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a b s t r a c t 

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 

CaCO 3 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. 

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. 
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. Introduction 

The global COVID-19 pandemic has lasted for more than 2 years 

nd caused over 6.0 million deaths according to Johns Hopkins 

niversity [1] . Similar to the prevention of other infectious dis- 

ases, vaccine is regarded as the best approach to contain the 

eadly pandemic [2–4] . Numerous COVID-19 vaccine candidates 
∗ Corresponding authors at: Key Laboratory of Functional Polymer Materials and 

tate Key Laboratory of Medicinal Chemical Biology, Institute of Polymer Chemistry, 

ollege of Chemistry, Nankai University, Tianjin 30 0 071, China. 

E-mail addresses: yingguan@nankai.edu.cn (Y. Guan), 

ongjunzhang@nankai.edu.cn (Y. Zhang) . 
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re now investigated world-wide, using different platforms includ- 

ng inactivated or live attenuated viruses, subunit vaccines, viral 

ectors, and nucleic acid [ 2 , 3 ]. Some of them have been authorized

or emergency use and help reduce the number of hospitalizations 

nd deaths due to COVID-19 [2] . However, for most of the COVID- 

9 vaccines, to achieve a long-lasting and potent protective immu- 

ity, additional booster immunizations are required [2] . For subunit 

accines this is particularly true because of their limited immuno- 

enicity. Subunit COVID-19 vaccines have been designed using var- 

ous antigens, including trimeric spike protein of the novel coron- 

virus [ 5 , 6 ], the S1 subunit of spike protein [ 7 , 8 ], receptor-binding

omain of spike protein [9–12] , etc. Even when various adjuvants, 

ncluding alum [12] , Freund’s adjuvant (FA) [12] , Toll-like receptor 

https://doi.org/10.1016/j.actbio.2022.08.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2022.08.006&domain=pdf
mailto:yingguan@nankai.edu.cn
mailto:yongjunzhang@nankai.edu.cn
https://doi.org/10.1016/j.actbio.2022.08.006
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 agonist CpG [ 6 , 8 ], monophosphoryl lipid A for Toll-like recep-

or 4 [8] , and cubic manganese oxide nanoparticle [9] , and vari- 

us delivery systems, including liposomes [8] , polymersomes [6] , 

nd mesoporous silica rods [13] , were used, booster immunizations 

ere still required [2] . 

Replacing multiple-dose vaccines with single-dose ones will not 

nly reduce vaccination costs, but more importantly improve the 

ompliance and thus raise the vaccination coverage [14–16] . Par- 

icularly considering the high contagiousness of COVID-19-causing 

ARS-CoV-2 virus, less physician office visits reduce the possibil- 

ty of being transmitted during the visits. Single-injection vaccines 

an be designed using controlled-release systems which allow sus- 

ained or pulsatile release of an antigen [16] . Unfortunately, be- 

ause of the difficulty in achieving the unconventional release ki- 

etics, no commercialized single injection vaccine appeared yet, 

espite of significant effort s made during the past four decades 

15] . 

Compared with sustained antigen release, pulsatile release 

imics the conventional vaccine schedule more closely [16] , and 

herefore might be more safe and effective [15] . Presently most 

tudies use poly(lactic-co-glycolic acid) (PLGA) microspheres to en- 

apsulate antigens to achieve a delayed release [17–20] . The en- 

apsulation process often leads to denaturation and loss of anti- 

enicity of the antigens [20] . Distinct pulsatile release is difficult 

o achieve using this method. In addition the lag time is difficult 

o adjust [17–20] . 

We previously demonstrated that layer-by-layer (LBL) films as- 

embled using dynamic bonds as driving forces, or dynamic LBL 

lms, disintegrate in water [ 21 , 22 ]. In addition, the disintegra- 

ion rate keeps constant if the film is assembled from monodis- 

erse components [23] . Using them as erodible coatings time- 

ontrolled release systems with distinct pulsatile releases were de- 

igned [ 24 , 25 ]. The lag time can be precisely and facilely controlled

y coating thickness. Herein we demonstrated that distinct mul- 

iple pulsatile release of subunit antigen, which closely mimics 

he release profile of the common multi-bolus regimens, can be 

chieved using this powerful delivery system. Then using the S1 

ubunit of the SARS-CoV-2 spike protein as the antigen, a single- 

njection COVID-19 vaccine was designed. The single injection vac- 

ine elicits potent humoral and cellular immune responses and 

eutralizing antibody response against novel coronavirus. More im- 

ortantly, these responses are comparable to the corresponding 

ultiple-dose vaccines. 

. Experimental section 

Materials : S1 subunit of the SARS-CoV-2 spike protein (S1), the 

ARS-CoV-2 Pseudovirus Neutralization Test Kit and the SARS-CoV- 

 Surrogate Virus Neutralization Test Kit were obtained from Gen- 

cript. Poly(ethylene imine) (PEI, Mw 25,0 0 0), tannic acid (TA), and 

olyethylene glycol (PEG, Mw 10,0 0 0) were obtained from Sigma- 

ldrich. Calcium chloride (CaCl 2 , AR) was obtained from Beijing 

hemical Works. Sodium carbonate (Na 2 CO 3 , GR) was purchased 

rom Bohai Chemical Industry. Cyanine5 N-hydroxysuccinimide 

ster (Cy5-NHS ester) was obtained from MeiLunBio. Mouse 

ranulocyte-macrophage colony stimulating factor (GM-CSF) and 

nterleukin-4 were purchased from Abbkine (Wuhan, China). Tu- 

or necrosis factor- α (TNF- α), interferon- γ (IFN- γ ), mouse cy- 

okine interleukin-6 (IL-6) and mouse cytokine interleukin-4 (IL- 

) ELISA kits were purchased from Meimian (Jiangsu, China). Cell 

ounting kit-8 (CCK-8) kits were purchased from Beyotime Biotech- 

ology (China). BCA protein assay kits were provided by NJJCBIO 

Nanjing, China). BSA was provided by Gentihold. Fluorescein 

sothiocyanate (FITC) was purchased from Solarbio. Fluorescein- 

abeled bovine albumin (FITC-BSA) was synthesized from FITC and 

SA following the manufacturer’s instructions. Cyanine5-labeled 
492 
ovine albumin (Cy5-BSA) was synthesized from BSA and Cy5-NHS 

ster following the manufacturer’s instructions. 

Preparation of S1 subunit-loaded CaCO 3 microspheres : To pre- 

are S1 subunit-loaded CaCO 3 microspheres (S1@CaCO 3 ), 1 mL of 

a 2 CO 3 (0.3 M) was added to 1 mL of CaCl 2 (0.3 M) containing

00 μg of S1 subunit. After 5 min stirring, the precipitate was cen- 

rifugated, washed with deionized water for 3 times, and freeze- 

ried. Other protein-loaded CaCO 3 microspheres, i.e., BSA@CaCO 3 , 

ITC-BSA@CaCO 3 and Cy5-BSA@CaCO 3 , were prepared using the 

ame method. The loading efficiency of protein was determined us- 

ng BCA protein assay kits or a RF-5301PC Shimadzu fluorescence 

pectroscope. The empty CaCO 3 microspheres were prepared using 

he same process but no protein was added. 

Preparation of single-injection vaccine : For the preparation of the 

ingle-injection vaccines, the S1@CaCO 3 microspheres were first 

oated with TA/PEG films via layer-by-layer assembly [26] . For this 

urpose, TA (1 mg/mL) and PEG (1 mg/mL) solutions were pre- 

ared using phosphate buffer solution (5 mM Na 2 HPO 4 , 10 mM 

aH 2 PO 4 ). To assemble a prime PEI layer, S1@CaCO 3 was mixed 

ith PEI (1 mg/mL), stirred at 4 °C for 7 min, and separated by 

entrifugation. They were then rinsed with buffer solution for 3 

imes. A TA layer was then deposited onto the microspheres us- 

ng the similar procedure, followed by the deposition of a PEG 

ayer. The alternative assembly cycle was repeated until the de- 

ired bilayer number was obtained. The resulting microspheres 

ere lyophilized and named as S1@CaCO 3 /(TA/PEG) x , where “x”

epresents the bilayer number of TA/PEG film. Finally mixing 

1@CaCO 3 , S1@CaCO 3 /(TA/PEG) 20 and S1 @CaCO 3 /(TA/PEG) 40 mi- 

rospheres (antigen weight 1:1:1) gave the single-injection vaccine. 

ther CaCO 3 microspheres, either loaded with protein or not, were 

overed with TA/PEG films similarly. A Phenom Desktop SEM was 

sed to characterize the morphology of the particles. The sizes of 

he particles were measured using dynamic light scattering (BIC, 

SA). 

Disintegration of TA/PEG coatings : To measure the disintegration 

inetic of TA/PEG coatings, CaCO 3 /(TA/PEG) n microspheres (1 mg) 

ere added in pH7.4 0.01M phosphate buffer (5 mL) at 37 °C. The 

olution was completely collected for analysis at predetermined 

ime intervals and equal volume of fresh solution was refilled. The 

oncentration of TA in the release media was determined using a 

V-2401PC Shimadzu UV-Vis spectrometer at 221 nm. 

In vitro release of protein : To measure the release kinet- 

cs of protein loaded in CaCO 3 microspheres, 1 mg of FITC- 

SA@CaCO 3 /(TA/PEG) n microspheres were added in pH 7.4 0.01M 

hosphate buffer solution (5 mL) at 37 °C. At predetermined time 

ntervals, the release solution was completely collected, followed 

y the addition of equal volume of fresh solution. The amount 

f FITC-BSA released into the media was measured using a RF- 

301PC Shimadzu fluorescence spectroscope. CD spectra of the 

rotein were acquired using a Chirascan V100 circular dichroism 

pectrometer. 

Antigen retention and APC recruitment : The animal experiments 

n the study were approved by the Animal Care and Use Com- 

ittee at Nankai University (No. 2022-SYDWLL-0 0 0466). To study 

he retention of antigen, different formulation vaccines containing 

he same amount of Cy5-BSA as model antigen, i.e., free protein, 

ree protein + Alum and protein@CaCO 3 , were injected subcuta- 

eously into the hind neck of mice (C57BL/6, female, 6–8 weeks 

ld, n = 6). At predetermined time intervals, the fluorescence im- 

ges of mice were captured using a Lumina II IVIS® Spectrum sys- 

em at 640 nm excitation wavelength. Before imaging, the mice 

ere anesthetized by inhalation with 3% isoflurane. To study the 

ecruitment of APCs, the subcutaneous adipose tissues near the in- 

ection sites were collected at the 48 h post injection. The infil- 

ration of APCs was evaluated by hematoxylin and eosin staining 

H&E). 
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In vivo release of protein : Various formulations with the 

ame dose of Cy5-BSA, including free Cy5-BSA, Cy5-BSA@CaCO 3 , 

y5-BSA@CaCO 3 /(TA/PEG) 20 , Cy5-BSA@CaCO 3 /(TA/PEG) 40 

nd Cy5-BSA@CaCO 3 + Cy5-BSA@CaCO 3 /(TA/PEG) 20 + Cy5- 

SA@CaCO 3 /(TA/PEG) 40 , were injected subcutaneously into the 

ind neck of mice (C57BL/6, female, 6–8 weeks old, n = 6). At 

he predetermined time intervals, the mice were anesthetized and 

heir 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 

 min treatment at room temperature with Solarbio RBC lysis 

uffer and twice washing with RPMI 1640, the cells were cultured 

t 37 °C and 5% CO 2 in the RPMI 1640 complete medium contain- 

ng 10% fatal bovine serum (FBS), 1% antibiotics (P/S), 5 ng/mL IL-4 

nd 10 ng/mL GM-CSF. Every 2 days the culture media were half- 

hanged. The non-adherent and loosely adherent cells were col- 

ected after 8 days culture. For BMDC activation, the cells were 

eeded in 6-well plates with a cell density of 1 × 10 6 cells per well

nd cultured for 12 h. Then free BSA, BSA + Alum or BSA @CaCO 3 

2 μg BSA per well) was added, followed by additional 24 h cul- 

ure. A group as negative control was treated with medium alone. 

nother group as positive control was treated with 1.0 μg/mL LPS. 

fter 30 min labelling at 4 °C with FITC anti-CD80 antibody and 

E anti-CD40 antibody, the cells were analyzed using a FACS Cal- 

bar flow cytometer. The mean fluorescence intensities (MFI) of the 

amples were normalized to that of the negative control. The cy- 

okine levels in the supernatants were measured with ELISA Kits. 

Immunization : 5 groups of mice (C57BL/6, female, 6–8 weeks 

ld) with 6 mice per group were involved in the study. The 

BS, 3 × S1, 3 × S1 + Alum, 3 × S1@CaCO 3 group received 

hree injections of PBS, free S1 subunit, S1 subunit with Alum 

nd S1 subunit@CaCO 3 , respectively, at an interval of 14 days. 

or the Single injection vaccine group, only one injection of 

he single-injection vaccine (S1@CaCO 3 + S1@CaCO 3 /(TA/PEG) 20 

 S1@CaCO 3 /(TA/PEG) 40 ) was received. Expect for PBS control 

roup, for all the groups the total dose of S1 subunit was 24 μg. 

very 7 days sera were collected. The concentrations of the specific 

ntibodies were determined using a SARS-CoV-2(2019-nCoV) Spike 

1 Antibody Titer Assay ELISA kit (mouse). To follow the growth of 

he mice, their weight was measured twice a week. To evaluate the 

iosafety of the single-injection vaccine system, the animals were 

acrificed 42 days post immunization. The tissues of heart, lung, 

pleen, liver, and kidney were collected, and stained with H&E. 

In vitro re-stimulation of splenocytes : From the immunized mice 

he splenocytes were collected by grinding the spleens through a 

00 mesh cell filter and splitting the erythrocytes 42 days post im- 

unization. After PBS washing, the splenocytes were cultured in 

PMI 1640 complete medium supplied with 1% P/S, 10% FBS, and 

 μg/mL S1 subunit. After 72 h culture, the cell viability was as- 

ayed using CCK-8. The concentrations of cytokines (IFN- γ , TNF- 

, IL-4, and IL-6) in the supernatants (collected after 24 h re- 

timulation) were determined using ELISA Kits. To detect effector 

emory T cells, the cells were analyzed with a flow cytometer 

BD, USA) after labeled with PE anti-CD8 antibody, FITC anti-CD4 

ntibody, and APC anti-CD69 antibody. 

SARS-CoV-2 surrogate virus neutralization test : SARS-CoV-2 surro- 

ate virus neutralization test kit (GenScript) was used to perform 

ARS-CoV-2 surrogate virus neutralization test. The manufacturer’s 

rotocols were followed. Briefly, using sample dilution buffer the 

erum samples were diluted 1:100. After adding equal volume of 

RP-RBD solution, the mixture was incubated at 37 °C for 30 min. It 

as then added to wells precoated with ACE2 protein. After 15 min 

ncubation at 37 °C, the plate was washed four times, followed 

y adding 100 μL of TMB solution to each well and 15 min in-

ubation in the dark at 25 °C. Finally, by adding the stop solution, 

he reaction was terminated, and the absorbance at 450 nm was 
493 
ecorded. Inhibition of RBD-ACE2 binding was calculated according 

o the following equation: 

nhibition = 

(
1 − OD V alue of Sample 

OD V alue of Negati v e Control 

)
× 100% (1) 

SARS-CoV-2 pseudovirus neutralization test : SARS-CoV-2 pseu- 

ovirus neutralization test was performed using the SARS-CoV-2 

seudovirus neutralization test kit from GenScript following the 

anufacturer’s protocols. Briefly, the sera were collected from the 

mmunized mice and inactivated for 30 min at 56 °C. The treated 

era were diluted in proportion, mixed with SARS-CoV-2 pseu- 

ovirus and incubated for 1 h. The mixtures were then added to a 

ispersion containing 6 × 10 5 Opti-HEK293/ACE2 cells. After incu- 

ated at 37 °C for 48 h, firefly luciferase test agent (GenScript) was 

dded. The fluorescence signal values were read using Microplate 

eader (Biotek, USA). The infection degree was evaluated by using 

he formula: 

nhibition = (
1 − V alue of P ositi v e Control − V alue of Blank Control 

V alue of Negati v e Control − V alue of Blank Control 

)

× 100% (2) 

Cytotoxicity : In the 96-well plates BMDCs cells were seeded at 

 density of 1 × 10 5 cells per well, followed by adding RPMI 1640 

edium containing 10% FBS, 1%PS and various concentrations of 

aCO 3 /(TA/PEG) 40 microspheres (25, 50, 75,100 and 125 μg/mL). 

fter 24 h culture, CCK-8 reagent (10 μL) was added into the wells. 

fter 3 h incubation, using a Tecan Spark microplate reader the ab- 

orbance at 450 nm was determined. The cell viability, i.e., the ra- 

io of the absorbance values of the wells containing microspheres 

nd the negative control wells without microspheres, was calcu- 

ated. 

Statistical analysis : The experimental data were reported as 

eans ± standard deviation. Statistical analysis was carried out us- 

ng one-way ANOVA and indicated using ∗ for p < 0.05, ∗∗ for < 

.01 and ∗∗∗ for < 0.001. 

. Results and discussion 

.1. Synthesis of antigen-loaded microspheres 

The synthesis of single-injection subunit COVID-19 vaccine us- 

ng S1 subunit of the spike protein (S1) as antigen was schemat- 

cally shown in Fig. 1 A. First CaCO 3 microspheres loaded with S1 

ubunit were synthesized by mixing Na 2 CO 3 and CaCl 2 in the pres- 

nce of S1. The coprecipitation method has been proved an effi- 

ient method to encapsulate proteins in CaCO 3 microspheres [27] . 

o coat the CaCO 3 microspheres with tannic acid (TA)/polyethylene 

lycol (PEG) films, a primer PEI layer was first deposited, followed 

y layer-by-layer deposition of TA and PEG layers [26] . The film 

hickness could be facilely controlled by the number of deposi- 

ion cycles. In this way S1-loaded CaCO 3 microspheres coated with 

arious thickness of TA/PEG films were produced. Single-injection 

OVID-19 vaccine was obtained by simple mixing them. 

Because of the high price of S1 subunit, we used a model pro- 

ein antigen, BSA, to study the preparation process. As shown in 

ig. 1 B, the empty CaCO 3 microparticles are spherical with an av- 

rage diameter of ∼3.43 μm ( Fig. 1 E). Similar morphology and size 

ere found for the BSA-loaded particles ( Fig. 1 C and F). The load- 

ng efficiency was determined to be ∼60%. The particles remain to 

e spherical after being further coated with TA/PEG films, how- 

ver, the surface becomes less rough ( Figs. 1 D and S1). The suc- 

essful film deposition was further demonstrated by the reversal 

f surface charge. Before LBL coating, the particles exhibit a nega- 

ive Zeta potential. The deposition of a PEI layer reverses it to be 
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Fig. 1. (A) Encapsulation of S1 subunit in CaCO 3 microspheres, followed by coating with TA/PEG films by LBL assembly. (B-D) SEM images of the empty CaCO 3 microspheres 

(B), BSA@CaCO 3 microspheres (C) and BSA@CaCO 3 /(TA/PEG) 5 microspheres (D). (E, F) Size distribution of empty CaCO 3 (E) and the BSA@CaCO 3 (F) microspheres determined 

using dynamic light scattering (DLS). (G) Zeta potential of BSA@CaCO 3 microspheres, the same microspheres deposited sequentially with a PEI layer and a 5 bilayer TA/PEG 

film. 

Fig. 2. (A) Release kinetics of TA from TA/PEG films-coated CaCO 3 microspheres plotted as cumulative release percentage. (B) Release kinetics of TA from TA/PEG films-coated 

CaCO 3 microspheres plotted as accumulative released amount of TA (denoted by accumulative adsorption increase at 221 nm). (C) Disintegration time of the TA/PEG films 

with different bilayer numbers. 
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ositive, but further deposition of TA/PEG films reverses it to be 

egative again ( Fig. 1 G). 

.2. Release kinetics of protein antigen 

The disintegration of TA/PEG films on CaCO 3 microspheres was 

tudied by following the release of TA from the coatings into the 

olution. For all samples, the amount of TA released into the media 

ncreases linearly with time, indicating a constant-rate disintegra- 

ion of the films ( Fig. 2 A). The release rate in terms of TA amount is

he same for all the samples ( Fig. 2 B). Therefore the time required

or complete disintegration of the film increases linearly with the 

lm thickness ( Fig. 2 C). Adding fetal bovine serum into the media 

oes not change the release profiles, suggesting negligible effect of 
494 
roteins on the disintegration of TA/PEG films (Fig. S2). The unique 

ehavior of TA/PEG films was previously explained [28] . Simply, 

ecause TA and PEG are bonded with hydrogen bonds, which are 

eversible and dynamic, the TA/PEG films disintegrate slowly when 

oaked in water [28] . Similar gradual disintegration behaviors were 

lso observed for other LBL films assembled using reversible, dy- 

amic interactions as driving forces [21–25] . The disintegration of 

he film is actually the dissociation of TA/PEG complex in the film. 

he disintegration rate, R, under the experimental conditions can 

e written as: 

 = k 1 [ TA / PEG ] (3) 

The concentration of TA/PEG complex is constant because it is a 

olid-like material. In addition, since both TA and PEG have a nar- 
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Fig. 3. (A) Release kinetics of FITC-BSA from TA/PEG films-coated FITC-BSA@CaCO 3 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@CaCO 3 /(TA/PEG) 5 , 

FITC-BSA@CaCO 3 /(TA/PEG) 10 and FITC-BSA@CaCO 3 /(TA/PEG) 15 . (E) 1st derivative of the release profile. (F) CD spectra of the pristine BSA and BSA released from 

BSA/CaCO 3 /(TA/PEG) 15 . 
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ow molecular weight distribution, k 1 could be regarded as con- 

tant. Therefore, disintegration rate of the film is constant [ 23 , 29–

3 ]. 

The unique disintegration behavior of TA/PEG film makes it an 

deal erodible coating for delayed drug release systems [24] . As 

 demonstration, FITC-BSA were encapsulated in bare and TA/PEG 

lm-coated CaCO 3 microspheres. When the bare particles were put 

nto a solution, a burst release of FITC-BSA was observed immedi- 

tely. In contrast, a delayed release of FITC-BSA was observed for 

he TA/PEG films-coated particles ( Fig. 3 A). The release of FITC-BSA 

s prevented by the TA/PEG coating until the coating is fully disin- 

egrated. The delayed release of FITC-BSA can also be demonstrated 

y the 1st derivative of the release profiles ( Fig. 3 B). The lag time

ncreases linearly with the film bilayer number ( Fig. 3 C), suggesting 

t can be precisely controlled by the number of assembly cycles. In- 

eed, the lag time and the corresponding disintegration time of the 

A/PEG coating are equal, clearly demonstrating that the release of 

ITC-BSA is controlled by the erosion of the coating ( Fig. 3 C). A sin-

le injection vaccine requires more than one pulsatile releases of 

he antigen. This can be accomplished simply by mixing CaCO 3 mi- 

rospheres covered with different thickness TA/PEG films ( Fig. 3 D 

nd E) [25] . The release profile comprising distinct pulsatile re- 

eases mimics closely that in prime-boost vaccination regime. In 

ddition, as indicated by CD spectra, the secondary structure of 

he protein released from the microspheres remains almost intact 

 Fig. 3 F). This property is highly desirable for a carrier when used 

or the encapsulation and release of protein antigens. 

To study the in vivo release pattern of the microspheres, Cy5- 

SA was chosen as a model subunit antigen. Compared with free 

rotein, encapsulation in CaCO 3 microspheres significantly pro- 

ongs its retention at the injection sites from less than 24 h to 

0 ∼13 days ( Fig. 4 A and B). The protein started to be released from

he bare CaCO 3 microspheres immediately once injected ( Fig. 4 B). 

n contrast, it is delayed when the microspheres were coated with 

A/PEG films ( Fig. 4 C and D). The lag time was 14 and 28 days

or the particles covered by 20 and 40 bilayer films, respectively. 

or the mixed sample of three particles, i.e., Cy5-BSA@CaCO 3 + Cy5- 
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SA@CaCO 3 /(TA/PEG) 20 + Cy5-BSA@CaCO 3 /(TA/PEG) 40 , three fluo- 

escence signal maxima were observed on Day 0, 14 and 28, in- 

icating three pulsatile releases of Cy5-BSA ( Fig. 4 E). Obviously the 

hree pulsatile releases should be attributed to the release from 

he bare microspheres, the microspheres covered with 20 and 40 

ilayer TA/PEG films, respectively. 

.3. Humoral immune response 

After establishing that the TA/PEG coated CaCO 3 system 

an achieve multiple pulsatile release of protein, a single- 

njection COVID-19 vaccine, i.e., S1@CaCO 3 + S1@CaCO 3 /(TA/PEG) 20 

 S1@CaCO 3 /(TA/PEG) 40 , was prepared by encapsulating S1 sub- 

nit, which was purchased from a commercial vendor, in the same 

ay with BSA. The immune response of the vaccine was studied 

sing C57BL/6 mice. For comparison, 4 groups of mice were re- 

eived three injections of PBS, S1, S1 + Alum, or S1@CaCO 3 , on Day

, Day 14, and Day 28, respectively ( Fig. 5 A). Expect for the PBS

ontrol group, the total dosage of S1 of the vaccine groups was all 

he same (24 μg). 

IgM is the first antibody produced in response to antigen inva- 

ion and the prime mediator of the primary immune response. The 

gM responses induced by the vaccines were shown in Fig. 5 B. For 

he PBS control group, over the 42-day study period no antibody 

esponse was detected, while in groups immunized with the S1 

ubunit-based vaccines IgM titers were detected. Among all vac- 

ines, free S1 elicits the lowest IgM response, suggesting a weak 

mmunogenicity of the subunit antigen. Addition of Alum adjuvant 

ffectively im proves the immune response of S1. Interestingly en- 

apsulation of S1 in CaCO 3 microspheres elicits an even stronger 

gM response than the S1 + Alum group. One reason for the re- 

ult may be that encapsulation in CaCO 3 microspheres leads to 

n even longer antigen retention at the injection site than addi- 

ion of Alum adjuvant (Fig. S3) and a prolonged exposure of anti- 

en is favourable to induce a stronger and more persistent anti- 

ody response [16] . In addition, CaCO 3 microspheres can recruit 

ore APCs to the injection site than Alum adjuvant (Fig. S4). We 
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Fig. 4. Representative fluorescence images of C57BL/6 mice after receiving one administration of free Cy5-BSA (A), Cy5-BSA@CaCO 3 (B), Cy5-BSA@CaCO 3 /(TA/PEG) 20 (C), 

Cy5-BSA@CaCO 3 /(TA/PEG) 40 (D), and a mixture of Cy5-BSA@CaCO 3 , Cy5-BSA@CaCO 3 /(TA/PEG) 20 and Cy5-BSA@CaCO 3 /(TA/PEG) 40 (E). 

Fig. 5. Humoral immune response of the vaccines. (A) The schedule of vaccine immunization and blood collection. The single injection vaccine group receives one injection, 

while other groups receive three injection on Day 0, Day 14 and Day 28. (B, C) S1 subunit-specific IgM (B) and IgG (C) produced in sera of the immunized mice. 
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lso demonstrated that encapsulation in CaCO 3 microspheres sig- 

ificantly enhances the ability of an antigen to active dendritic 

ells (DCs), which are widely present in the skin [34] and play a 

ey role in immune responses. When co-incubating DCs with an 

ntigen, compared with the Alum-adjuvanted antigen, the expres- 

ion of the co-stimulatory molecule (CD40 and CD80) induced by 

aCO -encapsulated antigen is significantly up-regulated (Fig. S5A- 
3 
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5D). CaCO 3 -encapsulated antigen also induces a higher level ex- 

ression of cytokines (IFN- γ and IL-6) than antigen with Alum 

djuvant (Fig. S5E-S5F) [35] . Fig. 5 B also shows that a low level

gM response was induced by the first dose of S1, S1 + Alum, and 

1@CaCO 3 . However, the IgM titers increase dramatically after the 

rst boost, and continue to increase after the second boost. The re- 

ult strongly suggests that to achieve potent, long-term protection 
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Fig. 6. Cellular immune response of the vaccines. (A) Proliferation index of splenocytes after 72 h re-stimulation with S1 subunit. (B-E) Cytokine (IFN- γ (B) and TNF- α (C), 

IL-4 (D), and IL-6 (E)), secretion by splenocytes after 24 h re-stimulation with S1 subunit. The cytokine concentrations in the supernatant were measured by ELISA. (F) Flow 

cytometry analysis of CD4 + and CD8 + T cells. 
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gainst the disease, boost vaccination is indispensable even when 

djuvant is used. In contrast, a level of IgM titer equal to that of 

he 3 × S1@CaCO 3 group was induced in the single injection vac- 

ine group, although only one injection was received by the group. 

n addition, the IgM titer increases with time in the same pattern 

ith that of 3 × S1@CaCO 3 group. These results can be explained 

y the fact that the releasing pattern of S1 in the single injection 

accine group (three pulsatile releases on Days 0, 14, and 28, as 

hown in Fig. 5 A) is similar to that in the 3 × S1@CaCO 3 group

three injections on Days 0, 14, and 28). 

IgG is a key player in the humoral immune response. From 

ig. 5 C, the vaccine-induced IgG response follows a similar trend 

o IgM response. Again S1@CaCO 3 induced a stronger IgG response 

han free S1 and S1 + Alum. More importantly for the single injec- 

ion vaccine group, the IgG titer increases with time in the same 

ay with the 3 × S1@CaCO 3 group. Actually the IgG titer at all 

ime points is equal to that of the 3 × S1@CaCO 3 group, confirm- 

ng again the single injection vaccine elicits equal humoral immune 

esponse with the 3 × S1@CaCO 3 group. 
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.4. Cellular immune responses 

To evaluate cellular immune responses elicited by the vac- 

ines, on Day 42 post immunization the mice were sacrificed. The 

plenocytes were collected and re-stimulated with S1 for 72 h. The 

ow proliferation index for the free S1 group and the S1 + Alum 

roup suggests a low level activation of the splenic lymphocytes 

n these groups, leading to a low response when the cells were re- 

timulated with the same antigen ( Fig. 6 A) [35] . Previously other 

uthors also reported that S1 subunit adjuvanted with Alum elic- 

ts only humoral immunity [8] . In contrast, the 3 × S1@CaCO 3 

roup and the single injection vaccine group exhibit a high prolif- 

ration index, revealing effective activation of the splenic lympho- 

ytes in the groups. The enhanced cellular immune response may 

e attributed to a significantly prolonged stimulation provided by 

aCO 3 microspheres [16] . Note the proliferation indexes of the two 

roups are equal, suggesting the same level of cellular immune re- 

ponse is elicited by the two groups. By assaying cytokine concen- 

ration in the supernatant by ELISA, the vaccine-induced adaptive 
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Fig. 7. (A, C) Schematic description of surrogate virus neutralization test (sVNT) (A) and pseudovirus virus neutralization test (pVNT) (C). (B, D) Inhibition of the sera from 

different groups measured by sVNT (B) or pVNT (D). The sera were 100-fold diluted. 
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 cell responses was evaluated ( Fig. 6 B-E). Again a more signif- 

cantly up-regulated expression of the cytokines, such as TNF- α, 

FN- γ , IL-4 and IL-6, was observed for 3 × S1@CaCO 3 group and 

ingle injection vaccine group than 3 × S1 group and 3 × S1 + Alum 

roup. Secretion of cytokines is an important way for T cells to 

ediate their effector function [36] . The up-regulated expression 

f the cytokines in 3 × S1@CaCO 3 group and single injection vac- 

ine group than 3 × S1 group indicates higher vaccine-induced cell 

ffector populations. The activation of lymphocytes was also evalu- 

ted using CD4, CD8 and CD69, the activation markers on the sur- 

ace of effector immune cells ( Fig. 6 F). The higher ratio of CD4 + 

nd CD8 + T cells of 3 × S1@CaCO 3 group than 3 × S1 group and 

 × S1 + Alum group indicates significantly enhanced activation of 

ymphocytes in the group. The ratio of CD4 + /CD8 + T cells for the 

ingle injection vaccine group is even higher, suggesting a more ef- 

ective activation of effector immune cells in the group. 

.5. Virus neutralization tests 

To study if the vaccines can inhibit viral infection, two virus 

eutralization tests, i.e., a surrogate virus neutralization test (sVNT) 

nd a pseudovirus neutralization test (pVNT), were carried out. In 

he sVNT assay, the binding of HRP-conjugated RBD protein with 

he hACE2 protein pre-coated on an ELISA plate will be inhibited 

ecause the neutralizing antibody in the serum will bind with it 

 Fig. 7 A) [37] . The inhibition measured by this test increases with

ime for all groups expect the PBS control, indicating the amount 

f neutralizing antibody increases with time during the vaccination 

rocess ( Fig. 7 B). Again immunization with 3 × S1@CaCO 3 achieves 

 higher inhibition than 3 × S1 and 3 × S1 + Alum. More impor- 

antly the inhibition of the single injection vaccine group is equal 
498 
o or slightly higher than the 3 × S1@CaCO 3 group. On Day 42, the 

nhibition achieved by 100-fold diluted serum samples is 30%, 58%, 

7% and 82%, for 3 × S1, 3 × S1 + Alum, 3 × S1@CaCO 3 and single

njection vaccine group, respectively. 

In pVNT, cells that express the ACE2 receptor can be infected 

y the pseudovirus, i.e., lentiviral particles with Spike on their sur- 

ace, and the infected cells will express luciferase, a marker pro- 

ein. Neutralizing antibody from the serum can bind with the sur- 

ace Spike, thus inhibit the infection of the cells ( Fig. 7 C). Again

or all vaccines, the inhibition measured by this test increases with 

ime, suggesting increasing level of neutralizing antibody. The in- 

ibitions achieved by the single injection vaccine group and the 

 × S1@CaCO 3 group are comparable, both of which are much 

igher than that of 3 × S1 and 3 × S1 + Alum ( Fig. 7 D). The in-

ibition on Day 42 achieved by 100-fold diluted serum samples is 

8%, 42%, 67% and 69%, for 3 × S1, 3 × S1 + Alum, 3 × S1@CaCO 3 

nd single injection vaccine, respectively. Inhibition rates at other 

ilution times were also determined (Fig. S6). From these data, the 

C50 value, i.e., serum dilution capable of realizing 50% inhibition, 

n Day 42 was determined to be 10, 560, 720 for 3 × S1 + Alum,

 × S1@CaCO 3 and single injection vaccine group, respectively. 

.6. Biocompatibility and biosafety 

Finally the biocompatibility and biosafety of this system were 

valuated. Coculture of BMDCs with TA/PEG-coated CaCO 3 particles 

oes not reduce the viability of the cells, suggesting high biocom- 

atibility of the delivery system ( Fig. 8 A). After immunized with 

he vaccines, the body weights of the animals increases steadily, 

ndicating the vaccines, including the single injection vaccine, does 

ot impact the mice growth ( Fig. 8 B). Histological analysis by H&E 
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Fig. 8. (A) Viability of BMDCs after 24 h coculture with CaCO 3 /(TA/PEG) 40 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 μm. 
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taining reveals that no inflammation infiltration or obvious dam- 

ge in the major organs, including liver, heart, lung, spleen, and 

idney ( Fig. 8 C). All these results suggest good biocompatibility 

nd biosafety of the vaccines. 

. Conclusion 

In summary, using a highly programmable protein release sys- 

em a single-injection COVID-19 vaccine was successfully designed. 

sing a model protein antigen, it was confirmed that delayed re- 

ease of protein antigen can be accomplished by first encapsula- 

ion of the protein antigen in CaCO 3 microspheres and then coat- 

ng with TA/PEG films. Because the erosion rate of TA/PEG coat- 

ng is constant, the lag time can be finely controlled. Multiple pul- 

atile releases can be facilely accomplished by mixing the protein- 

oaded particles covered with different thickness of TA/PEG coat- 

ngs. COVID-19 vaccine was then prepared by encapsulating S1 

ubunit of novel coronavirus Spike protein in the release system. 

he single injection vaccine elicits both humoral and cellular im- 

une responses, both of which are as potent as that induced by 

he corresponding multiple dose vaccine, because the antigen re- 

ease pattern of the two vaccines are similar. Surrogate virus neu- 

ralization test and pseudovirus virus neutralization test further 

evealed that the single injection vaccine induced strong neutraliz- 

ng antibody response, with an inhibition equal to that of the cor- 

esponding multiple dose vaccine. The vaccine also exhibits good 

iocompatibility and biosafety. We hope the single dose vaccines 

ike the one developed here will help fighting against highly infec- 

ious diseases, e.g., COVID-19. 
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