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development, since it mediates viral 
entry and induces neutralizing antibody 
responses, which are predictive of protec-
tion from symptomatic SARS-CoV-2 infec-
tion.[2,3] As waves of new viral variants 
emerge, other targets such as the mem-
brane (M), envelope (E), or nucleocapsid 
(N) proteins may emerge as complemen-
tary vaccine antigens to help increase 
breadth of protection.[4]

S forms a homotrimeric structure com-
prising two domains, S1 and S2, separated 
by a Furin cleavage site (FCS).[5,6] S1 con-
tains the receptor binding domain (RBD) 
which binds to human angiotensin con-
verting enzyme 2 (hACE2) on host cells. 
Subsequently, proteolytic cleavage by Furin 
and by Transmembrane protease serine 2 
(TMPRSS2) at the FCS and just upstream 
of the fusion peptide, respectively, acti-
vates the S2 fusion machinery leading to 
viral entry.[7] S is a class I fusion glycopro-
tein that undergoes major structural rear-
rangements from prefusion to post-fusion 
conformation during viral fusion to host 

cell membranes. It was previously shown that prefusion-stabi-
lized class I fusion protein antigens better preserve neutraliza-
tion epitopes for viruses including respiratory syncytial virus 
(RSV) fusion (F) glycoprotein.[8] Similar to the Middle East res-
piratory syndrome coronavirus (MERS-CoV) S protein,[9] two 
proline substitutions (2P) at residues 986 and 987 at the C-ter-
minal boundary of the first heptad repeat were found to stabi-
lize SARS-CoV-2 S in its prefusion conformation.[10] These 2P 
stabilizing mutations have been widely adopted in many SARS-
CoV-2 vaccines including the Moderna mRNA-1273 vaccine 
(Spikevax), the Pfizer/BioNTech BNT162b2 vaccine (Comir-
naty), the Novavax NVX-CoV2373 vaccine (Nuvaxovid), and the 
Johnson and Johnson Ad26.CoV2.S vaccine (Janssen COVID-19 
Vaccine).[11] In contrast, the AstraZeneca/Oxford ChAdOx1 
nCoV-19/AZD1222 (Vaxzevria) antigen uses the wildtype SARS-
CoV-2 S sequence and cells transduced with the adenovirus-
vectored vaccine produce intact trimeric S, albeit with some 
proteolytic S degradation.[12] To mitigate this, another common 
antigen enhancement strategy used by NVX-CoV2373[13] and 
Ad26.CoV2.S[14] for example, is to insert mutations or deletions 
at the proteolytic-prone FCS to improve antigen stability and 
preserve immunogenicity.

As shown in the schematic illustration in Figure  1B, 
COVID-19 vaccines have taken on a wide variety of formats. 
Table 1 lists some of the vaccine types that have reported peer-
reviewed phase 3 clinical trial results so far.[16] Various advanced 
materials have emerged as vaccines for the S subunit antigen 

The ongoing coronavirus disease 2019 (COVID-19) pandemic, caused by 
severe acute respiratory coronavirus 2 (SARS-CoV-2), has killed untold 
millions worldwide and has hurtled vaccines into the spotlight as a go-to 
approach to mitigate it. Advances in virology, genomics, structural biology, 
and vaccine technologies have enabled a rapid and unprecedented rollout of 
COVID-19 vaccines, although much of the developing world remains unvac-
cinated. Several new vaccine platforms have been developed or deployed 
against SARS-CoV-2, with most targeting the large viral Spike immunogen. 
Those that safely induce strong and durable antibody responses at low dos-
ages are advantageous, as well are those that can be rapidly produced at a 
large scale. Virtually all COVID-19 vaccines and adjuvants possess nanoscale 
or microscale dimensions and represent diverse and unique biomaterials. 
Viral vector vaccine platforms, lipid nanoparticle mRNA vaccines and multim-
eric display technologies for subunit vaccines have received much attention. 
Nanoscale vaccine adjuvants have also been used in combination with other 
vaccines. To deal with the ongoing pandemic, and to be ready for potential 
future ones, advanced vaccine technologies will continue to be developed in 
the near future. Herein, the recent use of advanced materials used for devel-
oping COVID-19 vaccines is summarized.

1. Introduction

In two years, SARS-CoV-2 has reshaped the world, infecting 
hundreds of millions of people, killing millions, and severely 
impacting the entire human population. Vaccines are a center-
piece for strategies to overcome pandemics. They depend on 
delivering antigens to the immune system to trigger an adap-
tive immune response, effected in large part by cytotoxic CD8+ 
T cells that destroy infected cells, and virus neutralizing anti-
bodies secreted by B cells. SARS-CoV-2 is a complex enveloped 
single-stranded RNA coronavirus encoding 11 open reading 
frames in its genome as illustrated in Figure  1A.[1] The Spike 
(S) glycoprotein has been the central focus for most vaccine 
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itself or the genetic code encoding for it, allowing in situ pro-
duction of the protein inside the host cells.[17] Adjuvants have 
also been used to boost the immune reaction through multiple 
mechanisms including antigen depot effect, enhanced antigen 
presentation and cellular uptake through particle formation, 
induction of chemokines and cytokines, immune cell recruit-
ment at the injection site, and promoting antigen transport to 
draining lymph nodes.[18,19]

Synthetic mRNA has emerged to greatly shape the 
COVID-19 vaccine response. mRNA can be used for in situ 
production of antigenic proteins in a safe and highly modular 
manner. Once a vaccine system is developed, developing a vac-
cine with a different nucleic acid sequence for a different target 
antigen is simpler and faster than for a recombinant protein. 
Although mRNA is less stable than DNA, it eliminates the 
need for nuclear targeting and in vivo transcription, as well 
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Figure 1.  The SARS-CoV-2 genome, the S glycoprotein, and representative vaccine strategies. A) Schematic representation of the SARS-CoV-2 genome 
and its S glycoprotein with some notable features. The right panel indicates the structure of S (PDB ID: 6VXX). B) Representative SARS-CoV-2 vaccine 
classes. Trade name examples are provided below the schematic illustrations. The left part of (A) is adapted under the terms of the CC-BY Creative 
Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[15] Copyright 2020, The Authors, published by Frontiers. 
Parts of Figure 1 created with Biorender.com.

Table 1.  COVID-19 vaccines with peer-reviewed phase III clinical trial data available.

Vaccine type Names Developer Antigen Adjuvant/excipient Ref.

mRNA BNT162b2/Comirnaty Pfizer/BioNTech S Cationic lipid [20]

mRNA-1273/SpikeVax Moderna [21]

CVnCoV CureVac [22]

Non-replicating adenovirus AZD1222/Vaxzevria AstraZeneca S None [23]

Sputnik V Gamaleya [24]

Ad26.COV2.S/Janssen Covid-19 Vaccine Johnson and Johnson [25]

Inactivated Virus BBIBP-CorV Sinopharm Whole virus Alum [26]

CoronaVac Sinovac [27]

Protein subunit Nuvaxovid/NVX-CoV2373 Novavax S Matrix-M [28]

https://creativecommons.org/licenses/by/4.0
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as the potential hazard of genetic integration.[29] mRNA tech-
nology has been investigated not for only vaccines, but also to 
generate virus-neutralizing ACE2 decoys.[30] The high mole-
cular weight of nucleic acids and their strong negative charge 
impedes their delivery across the cell membranes, in addition 
to being prone to degradation in vivo. Thus, nucleic acid vac-
cines require delivery systems. Synthetic nanocarriers such as 
cationic polymers and lipid nanoparticles (LNPs) can be used 
for the delivery of mRNA vaccines across cell membranes.[31] 
The Pfizer/BioNTech mRNA-1273 and Moderna BNT162b2 
vaccines have been highly successful, launching a new era of 
mRNA vaccines. The replication-incompetent adenovirus type 
viral-vector vaccines by Janssen and AstraZeneca have also seen 
global deployment as novel vaccine platforms. Over 15 different 
vaccines have been approved or authorized for emergency use 
worldwide, and the landscape is rapidly changing, with hun-
dreds of candidates in various stages of clinical testing.[32] Not 
only are a wide variety of new vaccine technologies advancing 
through clinical trials, but clinical testing is also changing. Pla-
cebo controlled trials are becoming increasingly difficult to plan 
as populations become vaccinated and exposed to SARS-CoV-2, 
and thus some recent vaccine trials make use of an established 
comparator vaccine, with an endpoint of comparative neutral-
izing antibody titers. Current vaccines were designed against 
the S sequence of the Wuhan SARS-CoV-2 strain, and while 
vaccine-induced antibodies neutralize the prevalent circulating 
variants such as Beta and Delta, they do so with diminished 
potency.[33,34] As more mutated variants emerge in the future, 
redesigned antigens and accompanying new iterations of vac-
cines may be required to deal with them.

Several prior literature reviews have summarized COVID-19 
vaccine design,[35–37] antigen design,[11,38] vaccine pipelines,[39–41] 
including with a focus on nanotechnology[42,43] and nanomate-
rials,[42,43] and biomimetic materials.[44] In this review, design 
and optimization of SARS-CoV-2 antigens and materials used 
for their delivery and adjuvantation are reviewed. Inactivated 
and viral vectored vaccine platforms, which are successful and 
important classes of COVID-19 vaccines are not discussed 
herein, given that their entirely viral nature shifts their discus-
sion beyond the scope of antigen engineering or vaccine formu-
lation using exogenous biomaterials.

2. Antigen Design

The SARS-CoV-2 lipid bilayer outer surface includes the M, E, and 
S structural proteins. The sera of mice immunized while M and E 
proteins show minimal neutralization activity, and these antigens 
are not currently being widely pursued.[45] The S glycoprotein, 
which forms trimeric structures of S1–S2 heterodimers on the 
virus surface is responsible for binding to hACE2 and cell entry. 
The S1 subunit contains the RBD which can adopts two distinct 
conformations: “up” or “down”, and only the “up” conformation 
exposes the receptor-binding site ,[46] while the S2 subunit com-
prises the fusion peptide and heptad repeat (HR) regions 1 and 
2 (Figure 1A). After receptor mediated endocytosis, S1 is cleaved 
away, which facilitates the fusion peptide insertion into the host 
cell membrane bringing HR1 and HR2 together which allows the 
fusion of the viral and host cell membranes.[47] The S glycoprotein 
is the main target antigen for most advanced vaccines.

Full-length S harbors multiple neutralizing epitopes[48] and T 
cell epitopes, is large (1200 amino acids), contains a hydrophobic 
transmembrane domain, and can present challenges for main-
taining antigen integrity, relative to the smaller RBD.[38] The RBD 
is promising as a target for eliciting neutralizing antibodies as it is 
less glycosylated than S, which can increase its immunogenicity 
and it induces a high frequency of neutralizing antibodies.[49,50] 
On the other hand, the smaller molecular weight of RBD can 
decrease its immunogenicity, making it a target for multimeriza-
tion strategies using advanced materials. Such delivery platforms 
should be flexible enough for rapid readjustment and adapta-
tion to deal with viral variants with mutations that escape neu-
tralization.[51] As shown in Figure 2, nanoparticulate vaccination 
approaches have several potential advantages. Compared to small 
and compact antigens, nanoparticles are better delivered through 
phagocytosis and endocytosis to immune cells in draining lymph 
nodes.[52] In addition, usually such multimeric display tech-
nologies are compatible with multivalent antigen display. For 
example, the SpyCatcher multimerization technology has been 
used to display multiple copies of the RBD from various beta-cor-
onaviruses to induce broadly neutralizing antibodies.[53] Antigen 
density can often be tuned with nanoparticle-displayed antigens, 
which can lead to enhancement in B-cell receptor engagement 
and subsequent B cell activation.[54] Finally, some antigen dis-
play platforms enable the cellular co-delivery of antigens and 
adjuvants simultaneously. This presents potential advantages of 
activating the same antigen-presenting cells that take up the vac-
cine antigens, leading to more effective responses.

2.1. mRNA Vaccines

mRNA vaccines emerged in the pandemic as effective and rap-
idly producible COVID-19 vaccines. The related DNA vaccines 
that preceded mRNA vaccines were in testing for several dec-
ades,[55] and the recent success mRNA vaccines has been enabled 
by gradual advances in mRNA modification, stabilization, and 
delivery methods.[56–58] mRNA vaccines will be a major focus for 
research and development efforts for the foreseeable future.[59] 
Compared to DNA, mRNA molecules are smaller, are tran-
scribed in vitro, so they bypass the in vivo transcription process, 
but have been prone to biochemical degradation and induction 
of undesirable type I interferon immune responses. As shown in 
Figure 3, several mRNA modification strategies have emerged. 
The major features of an mRNA molecule, namely the 5′ cap, 
the 5′ untranslated region (UTR), the coding sequence, the 3′ 
UTR, and the polyadenenosine tail are all targets for optimiza-
tion.[60] These modifications generally serve to improve the in 
vitro transcription, in vivo translation or stability of the molecule. 
In addition, the use of modified bases, especially N1-methylpseu-
douridine (N1mΨ) in place of uridine, used in both the Pfizer/
BioNTech BNT162b2 and the Moderna mRNA-127 vaccines, 
diminishes the undesirable type I interferon immune response, 
in addition to improving stability.[61] An emerging approach to 
mRNA vaccines is the development of self-amplifying RNA 
(saRNA), which encodes a replicase sequence and holds poten-
tial to reduce the injection dose and possibly the number of 
required injections, by extending mRNA half-life.[62]

Representative approaches for DNA and mRNA-based 
COVID-19 vaccines are listed in Table 2. The use of ionizable 
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cationic lipids for their delivery has been central for the success 
of the Pfizer/BioNTech BNT162b2 and the Moderna mRNA-
1273 vaccines. However, numerous other materials have been 
used for formulation of mRNA. Although the first human 
approved mRNA was against COVID-19, mRNA vaccines have 
been in clinical testing for diseases such as HIV, rabies, influ-
enza, and Zika virus for several years.[29]

2.2. Subunit Vaccines

Coronavirus subunit vaccines are developed based on specific 
viral antigenic fragments, produced as recombinant proteins.[69] 
Subunit vaccines have no risk of causing viral infection or 
genomic integration as they are devoid of genetic material. As 
such, subunit vaccines are generally considered to be safe and 
well-tolerated. The S glycoprotein and its RBD has been the 
subject of extensive research efforts for SARS-CoV-2 subunit 
vaccines. Some representative examples are shown in Table 3.

3. Virus-Like Particles

As a component of subunit vaccines, a protein scaffold utilizes 
a self-assembling protein to form a virus-like particle (VLP) 

which has defined size and number of monomers that can dis-
play the antigen of interest on its surface either by conjugation, 
genetic fusion or tag coupling.[81] As shown in Figure  4, the 
RBD in particular has been the subject of a great deal of VLP-
related research, as the relatively small antigen tends to benefits 
from particulate presentation.

VLPs have attracted attention for infectious disease vaccines 
and a wide variety of nanoarchitectures can be used in their 
design.[85] The SpyTag/SpyCatcher technology is a method for 
irreversible protein ligation based on modification of domains 
from the surface proteins of Streptococcus pyogenes where an 
isopeptide bond can be formed specifically between the tag 
and the catcher.[86] Three generations of this technology have 
been developed with increased reaction speed.[87] The assembly 
of SARS-CoV-2 RBD on a SpyCatcher003-mi3 nanoparticle 
platform yielded 20  nm particles with no sign of aggregation 
(Figure  4A).[70] The resultant VLP showed binding to a range 
of neutralizing antibodies as well as ACE2, confirming that the 
RBD was displayed intact on the particle surface. RBD-SpyVLP 
showed stability against cold chain failures such as elevated tem-
peratures up to 25 °C for 2 weeks and five freeze–thaw cycles. 
Upon immunization of mice or pigs, neutralizing humoral 
immune responses were observed against both S and RBD.

To assess the effect of multiplexing of different RBDs on 
the same nanoparticle, mosaic nanoparticles were prepared to 
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Figure 3.  Selected features of mRNA that can be engineered for improved vaccine efficacy.

Figure 2.  Nanoscale antigen delivery systems present potential advantages for vaccine delivery. Numerous vaccine platforms, including virus-like 
particles and inactivated viruses, have nanoscale dimensions and can exhibit enhanced uptake of antigen in immune cells in draining lymph nodes. 
In addition, antigen delivery systems can often facilitate multivalent antigen responses, have tunable antigen density and in some cases can co-deliver 
adjuvant along with antigen. Parts of Figure 2 created with Biorender.com.
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raise cross-reactive immune responses against zoonotic sar-
becoviruses.[53] The RBDs were chosen based on sarbecovirus 
RBD receptor usage and cell tropism.[88] The chosen zoonotic 
RBDs were co-assembled into nanoparticles with or without 
SARS-CoV-2 RBD and compared to homotypic SARS-CoV-2 
RBD using SpyTag/SpyCatcher technology where SpyTag003 
was genetically fused to each single one and then assembled 
into SpyCatcher003-mi3. The resultant particles were used to 
immunize mice and compared to soluble RBD. Multimerizing 
the RBD on homotypic nanoparticles better-induced IgGs that 
can bind to zoonotic RBDs compared to soluble RBD or S, or 
natural infection.

The effect of conjugating the tag on N versus C terminus 
(RBDn vs RBDc) was investigated using the Tag/Catcher-AP205 
platform.[71] Although both expressed well in monomeric forms, 
the C terminus conjugate VLP tended to aggregate while the N 
terminus one was monodisperse and stable. The soluble RBDs 
together with their VLPs were used to immunize mice and 
showed superior neutralization activity when in the particulate 
form with RBDn-VLP being superior to RBDc-VLP.

Chiba and co-workers used biotinylated variants of S so 
that it could be displayed on a streptavidin coated MS2 bacte-
riophage. The resulting S protein-coated particles were tested 
for immunogenicity in golden Syrian hamsters. After a single 

dose, the vaccine generated neutralizing antibodies and pro-
tected hamsters from SARS-CoV-2 challenge.[80]

Artificial protein scaffolds make use of computation-
ally designed proteins that can separate an individual pro-
tein folding subunit from the final macromolecular structure 
assembly. Recombinant proteins are traditionally expressed 
and purified, then self-assemble into VLPs when mixed. A two 
protein component (I53-50A and I53-50B) system was compu-
tationally designed to produce an icosahedral protein complex 
containing 120 subunits that assemble into 28 nm particles as 
shown in Figure  4B.[82] The self-assembling VLP was used to 
display either RBD[72] or S[73] by genetically fusing these with the 
I53-50A component. The RBD was genetically fused with vari-
able linkers (RBD-8GS-, RBD-12GS-, and RBD-16GSI53-50).[72] 
The resultant RBD-displayed particles showed stable sub-
micrometer size below 50  nm. Hydrogen/deuterium-exchange 
mass spectrometry and glycoproteomics confirmed the surface 
display of RBD with the native confirmation and glycosylation. 
The antigenicity and epitope accessibility of VLP-bound RBD 
were confirmed through its reactivity with human ACE2 ecto-
domain and two site-specific monoclonal antibodies. S protein 
fusions also resulted in stable nanoparticles (S-I53-50NPs) 
with size ≈30 nm. The VLPs were assessed in non-human pri-
mates that were immunized with 88  µg of RBD equivalent in 
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Table 2.  Representative approaches for nucleic-acid-based vaccines.

Antigen Formulation technology Notes Ref.

S mRNA Lipid nanoparticles Safe and effective protection from COVID-19 in phase 3 clinical trials [20,21]

RBD mRNA Lipid nanoparticles Single dose immunization protected hAce2 transgenic mice from SARS-CoV-2 challenge [63]

RBD mRNA Polyglucan–spermidine Production of neutralizing antibodies in mice against RBD in mice [64]

RBD mRNA Polymeric micelle Vitamin E succinate modified polyethyleneimine copolymer mRNA elicited antigen-specific antibodies [65]

S DNA Chitosan Inhaled particles allowed cells to secrete S that competes with virus binding to ACE2 receptor [66]

S DNA Naked DNA Various variants of S were used to immunize non-human primates [67]

S DNA Polymeric micelle Deoxycholic acid polyethyenimine polymer encapsulated S for skin delivery  
and elicited neutralizing antibodies in mice

[68]

Table 3.  Representative materials for nanoparticulate subunit vaccines.

Antigen Binding technology Notes Ref.

RBD SpyTag/SpyCatcher Effective vaccine with 1 µg dose per mouse. Stabile with elevated temperatures and freeze–thaw cycles [70]

Multiple RBDs Co-display of SARS-CoV-2 and other RBDs on mosaic nanoparticles for broad antibody response [53]

RBD RBD particles generated with the Tag/Catcher-AP205 platform induced neutralizing antibodies [71]

RBD Artificial protein scaffold RBD fusion proteins linked to I53-50A with 16 glycine and serine residues showed  
the best immunogenicity in the resulting particles

[72]

S S-I53-50NPs protected macaques against dose viral challenge [73]

RBD or S AS03 was found to be a potent adjuvant when combined with RBD or prefusion S trimer nanoparticles [74]

S AuNP Elicited anti-S antibodies in mice, but neutralizing activity was minimal [75]

RBD peptide S461-493-KLH conjugate induced anti-peptide antibodies [76]

RBD Ferritin cages 24-mer RBD self-assembling ferritin protein nanoparticles effectively induced strong  
neutralizing antibodies in mice

[77]

RBD 24-mer RBD bullfrog H. pylori ferritin protein nanoparticles protected ferrets from viral challenge [78]

RBD Cobalt liposomes Display of RBD on liposome induced neutralizing antibodies in mice with 0.1 µg antigen doses [79]

S Streptavidin/biotin MS2 bacteriophage scaffold coated with S conferred protection in hamsters after single injection of 60 µg [80]
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the RBD-12GS-I53-50 formulation in a 4-week prime-boost 
regime that resulted in induction of protective neutralizing anti-
bodies.[72] S-I53-50NPs was used to immunize mice, rabbits, 
and cynomolgus macaques showing strong immune responses 
in all species and protecting macaques against viral challenge.[73] 
Furthermore, RBD or S nanoparticles were combined with the 
adjuvants Essai O/W 1  849  101, AS03, AS37, CpG1018-alum 
or alum and benchmarked in their ability to elicit protective 
immunity against SARS-CoV-2 infection in rhesus macaques.[74] 
RBD-16GSI53-50 immunizations showed that AS03 was best 
able to produce a mixed Th1–Th2 response while other adju-
vants were biased to either Th1 or Th2. Upon identifying AS03 
as the preferred adjuvant, the RBD was compared to Hexa-Pro, 
a stable variant of the prefusion S trimer,[10] in its soluble and 
nanoparticulate form with I53-50. AS03 was a potent adjuvant 
with either immunogen, resulting in a neutralizing immune 
response.[74] The icosahedral protein scaffold with RBD fusion 
decoration has advanced into phase three clinical testing with 
the GBP510 vaccine (ClinicalTrials.gov # NCT05007951).

Ferritin is the primary iron storage protein and naturally 
assembles into nanonanocages, which can be genetically 
engineered to functionalize its surface.[89] Multiple copies of 
RBD were displayed on the surface of ferritin nanoparticles 

consisting of either 24-mer or 60-mers composed of an inner 
layer of locking domains and a cluster of T cell epitopes, as 
shown in Figure  4C.[83] The CR3022 monoclonal antibody 
was used for immunoaffinity separation as it can bind to both 
SARS-CoV-1/2 RBDs. SARS-CoV-1/2 RBDs (“RBD-up” con-
formation) were attached to protein nanoparticles using the 
SpyTag/SpyCatcher system. In the same manner to compare 
antigens, RBD was compared to heptad repeats[90] and it was 
found that heptad repeats conjugated to ferritin nanoparti-
cles through Spytag/Spycatcher technology not only produced 
neutralizing humoral and cellular responses but also these 
neutralizing antibodies were able to neutralize other coronavi-
ruses providing cross-protection. In another approach, the RBD 
was displayed on the surface of ferritin nanoparticles through 
sortase A enzyme as represented in Figure 4D.[84] The vaccine 
elicited neutralizing antibodies in non-human primates.

Helicobacter pylori-bullfrog ferritin nanoparticles were used to 
produce RBD self-assembling protein-based vaccine. The conju-
gated ferritin RBD self-assembled into 24-mer nanoparticles as 
described in (Figure 4E) that were able to protect ferrets against 
SARS-CoV-2 challenge after three injections of 15 µg doses with 
AddaVax adjuvant.[78] A ferritin cage with surface S or RBD were 
able to produce detectable antibodies level after single dose, 
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Figure 4.  Protein nanoparticles for RBD delivery. A) The RBD-SpyVLP vaccine candidate consists of SpyCatcher003-VLP conjugated with SpyTag-
RBD.[70] B) The I53 protein icosahedron architecture, with the fivefold symmetry through each vertex and threefold symmetry through each face of 
the icosahedron with 12 pentamers and 20 trimers are aligned along the fivefold and threefold symmetry axes.[82] C) Conjugating the RBD to the 
24-meric ferritin particles using the SpyTag/SpyCatcher (SPY) system.[83] D) SARS-CoV-2 RBD nanoparticles were constructed by expressing RBD with 
a C-terminal sortase A donor sequence and a H. pylori ferritin nanoparticle.[84] E) Modeling of an RBD nanoparticle based on H. pylori ferritin and the 
RBD.[78] A) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license.[70] Copyright 2021, The Authors, pub-
lished by Springer Nature. B) Reproduced with permission.[82] Copyright 2016, American Association for the Advancement of Science. C) Reproduced 
with permission.[83] Copyright 2021, The Authors, published by American Society for the Advancement of Science. Reprinted/adapted from ref. [83].  
© The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a Creative Commons 
Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/. D) Reproduced with permission.[84] Copyright 
2021, The Authors, published by Springer Nature. E) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International 
license.[78] Copyright 2021, The Authors, published by ASM Journals.

http://creativecommons.org/licenses/by-nc/4.0/
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but can even get higher levels after a second booster dose.[91] 
Ferritin-RBD nanoparticles were also able to induce long-term 
memory in mice when compared to soluble RBD.[92]

To compare three protein scaffolds, Kang and co-workers dis-
played RBD on three different protein nanoparticle via SpyTag-
SpyCatcher system, Ferritin (24-mer), mi3 (60-mer), and I53−50 
(120-mer).[93] The sera from immunized mice showed that when 
adjuvanted with Addavax, all three nanoparticles resulted in high 
neutralizing antibodies levels which were significantly higher 
than the monomeric RBD immunized mice. In a similar com-
parative approach, Lainšček et al. compared RBD genetic fusions 
presented using various nanoscaffolds including foldons, fer-
ritin, lumazine synthase, and β-annulus peptides, encoded by a 
DNA vaccine.[94] The small β-annulus peptide scaffold induced 
the best virus neutralization in mice.

Medicago uses plants to produce VLP vaccines. Plant-based 
platforms in theory enable rapid and scaled product develop-
ment. AS03-adjuvant, squalene-based adjuvant, or CpG1018, toll-
like receptor 9 (TLR9) agonist adjuvants, were used with a plant-
based VLP displaying the S glycoprotein to vaccinate healthy 
individuals with single or two doses of 3.75, 7.5, or 15 µg VLP. 
AS03 showed a balanced Th1/Th2 response after two injections 
with enhancement in neutralizing antibodies level at higher 
doses.[95] To durability and cross reactivity of the produced anti-
bodies, AS03 were used as adjuvant of choice to immunize 
20 healthy individuals with two doses of 3.75  µg VLP 21 days 
apart.[96] At day 201, sera from vaccinated individuals showed 

durable neutralizing antibody response against SARS-CoV-2  
with significant cross reactivity between in some individuals 
against SARS-CoV but not MERS-CoV. Plant viruses themselves 
can be used as a VLP scaffold. SARS-CoV-2 derived peptides 
were directly conjugated in a trivalent fashion onto cow pea 
mosaic virus (CPMV), generating neutralizing antibodies.[97]

4. Inorganic Materials

Aluminum salts have been regarded as a safe vaccine adjuvant 
for over 70 years. A Pickering emulsion (PAPE) was developed 
using a microgel squalene-in-water system stabilized with alum as 
shown in Figure 5A.[98] The resultant microparticles had spherical 
morphology with antigen at the surface with stability for at least  
120 days at 37  °C. About 90% of the RBD was adsorbed to the 
microparticles after incubation with PAPE for 30 min at room 
temperature. The vaccine produced a mixed Th1/Th2 response in 
mice. Gold nanoparticles (AuNP) are one of the most widely used 
inorganic biomaterial.[99] Sekimukai et al. found that although S pro-
tein/AuNP could be formed as shown in Figure 5B and induced a 
strong IgG response, the vaccine failed to induce protective anti-
bodies or limit eosinophilic infiltration in lungs.[75] An S derived 
peptide (S461–493) was chosen based on BepiPred-2.0: Sequential 
B-Cell Epitope Predictor tool and conjugated to keyhole limpet 
hemocyaninon (KLH) to increase immunogenicity and the con-
jugate was displayed on the surface of 10 nm AuNP as shown in 
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Figure 5.  Inorganic materials. A) An alum-stabilized Pickering emulsion schematic (top) and scanning electron microscopy image (bottom) after 
solidification by replacing squalene with paraffin wax. The scale bars represent 10 µm and 200 nm (inset).[98] B) Schematic (top) and electron micros-
copy image (bottom) of gold nanoparticles (AuNP) after functionalization with thiol–poly(ethylene glycol)–amine, activation with glutaraldehyde (GTA) 
and conjugation with an S461-493 peptide.[76] C) Illustration (top) and electron microscopy image (bottom) of AuNP coated with Bis(p-sulfonatophenyl) 
phenylphosphine dihydrate dipotassium salt (BSPP) and S. The arrows show S bound AuNPs. Scale bar: 200 or 20 nm (inset).[75] A) Reproduced with 
permission.[98] Copyright 2020, Wiley-VCH. B) Reproduced with permission.[76] Copyright 2021, Elsevier. C) Bottom: Reproduced with permission.[75] 
Copyright 2019, The Societies and John Wiley & Sons Australia, Ltd.
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Figure 5C.[76] The resultant particles elicited antibodies against the 
peptide but were not tested for neutralization or protective efficacy.

5. Lipid Materials for Vaccines

5.1. Lipid-Based Nanoparticles for mRNA Vaccines

Lipid delivery systems are the most widely used tool for mRNA 
vaccine delivery as they offer advantages of in vivo stabiliza-
tion, enhanced cell permeability and endosomal escape.[100,101] 
The process of delivery of mRNA through endomembranes 
via multiple mechanisms is illustrated in Figure  6A.[102] The 
tunable nature of such systems that incorporate multiple lipid 
components lends itself to modification and optimization 
(Figure 6B).[102] For example, Elia et al., tested several ionizable 
lipids to optimize a design of an mRNA vaccine encoding SARS-
CoV-2 human Fc-conjugated receptor binding domain (RBD-
hFc).[103] After escaping the endosome, the mRNA is translated 
into the corresponding protein. Near complete protection in 

hACE2 transgenic mice was achieved after a single injection of 
mRNA-RBD as well as robust humoral and cellular responses 
that lasted for at over 6 months in BALB/c mice.[63]

RBD and S1 subunit mRNA formulations were compared 
using the GenVoy-ILM lipid system, an ionizable lipid mix to 
generate LNPs. Sera from mice groups injected with 30 µg of 
mRNA of either S1 subunit or RBD formulations showed high 
levels of neutralizing antibodies with the RBD being superior 
to S1 subunit. RBD immunized mice had enhanced cellular 
response when compared to those with S1 subunit.[105]

One or two doses of an RBD mRNA LNP formulation 
(termed ARCoV) elicited neutralizing antibodies against mul-
tiple SARS-CoV-2 strains in mice and non-human primates.[104] 
The formulation showed homogenous morphology with reg-
ular size distribution (Figure 6C) and was able to retain 85% of 
its activity when stored at 37 °C for 7 days. Alternatively, a self-
amplifying RNA encoding a prefusion stabilized SARS-CoV-2 
S was formulated with LNP and dose titration (0.01–10 µg) was 
tested for humoral and cellular immunogenicity and neutrali-
zation activity in mice.[106] All doses resulted in mice sera with 
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Figure 6.  Lipid nanoparticles for mRNA delivery. A) Putative mechanisms of endosomal escape of nanocarriers. I) Nanocarriers induce destabilization 
of endosomal membranes for cytosolic release of genetic cargos. II) Nanocarriers, particularly polyplexes, scavenge protons and become cationic in 
acidic lumens of endosome compartments, resulting in the inflow of more protons and counter ions. This osmotic gradient induces influx of water to the 
endosomes, causing endosome rupture. III) Nanocarriers swell in acidic pH due to the electrostatic repulsion and physically rupture the endosome.[102] 
B) General structure of lipid nanoparticles. Ionizable or cationic lipids are the main component responsible for the encapsulation of nucleic acid and 
intracellular delivery.[102] C) Cryo-transmission electron microscopy images of ARCoV particles showing homogeneous morphologies of solid spheres 
that lack an aqueous core. Scale bar: 200 nm.[104] D) Structures of ionizable lipids used in the Pfizer/BioNTech BNT162b2 vaccine and the Moderna 
mRNA-1273 vaccine.[100] A,B) Reproduced with permission.[102] Copyright 2020, Elsevier. C) Reproduced with permission.[104] Copyright 2020, Elsevier.
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higher quantities of neutralizing IgG compared to convalescent 
sera.

Overall, mRNA and LNP formulation is an emerging prac-
tice with many optimization methodologies to consider.[107] The 
ionizable lipids used by in mRNA vaccines play a substantial 
role in their efficacy. Pfizer/BioNTech’s Comirnaty vaccine uses 
an amino lipid termed ALC-0315, while Moderna’s SpikeVax 
vaccine uses lipid H.[108] Their chemical structures are similar 
and are shown in Figure 6D.

Although LNPs have emerged as the current carrier of choice 
for advanced mRNA vaccines, other non-lipid approaches 
are viable and are mentioned briefly here. They typically 
involve cationic polymers instead of lipids. For example, a 
polyglucin:spermidine conjugate was investigated as a poten-
tial carrier for a mRNA-RBD vaccine and induced neutralizing 
antibodies in mice.[64] Chitosan was used to produce a DNA 
vaccine encoding a secreted S portion that has the potential 
for treatment and vaccination as well by acting as a competi-
tive antagonist at the ACE2 receptor.[66] Full length S protein 
encoding mRNA was successfully encapsulated into a core–
shell structured lipopolyplex nanoparticles.[109] A cationic 
polymer termed SW-01 was used to condense the mRNA into 
the core and then coated with a shell of ionized and non-ion-
ized lipids using microfluidics. The resultant vaccine, SW0123, 
produced neutralizing antibodies in both C57BL/6 and BALB/c 
mice. SW0123 is now under evaluation in a Phase I clinical trial 
in China (SW0123 is now under evaluation in a Phase I clinical 
trial in China (Chinese Clinical Trial Registry, CTR20210542).

5.2. Liposome and Micelle Adjuvants

Liposome-based vaccine delivery systems hold the advantages of 
human safety track record, ease of manufacture, and control over 
lipid composition. They can also be designed to control para
meters such as vesicle charge and size which impact entrapment 
efficiency. Liposome-based vaccines can be used for delivering 
different kinds of antigens, either proteins or nucleic acids, which 
can be adsorbed at the surface, or be entrapped in the aqueous 
core of liposomes. Lipophilic compounds including several 
immune stimulants can be incorporated into the lipid bilayer. 
For instance, AS01, a liposomal adjuvant system incorporating 
two molecular adjuvants (a monophosphoryl lipid A (MPLA) 
and a saponin molecule (QS-21)) stimulates humoral and cell-
mediated immune responses when coadministration with anti-
gens.[110] The effectiveness and safety of AS01 has led it to being 
widely, used even with inactivated viruses.[111] GlaxoSmithKline 
(GSK), which produces AS01, has engaged in several partner-
ships to embed its pandemic adjuvant AS03, an adjuvant system 
composed of α-tocopherol, squalene and polysorbate 80 in an oil-
in-water emulsion with SARS-CoV-2-protein-based vaccines such 
as the Medicago CoVLP (ClinicalTrials.gov # NCT04636697) and 
the GBP510 (ClinicalTrials.gov # NCT05007951) vaccines.

In another approach to further enhance immunogenicity 
of liposomal adjuvant systems, his-tagged protein antigens 
were engineered to bind on the bilayer surface based on inter-
action with immobilized cobalt ions in the bilayer through 
a novel porphyrin phospholipid conjugate (termed CoPoP), 
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Figure 7.  Lipids for protein antigen particles. A) Top: A peptide with a his-tag (green) binding to pre-formed CoPoP liposomes in an aqueous solution 
with simple admixing.[112] Bottom: Cryo-electron microscopy image of the RBD displayed on immunogenic CoPoP liposomes. B) Electron microscopy 
images of SARS-CoV-2 3Q-2P-FL, formulated in polysorbate 80 surfactant in the presence of Matrix-M adjuvant (Novavax). S rosettes are circled in 
yellow and Matrix-M adjuvant cages are circled in white. Matrix-M does not appear to interact with the S nanoparticles.[116] A) Top: Reproduced with 
permission.[112] Copyright 2015, Springer Nature. Bottom: Reproduced with permission.[79] Copyright 2020, Wiley-VCH. B) Reproduced under the terms 
of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[116] Copyright 2020, American 
Association for the Advancement of Science.

https://creativecommons.org/licenses/by/4.0
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allowing enhanced antigen presentation and uptake as shown 
in Figure  7A.[112] RBD presentation on the surface of these 
liposomes resulted in a potent neutralizing antibody response 
in mice with just 0.1  µg dose per mouse. This technology 
has recently advanced to clinical trials (ClinicalTrials.gov # 
NCT04783311) under the tradename EuCorVac-19.[79]

Another saponin based adjuvant, Matrix-M, is made of Quil-
laja saponins that are formulated into nanoparticles together 
with cholesterol and phospholipids.[113] Matrix-M enhances 
Th1 and Th2 responses as well as inducing multiple antibody 
subclasses.[114,115] Matrix-M, a key component of the Novavax 
Nuvaxovid vaccine, increases the immunogenicity of full-length 
recombinant SARS-CoV-2 S nanoparticle vaccine shown in 
Figure 7B.[13]

6. Materials for Vaccine Storage and Delivery

There are many challenges when it comes to a pandemic mass 
vaccination. One is the logistics of vaccine storage and global 
distribution that require active cold chains to enable shipments, 
including low temperature storage conditions or a narrow range 
of storage temperatures. For example, some mRNA vaccines 
require shipment and long-term storage at −80 °C. Liposomal 
vaccines can aggregate if frozen and thus should not be stored 
below 0  °C.[117] Another challenge can be the lack of available 
trained health care workers who can administer vaccines. A 
vaccine delivery platform that can break cold chain limitations 

and allow for self-administration could improve efficient world-
wide vaccination in both developed and developing countries.

6.1. Thermostability

Next generations of COVID-19 vaccines should consider 
global distribution efficiency, and thus reduced cold chain 
requirements could be a significant advantage.[118] One of the 
main approaches to increasing the thermostability of a vaccine 
is to remove its aqueous solvent. Many drying techniques are 
available for vaccines such as spray and freeze drying (lyophiliza-
tion). Although spray drying is fast and can produce free flowing 
powder which can be desirable in industry, lyophilization is a 
preferred technique for the drying of biologics it does not subject 
the vaccine to heating stress. Moreover, it can retain the sterility 
of the sample during the process. Freezing stress can have prob-
lematic effects on nanoparticulate vaccines, necessitating the use 
of cryoprotectants.[119] A hybrid drying technique between both 
spray and freeze drying (spray freeze drying) can be adapted to 
produce freeze dried spherical free flowing powder rather than 
cake. The large-scale production process of a lyophilized vaccine 
is substantially different than a liquid vaccine, therefore consid-
eration of vaccine production capacity is important.

Lyophilization is frequently used to improve protein storage 
stability. Liposome-displayed S and RBD were lyophilized 
with a 7.5% sucrose cryoprotectant that was found effective in 
inhibiting liposomal aggregation upon reconstitution.[120] The 
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Figure 8.  Stability of lyophilized RBD vaccines. A) RBD-decorated liposomes are shown before and after lyophilization (left). RBD stability, as gauged by 
reactivity with hACE2 was then assessed for the liquid or lyophilized vaccines (right).[120] B) RBD-SpyVLPs reactivity with various conformational mono-
clonal antibodies and hACE2 is maintained with lyophilization (top). Upon immunization with either pre- or post-lyophilized or five times freeze thawed 
RBD-SpyVLPs, mice effectively induced antibodies before and after boosting (bottom). A) Adapted under the terms of the CC-BY Creative Commons 
Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[120] Copyright 2021, The Authors, published by American Associa-
tion for the Advancement of Science. B) Adapted under the terms of the CC-BY Creative Commons 4.0 International license (https://creativecommons.
org/licenses/by/4.0).[70] Copyright 2021, The Authors, published by Springer Nature.

https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
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powdered vaccine was able to withstand elevated temperatures 
(60°C) for at least 2 weeks in terms of antigen stability when 
tested for conformational stability via slot blot and colloidal 
stability of the liposomes when measured with dynamic light 
scattering.[120] Lyophilization of RBD-SpyVLP rendered it ther-
mostable without a loss in immunogenicity. The vaccine was 
able to withstand five freeze–thawing cycles retaining its correct 
conformation and immunogenicity (Figure 8B).[70]

Lyophilization of mRNA also can enhance its stability. A lyo-
philized RNA platform developed by CureVac as a rabies vac-
cine was able to withstand storage temperatures 5–25  °C for  
3 years and was stable for ≈6 months at 40 °C.[121] A lipid-based 
delivery system for mRNA-RBD vaccine (named ARCoV) was 
tested for its thermostability for 7 days at different temperatures. 
The results showed that the system can protect its mRNA cargo 
at 37 °C retaining about 85% of its activity in liquid form.[104]

6.2. Delivery Methods

Intramuscular injection is the most used delivery method for 
COVID-19 vaccine administration and is chosen due to reproduc-
ible dose delivery and historic precedent.[122] Besides the need to 
be administered with trained personnel, the use of needles carries 
the hazard of infection and vaccine hesitance, and also can cause 
supply chain shortages. Other vaccine delivery methods have 
gained interest, namely intradermal and intranasal or inhalable.

Microarray patches offer an attractive means of delivery of 
biologics through the skin allowing controlled release of vac-
cine components intradermally or intracutaneously. Skin 
science advances provide evidence that these immuniza-

tions can induce sustained humoral and cellular immune 
responses.[122] For example, a poly(vinyl acetate) separable 
microneedle patch was prepared via micromolding technology 
to deliver a low molecular weight polyethylenimine nanoparti-
cles encapsulating DNA encoding for either S or N proteins. 
poly(N-isopropylacrylamide-co-butyl acrylate) was used as a 
separable layer thanks to its thermoresponsive properties, 
where it becomes hydrophilic and easily separated at 14–16 °C  
(Figure  9A). The nanoparticles were able to encapsulate a 
hydrophobic immunostimulant, Resiquimod, only after chem-
ical conjugation of deoxycholic acid to polyethyleneimine 
forming an amphiphilic self-assembling polymer that DNA 
can be condensed on its surface via electrostatic condensa-
tion.[123] Both formulations induced significant cellular and 
humoral response in mice when compared to naïve groups but 
only the S protein encoding formulation sera was tested for 
neutralization activity with pseudotyped virus showing signifi-
cant neutralizing activity. A carboxymethyl cellulose dissolving 
microneedle array incorporating the S1 subunit from S was 
fabricated using a tip-loading 3-stage manufacturing strategy. 
A 2 week prime-boost regimen resulted in eliciting neutral-
izing antibodies for at least 4 weeks in mice.[124] A needle free 
jet injector was used to immunize Rhesus macaques using 1 or 
2 mg ZyCoV-D (naked plasmid DNA) and compared with intra-
dermal injections and it was found that it was able to produce 
comparable neutralizing antibodies to intradermal injection. 
Electroporation was used to administer Inovio Pharma (INO-
4800)[125] which was previously used to administer MERS,[126] 
Ebola,[127] and Zika virus vaccines.[128] In general, microarray 
patches are among the most promising skin-targeted vaccine 
delivery systems with the advantages of self-administration, 
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Figure 9.  Needle-free vaccine delivery. A) The design of separable microneedle patches for skin delivery where a thermal responsive “PNIPAM-B” 
polymer was inserted between the backing layer and microneedles containing Resiquimod loaded deoxycholic acid polyethylenimine micelles with 
surface condensed DNA encoding for either S protein “DLP-RS” or N protein “DLP-RN.” PNIPAM-B polymer is hydrophobic at room temperature and 
transfers to hydrophilic if the temperature is lower than the LCST (14−16 °C).[123] Thus, the backing layer of SMN can be separated from skin and leave 
the microneedles embedded. B) Skin vaccination induces antigen-specific cellular and humoral immune responses as the introduction of vaccine com-
ponents into the skin microenvironment results in antigen loading and functional skewing of skin-resident APCs capable of directly or indirectly inducing 
T cell responses in the draining lymph nodes. The magnitude, breadth, and longevity of these responses are influenced by vaccine dose, spatiotemporal 
vaccine release kinetics, and immunoregulatory signals delivered with the antigen or released by other skin cells.[122] C) IgA and resident memory B 
and T cells in the nasal passages and upper airways are elicited by intranasal vaccination and prevent infection and reduce virus shedding. Serum IgG 
elicited by intramuscular vaccination transudates into the lungs and prevents pulmonary infection but allows infection in the nasal passages and virus 
shedding. shedding.[131] A) Reproduced with permission.[123] Copyright 2021, American Chemical Society. B) Reproduced with permission.[122] Copyright 
2021, The Authors. Published by Elsevier. C) Reproduced with permission.[131] Copyright 2021, American Association for the Advancement of Science.
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elimination of needle hazard are painless and can effectively 
induce immune response (Figure 9B).[130,131]

Another delivery route of interest is inhalation or intranasal 
administration. Compared to intramuscular or subcutaneous 
injections, vaccines targeted to the lungs can boost the local 
immune response and produce mucosal immunity from 
secreted IgA and tissue resident immune cells that can prevent 
the infection onset as shown in Figure  9C.[132] In one study, a 
chimpanzee adenovirus-vectored vaccine encoding a prefu-
sion stabilized S was found to be effective when administered 
intranasally dose induced high levels of neutralizing antibodies, 
promoted systemic and mucosal IgA and T cell responses, and 
prevented SARS-CoV-2 infection in both the upper and lower 
respiratory tracts.[133] In another study, two doses of aerosolized 
adenovirus type-5 vector-based COVID-19 vaccine was found to 
be well tolerated in adult humans and was able to elicited neu-
tralizing antibody responses, similar to one dose of intramus-
cular injection.[134] In another approach, targeted phage-based 
vaccination was developed against SARS-CoV-2 where a dual 
ligand peptide-targeted phage was engineered based on a struc-
ture-guided antigen design.[135] One of these engineered epitopes 
was displayed on the major capsid protein pVIII of the phage 
and induced a specific and sustained humoral response when 
injected in mice. Moreover, the peptide CAKSMGDIVC was 
co-displayed on the phages (on the minor capsid protein pIII) 
which enables their transport across the lung epithelium and 
into the systemic circulation. As a result, aerosolization of these 
phages into the lungs of mice generated a systemic and specific 
antibody response.[135] Taken together, intranasal delivery shows 
promise, but further data is required to show a compelling 
advantage over traditional intramuscular administration.

7. Conclusion

Advanced materials have emerged to shape vaccines that have 
mitigated the severity of the COVID-19 pandemic. Cationic 
lipid materials for mRNA delivery in particular have been 
instrumental in being developed quickly to generate safe and 
effective vaccines. Self-assembly technologies for subunit vac-
cines have emerged and have been advanced to the point of 
clinical testing. Moving forward, more information will emerge 
about long-term efficacy and safety of these vaccine candidates, 
which will be helpful in shaping future vaccine design, both 
for the ongoing COVID-19 pandemic and for other infectious 
disease targets. The ability to have vaccine platforms that can 
be easily manipulated to fit new antigens or viral variants is 
of importance. Thermostable platform technologies are desir-
able to decrease the cost of shipment and storage and facilitates 
worldwide distribution. Overall, advanced vaccine materials 
have made great headway in the past couple of years, and are 
poised for further research and development breakthroughs in 
the near future.
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