site than Alum adjuvant (Fig. S4). We
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also demonstrated that encapsulation in CaCO3; microspheres sig-
nificantly enhances the ability of an antigen to active dendritic
cells (DCs), which are widely present in the skin [34] and play a
key role in immune responses. When co-incubating DCs with an
antigen, compared with the Alum-adjuvanted antigen, the expres-
sion of the co-stimulatory molecule (CD40 and CD80) induced by
CaCO3-encapsulated antigen is significantly up-regulated (Fig. S5A-
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S5D). CaCOs-encapsulated antigen also induces a higher level ex-
pression of cytokines (IFN-y and IL-6) than antigen with Alum
adjuvant (Fig. S5E-S5F) [35]. Fig. 5B also shows that a low level
IgM response was induced by the first dose of S1, S1+Alum, and
S1@CaC03. However, the IgM titers increase dramatically after the
first boost, and continue to increase after the second boost. The re-
sult strongly suggests that to achieve potent, long-term protection
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against the disease, boost vaccination is indispensable even when
adjuvant is used. In contrast, a level of IgM titer equal to that of
the 3 x S1@CaCO3 group was induced in the single injection vac-
cine group, although only one injection was received by the group.
In addition, the IgM titer increases with time in the same pattern
with that of 3 x S1@CaCO5 group. These results can be explained
by the fact that the releasing pattern of S1 in the single injection
vaccine group (three pulsatile releases on Days 0, 14, and 28, as
shown in Fig. 5A) is similar to that in the 3 x S1@CaCO3 group
(three injections on Days 0, 14, and 28).

IgG is a key player in the humoral immune response. From
Fig. 5C, the vaccine-induced IgG response follows a similar trend
to IgM response. Again S1@CaCO3 induced a stronger IgG response
than free S1 and S1 +Alum. More importantly for the single injec-
tion vaccine group, the IgG titer increases with time in the same
way with the 3 x S1@CaCO3 group. Actually the IgG titer at all
time points is equal to that of the 3 x S1@CaCO3 group, confirm-
ing again the single injection vaccine elicits equal humoral immune
response with the 3 x S1@CaCO3 group.
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3.4. Cellular immune responses

To evaluate cellular immune responses elicited by the vac-
cines, on Day 42 post immunization the mice were sacrificed. The
splenocytes were collected and re-stimulated with S1 for 72 h. The
low proliferation index for the free S1 group and the S1+Alum
group suggests a low level activation of the splenic lymphocytes
in these groups, leading to a low response when the cells were re-
stimulated with the same antigen (Fig. 6A) [35]. Previously other
authors also reported that S1 subunit adjuvanted with Alum elic-
its only humoral immunity [8]. In contrast, the 3 x S1@CaCO3
group and the single injection vaccine group exhibit a high prolif-
eration index, revealing effective activation of the splenic lympho-
cytes in the groups. The enhanced cellular immune response may
be attributed to a significantly prolonged stimulation provided by
CaCO3 microspheres [16]. Note the proliferation indexes of the two
groups are equal, suggesting the same level of cellular immune re-
sponse is elicited by the two groups. By assaying cytokine concen-
tration in the supernatant by ELISA, the vaccine-induced adaptive
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T cell responses was evaluated (Fig. 6B-E). Again a more signif-
icantly up-regulated expression of the cytokines, such as TNF-q,
IEN-y, IL-4 and IL-6, was observed for 3 x S1@CaCO;3 group and
single injection vaccine group than 3 x S1 group and 3 x S1+Alum
group. Secretion of cytokines is an important way for T cells to
mediate their effector function [36]. The up-regulated expression
of the cytokines in 3 x S1@CaCO5 group and single injection vac-
cine group than 3 x S1 group indicates higher vaccine-induced cell
effector populations. The activation of lymphocytes was also evalu-
ated using CD4, CD8 and CD69, the activation markers on the sur-
face of effector immune cells (Fig. 6F). The higher ratio of CD4*
and CD8* T cells of 3 x S1@CaCO3 group than 3 x S1 group and
3 x S1+Alum group indicates significantly enhanced activation of
lymphocytes in the group. The ratio of CD4*/CD8* T cells for the
single injection vaccine group is even higher, suggesting a more ef-
fective activation of effector immune cells in the group.

3.5. Virus neutralization tests

To study if the vaccines can inhibit viral infection, two virus
neutralization tests, i.e., a surrogate virus neutralization test (SVNT)
and a pseudovirus neutralization test (pVNT), were carried out. In
the sVNT assay, the binding of HRP-conjugated RBD protein with
the hACE2 protein pre-coated on an ELISA plate will be inhibited
because the neutralizing antibody in the serum will bind with it
(Fig. 7A) [37]. The inhibition measured by this test increases with
time for all groups expect the PBS control, indicating the amount
of neutralizing antibody increases with time during the vaccination
process (Fig. 7B). Again immunization with 3 x S1@CaCO5 achieves
a higher inhibition than 3 x S1 and 3 x S1+Alum. More impor-
tantly the inhibition of the single injection vaccine group is equal
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to or slightly higher than the 3 x S1@CaCO3 group. On Day 42, the
inhibition achieved by 100-fold diluted serum samples is 30%, 58%,
77% and 82%, for 3 x S1, 3 x S1+Alum, 3 x S1@CaCO3 and single
injection vaccine group, respectively.

In pVNT, cells that express the ACE2 receptor can be infected
by the pseudovirus, i.e., lentiviral particles with Spike on their sur-
face, and the infected cells will express luciferase, a marker pro-
tein. Neutralizing antibody from the serum can bind with the sur-
face Spike, thus inhibit the infection of the cells (Fig. 7C). Again
for all vaccines, the inhibition measured by this test increases with
time, suggesting increasing level of neutralizing antibody. The in-
hibitions achieved by the single injection vaccine group and the
3 x S1@CaCO3 group are comparable, both of which are much
higher than that of 3 x S1 and 3 x S1+Alum (Fig. 7D). The in-
hibition on Day 42 achieved by 100-fold diluted serum samples is
28%, 42%, 67% and 69%, for 3 x S1, 3 x S1+Alum, 3 x S1@CaCO3
and single injection vaccine, respectively. Inhibition rates at other
dilution times were also determined (Fig. S6). From these data, the
IC50 value, i.e., serum dilution capable of realizing 50% inhibition,
on Day 42 was determined to be 10, 560, 720 for 3 x S1+Alum,
3 x S1@CaCO03 and single injection vaccine group, respectively.

3.6. Biocompatibility and biosafety

Finally the biocompatibility and biosafety of this system were
evaluated. Coculture of BMDCs with TA/PEG-coated CaCO3 particles
does not reduce the viability of the cells, suggesting high biocom-
patibility of the delivery system (Fig. 8A). After immunized with
the vaccines, the body weights of the animals increases steadily,
indicating the vaccines, including the single injection vaccine, does
not impact the mice growth (Fig. 8B). Histological analysis by H&E



X. Zhou, H. Wang, Y. Luo et al.

; ——
1004 3
X
> 757
%
= 50
>
8 2
0 T v T T T T
0 25 50 75 100 125

Concentration of microspheres (ug/mL)

3xPBS

3x81

AN Y
BN
"i g

Acta Biomaterialia 151 (2022) 491-500

28

—o—PBS

—o—Free S1 subunit
—4—S1 subunit + Alum
——$1 subunit@CaCoO,
—<— Single-injection vaccine

26

Body weight (g)

1845 r
0 10

20 30 40
Day

3xS1+Alum 3xS1 @CaCo, Single-injection

I g
7 m

Vi
Vi

vaccine

Fig. 8. (A) Viability of BMDCs after 24 h coculture with CaCO3/(TA/PEG)49 microspheres. (B) Body weights of the immunized mice changing with time. (C) H&E stained
tissues of major organs harvested from immunized mice 6 weeks post-vaccination. Scale bar: 100 pm.

staining reveals that no inflammation infiltration or obvious dam-
age in the major organs, including liver, heart, lung, spleen, and
kidney (Fig. 8C). All these results suggest good biocompatibility
and biosafety of the vaccines.

4. Conclusion

In summary, using a highly programmable protein release sys-
tem a single-injection COVID-19 vaccine was successfully designed.
Using a model protein antigen, it was confirmed that delayed re-
lease of protein antigen can be accomplished by first encapsula-
tion of the protein antigen in CaCO3 microspheres and then coat-
ing with TA/PEG films. Because the erosion rate of TA/PEG coat-
ing is constant, the lag time can be finely controlled. Multiple pul-
satile releases can be facilely accomplished by mixing the protein-
loaded particles covered with different thickness of TA/PEG coat-
ings. COVID-19 vaccine was then prepared by encapsulating S1
subunit of novel coronavirus Spike protein in the release system.
The single injection vaccine elicits both humoral and cellular im-
mune responses, both of which are as potent as that induced by
the corresponding multiple dose vaccine, because the antigen re-
lease pattern of the two vaccines are similar. Surrogate virus neu-
tralization test and pseudovirus virus neutralization test further
revealed that the single injection vaccine induced strong neutraliz-
ing antibody response, with an inhibition equal to that of the cor-
responding multiple dose vaccine. The vaccine also exhibits good
biocompatibility and biosafety. We hope the single dose vaccines
like the one developed here will help fighting against highly infec-
tious diseases, e.g., COVID-19.
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