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ABSTRACT: The coronavirus disease-19 (COVID-19) pandemic has had a significant impact on human life worldwide since 2019.
Specific vaccines and antiviral agents are the most effective means of preventing and treating severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infections. Additionally, antiviral protective equipment and early diagnosis also contribute to
controlling the spread of COVID-19. The utilization of biomaterials in medicine and pharmaceuticals is crucial to ensure the positive
impact of vaccines, antiviral agents, and protective equipment. In this review, we discuss the application of various types of
biomaterials, including polymers, lipid nanoparticles, inorganic biomaterials, protein- or peptide-associated biomaterials, self-
assembled biomaterials, and other biomaterials, for the vaccine, treatment, and prevention of COVID-19. Finally, we provide a
perspective on future opportunities and challenges for developing biomaterials to combat other viral outbreaks and diseases.

1. INTRODUCTION
The coronavirus disease-19 (COVID-19) pandemic caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has emerged as a global challenge, infecting 750
million people worldwide and causing 6.81 million deaths.1

Fortunately, biomaterials offer novel strategies to combat
COVID-19.2−4 Before discussing these strategies in detail, it is
essential to understand the background of COVID-19.
The SARS-CoV-2 spike (S) protein has a high affinity for

the angiotensin-converting enzyme 2 (ACE2) receptor,
primarily found on epithelial cells.5 The innate immune
system responds to infection by recruiting immune cells to the
site and activating the complement cascade and adaptive
immune system.6 However, this may not provide adequate
protection for most individuals, and the infection can rapidly
progress to hyperinflammatory cytokine storms and lung
damage without therapeutic interventions.7 Infection with
SARS-CoV-2 in humans can lead to pneumonia, acute
respiratory distress syndrome (ARDS), acute lung injury, and
cytokine storm syndrome.8,9 Severe COVID-19 can lead to
systemic inflammation and multiorgan failure due to increasing
cytokine storms.10 Therefore, developing effective vaccines and
drugs to inhibit viral entry and regulate systemic immune

responses along with protective equipment and early detection
is crucial.
Various antiviral strategies have been proposed to combat

the COVID-19 pandemic, in which biomaterials offer a
promising approach for treating and preventing infection.11

There are three main applications for biomaterials in this
regard: (I) enhancing the immunogenicity and efficacy of
COVID-19 vaccines, (II) preventing infection, and (III)
repairing and regenerating damaged tissue. This review will
discuss the use of biomaterials as vaccine adjuvants or carriers
to deliver anti-SARS-CoV-2 drugs and enhance its efficacy,
anti-SARS-CoV-2 drugs, and medical devices or protective
equipment to prevent the transmission of COVID-19.
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2. BIOMATERIALS HELP TO Anti-SARS-CoV-2
Strategies

The COVID-19 pandemic has prompted scientists worldwide
to seek effective strategies to combat the disease. COVID-19
vaccines, anti-SARS-CoV-2 strategies, and early diagnosis are
crucial for controlling the spread of the disease. Generally,
vaccines without adjuvants have limitations in terms of
immunogenicity and stabilization, which can be overcome by
using proper adjuvants and delivery systems (Figure 1).12 For
example, recombinant protein vaccines have limited efficacy
without adjuvants,13 and nucleic acid vaccines can be degraded
without appropriate delivery systems.14 Therefore, the
application of biomaterials in COVID-19 vaccine adjuvants
and delivery systems development has been extensively
explored to improve immunogenicity and stability, and
minimize side effects (Table 1).15 In addition to vaccines,
anti-SARS-CoV-2 strategies, and antiviral protective equipment
and early diagnosis also play a vital role in controlling the
spread of COVID-19.16−19 This review discussed the
application of biomaterials as vaccine adjuvants and treatments
and for early diagnostics and protective equipment, high-
lighting their importance in the fight against COVID-19.
2.1. The Application of Biomaterial in SARS-CoV-2

Vaccines. Vaccination is one of the most effective preventive
measures against COVID-19.20 Notably, adjuvants and
appropriate drug delivery systems are necessary to enhance
the immunogenicity of subunit antigens, facilitate antigen
delivery, and control release, respectively.13,21 Adjuvants can
improve the immune response by chemically or physically
connecting with antigens, particularly by promoting cellular
uptake efficiency to increase antigen-specific immune re-
sponses.22 Similarly, appropriate drug delivery platforms can
increase cellular uptake and protect drug payloads from
premature action.23−25 Among nonviral delivery systems for
mRNA, lipid nanoparticles (LNPs) are the most clinically
advanced.26 In this section, we discuss the application of
adjuvant and delivery biomaterials in anti-SARS-CoV-2 vaccine
candidates.

2.1.1. Natural Polymer Biomaterials in SARS-CoV-2
Vaccines. 2.1.1.1. Chitosan. Chitosan, a product derived
from the natural polysaccharide chitin through partial
deacetylation, can be utilized as an adjuvant for DNA
vaccines.27 These vaccines can be administered orally or
nasally due to the mucoadhesive nature of chitosan. Chitosan’s
positively charged nature is beneficial in serving as a DNA
vaccine delivery system by promoting electrostatic interactions
with negatively charged DNA vaccines, thereby enabling the
DNA plasmids to encode candidate antigens.28,29 Furthermore,
the polymer can protect DNA from degradation by
extracellular nucleases when it is bound to the cationic surface
or loaded in particles. Chitosan can induce inflammasome and
promote cellular and humoral immunity by binding to cell
surface receptors such as Toll-like receptor-2 (TLR-2) and
stimulating the DNA sensor cGAS-STING pathway to induce
dendritic cell (DC) maturation and TH1 immune response in
type I interferons. In addition, a mannose-TLR7/8 agonist
adjuvant could enhance vaccine-induced humoral and cellular
immune responses.30

Chitosan is a promising adjuvant for the COVID-19
vaccines. For instance, Tatlow et al. developed an inhaled
chitosan-coated DNA vaccine and demonstrated its potential
as a preventive COVID-19 vaccine.31 Another gold-nanostar-
chitosan-associated COVID-19 DNA vaccine encoding S
protein also contributes to rapid and long-lasting mucosal
immunization in the respiratory mucosa and lungs.32 Cationic
chitosan is commonly used to deliver negatively charged DNA,
while its quaternary derivatives (trimethylchitosan) can deliver
recombinant proteins. Lin et al. developed fucoidan/
trimethylchitosan nanoparticles (FUC-TMC NPs) coated
with a recombinant S protein vaccine, and when coadminis-
tered with cytosine-phosphate-guanosine-oligodeoxynucleoti-
des (CpG-ODNs), robust immunogenicity was observed.33

In addition to antibacterial and antiviral activities, chitosan
and its derivatives (trimethyl chitosan, carboxylated chitosan,
and acylated chitosan) have good biocompatibility and
degradability.34 When used as a drug carrier, chitosan can
stabilize the ingredients in the drug, promote drug absorption,

Figure 1. Some key biomaterial platforms in controlled drug delivery and release. These efforts include (A) polymer nanoparticles, (B) liposomes,
(C) self-assembled particles, and (D) polymer scaffolds. (E) These biomaterial platforms can be applied in oral, nasal, and intravascular
immunizations. Image created with BioRender.com, with permission.
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delay or control the dissolution rate of the drug, help the drug
reach the target organ, and prevent the drug from irritating the
stomach. In summary, chitosan has the potential to enhance
vaccine immunogenicity as an adjuvant or delivery system.

2.1.1.2. Alginate. Alginate, another natural polysaccharide
that can be used as a drug delivery carrier, is often complexed
with chitosan to deliver a pH-responsive drug. Because the
carboxylate acid groups of alginates are negative, they could
bind to the positively charged amino groups of chitosan to
form alginate/chitosan complex, which is pH-sensitive.35,36

Studies have demonstrated the efficacy of alginate-based
adjuvants in hepatitis A vaccines and the SARS-CoV-2.37

AbdelAllah et al. showed that the hepatitis A vaccine delivered
by alginate-coated chitosan nanoparticles could induce a
comparable humoral and cellular immune response in
mice.37 A study on hepatitis B vaccine formulated with
chitosan and alginate-based adjuvants showed an enhanced
immunogenic response and a TH1/TH2 immune response
balance compared to commercial alum-adjuvant vaccines.38 In
addition, alginate is immune-stimulated, tolerable, cheap, and
safe, as well as nonirritating and nontoxic.39 Based on the
results, alginate is a considerably efficient delivery biomaterial
for vaccines.

2.1.1.3. Advax. Advax, composed of polysaccharide delta
inulin microparticles, has been used for developing COVID-19
vaccines due to its nontoxic and nonirritating properties,
outstanding immune stimulation properties, and good
tolerability.40 Since these particles cannot be filtered and
sterilized, γ radiation is required for sterilization. Delta inulin is
less sensitive to sterilizing doses of γ radiation than gamma
inulin.41 Different from alum adjuvant which could induce
TH2 bias, Advax marked balanced TH1 and TH2 immune
responses.42 Li and co-workers reported that recombinant
SARS-CoV-2 S protein extracellular domain formulated with
Advax-SM (Vaxine, Adelaide, Australia) was well-tolerated and
could induce a comparable TH1 immune response and anti-
SARS-CoV-2 infection effect when administered intramuscu-
larly.43 When this recombinant protein was coadministered
with Advax-CpG55.2 adjuvant (Vaxine Pty Ltd., Adelaide,
Australia), they called it the Covax-19/Spikogen vaccine, and
robust immune responses and protection were observed in
hamster models44 and clinical trials.45 Another subunit
recombinant S protein vaccine combined with Advax-SM
adjuvant was also shown to induce immunogenicity and could
be used as a prime-booster vaccine against the ever-mutating
SARS-CoV-2.46 In conclusion, alginate-based adjuvants could
increase vaccine efficacy by enhancing both humoral and
cellular immune responses.

2.1.2. Synthetic Polymer Biomaterials in SARS-CoV-2
Vaccines. 2.1.2.1. PLGA. Poly(D,L-lactic-co-glycolic acid)
(PLGA), a synthetic copolymer of poly(lactic acid)/polylac-
tide (PLA) and poly(glycolic acid)/polyglycolide (PGA), is
biocompatible and nontoxic and widely used in polymeric drug
delivery systems.47 In commercial settings, different grades of
PLGA can be synthesized by their ratio of lactic acid to glycolic
acid, inherent viscosity, and molecular weight,47 while different
physical characteristics of PLGA are available depending on
the parameters specific to the synthesis method employed.48

PLGA is approved by the U.S. Food and Drug Administration
(FDA).49 Due to its biocompatibility, biodegradability, low
toxicity, and controlled bioavailability, PLGA is used in
COVID-19 vaccines as an adjuvant and delivery platform.50

Huang et al. developed a recombinant SA-E-loaded PLGA

nanovaccine that, when administered intramuscularly, demon-
strated robust humoral and cellular immunity.51 In contrast,
the S1-E vaccine without an adjuvant or PLGA failed to induce
sufficient antibodies to combat SARS-CoV-2. PLGA is also
used as a nucleic delivery vehicle, as demonstrated by Li et al.’s
development of PLGA-associated particle-in-particle nano-
particles for the delivery of DNA and mRNA in vitro and in
vivo. These nanoparticles had sustained release and trans-
fection efficacy and good stability, and promoted TH1 immune
response to combat COVID-19.52 However, PLGA-based
plant delivery vehicles may result in reduced efficacy.53 Overall,
PLGA is widely used for the delivery of COVID-19 vaccine
adjuvants and delivery.

2.1.2.2. Dissolvable Hydrogels. Dissolvable hydrogels such
as carboxymethyl cellulose (CMC) and trehalose are also used
in vaccine delivery when developed as microneedle arrays
(MNAs). The skin contains many immunologically active
accessory cells and antigen-presenting cells, making it an ideal
target for vaccination to induce durable adaptive immun-
ity.54,55 MNAs are a technique that involves fine needles
puncturing the skin.56 Compared to traditional needles, MNAs
offer several advantages. First, they induce less pain. Second,
MNA delivery generates an accumulation of vaccines in the
local skin microenvironment with spatially and temporally
controlled release.57 Third, scientists have indicated that the
MNA delivery of the SARS-CoV-2 subunit vaccine can elicit
improved antigen-specific antibody responses and long-lasting
immune responses compared to traditional needle-based
injections.58 Additionally, Yin and colleagues developed a
separable microneedle patch to deliver DNA nanovaccines,
which induced durable and potent adaptive immunity.59

However, only one clinical study has presented the develop-
ment of MNAs-based delivery of mRNA COVID-19 vaccine
(NCT05315362).

2.1.2.3. Crygels. Cryogels, which are scaffold biomaterials
with a unique interconnected microporous network, have
shown promise in the development of cancer and antivirus
vaccines.60,61 Briefly, during cryogelation, the reactants are
controlled in the unfrozen/semifrozen phase to form a cross-
linked network during polymerization, and the ice crystals
nucleated from the aqueous phase during the freezing process
have a porogenic effect.62 In addition, at temperatures above
freezing, these ice crystals melt and form a network of
interconnected large pores.63 Cryogels generally have greater
mechanical stability than traditional hydrogels. Cryogel-based
vaccines have been reported to enhance the immune response
by activating DCs and B cells and recruiting immune cells in
situ. Additionally, cryogels have been found to promote the
secretion of granulocyte macrophage colony-stimulating factor
(GM-CSF), which can enhance immunity.64−66 Recently,
Colombani et al. developed an oxygen-generating COVID-19
cryogel-based vaccine (Cryogelvax) and assessed its immuno-
genicity. When administered via post-subcutaneous injection,
Cryogelvax recruited DCs at the injection site and released
antigen and adjuvant in a sustained manner. The released
antigens stimulated DC activation, eliciting both TH1 and
TH2 immune responses, and generated high levels of binding
and neutralizing antibodies to combat SARS-CoV-2 infec-
tion.67

In summary, synthetic polymer materials, particularly PLGA,
play a significant role in the delivery of COVID-19 vaccines.
Cryogels have also shown promise as scaffold biomaterials for
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vaccine development, with Cryogelvax exhibiting strong
immunogenicity in preclinical studies.

2.1.3. Lipid Biomaterials in SARS-CoV-2 Vaccines. The
success of mRNA vaccines developed by BioNTech/Pfizer and
Moderna in response to the COVID-19 pandemic has led to
increased attention on lipid biomaterials and mRNA
technology.68 Lipid biomaterials, including cationic lipids,
lipid-polymer hybrids, emulsions, and liposomes, can be
structured by spontaneous formatting of lipid bilayers.69

Lipid biomaterials have multifunctional properties that enable
them to encapsulate both hydrophilic and hydrophobic
substances, integrate charged moieties to induce antigen
encapsulation, and facilitate targeting ligand uptake by
antigen-presenting cells.70,71

2.1.3.1. Cationic Lipids. Cationic lipids, which consist of an
amine group, a hydrophobic chain, and a linkage group, have
been widely used in liposome nanoparticle delivery systems.72

These lipids, along with ionizable lipids, are composed of lipid
nanoparticles (LNPs) that carry a positive charge. The
positively charged LNPs allow for the rapid incorporation of
nucleic acids that have negative charges and also promote
cellular uptake and endosomal escape.73 However, the use of
positively charged LNPs can lead to increased cytotoxicity, low
bioactivity, and rapid clearance from the bloodstream.74−76

Fortunately, the use of ionizable cationic lipids has addressed
these biocompatibility issues and improved the efficiency of
neutral systems.77 Recently, the FDA-authorized mRNA-based
vaccines, such as BNT162b2 (BioNTech and Pfizer) and
mRNA-1273 (Moderna).78,79, have been formulated using
cationic-based LNPs such as ALC-0315 (Acuitas) and SM-102
(Moderna), respectively.80−82 In addition to cationic lipids,
lipid-polymer hybrids have also shown potential efficacy
against SARS-CoV-2 infection and have been used in
LNPs.83,84 For example, Khater and colleagues demonstrated
that lipid-polymer hybrids containing fluoxetine hydrochloride,
a selective serotonin reuptake inhibitor, could effectively bind
with the SARS-CoV-2 main protease with comparable
biocompatibility.83

2.1.3.2. Emulsions. Emulsions are common carriers for
lipids and allow controlled hydrolysis and absorption of
lipids.85 An emulsion is a mixture of two completely
immiscible liquids, which were named as the dispersed phase
and continuous phase. Generally, according to the composition
of the dispersed droplets, the emulsion can form oil-in-water
(oil is the dispersed phase, and water is in the continuous
phase) or water-in-oil (water is the dispersed phase, and oil is
in the continuous phase) emulsions.86 The mechanisms of
emulsification were related to many chemical and physical
processes and mechanisms such as surface theory, repulsion
theory, and viscosity modification.87 In addition, emulsions
promote drug dispersion and absorption and help to improve
drug bioavailability. Emulsions of oil-based drugs are precisely
dosed and improve skin permeability.88

The use of emulsions as adjuvants can stimulate immunity
and improve vaccine efficiency. One commonly used oil-in-
water nanoemulsion is MF59, which has been licensed as a safe
and potent vaccine adjuvant for promoting efficacy against
viruses.89 Many SARS-CoV-2 vaccines, such as the MF59-
adjuvanted Sclamp vaccination formulated by Watterson et al.,
have utilized MF59 as an adjuvant.90,91 Preclinical trials have
shown comparable immunogenicity in both humoral and
cellular immune responses.92 In clinical trials, the MF59-
adjuvanted spike glycoprotein-clamp vaccine has demonstrated

safety and potential efficacy against SARS-CoV-2.90 He et al.
developed an MF59-like adjuvant with a composition similar
to that of MF59, which, when formulated with RBD-HR/
trimer protein, elicited robust and sustained immune
responses.91 In addition to MF59, the aluminum-based
emulsion adjuvant has also shown a benefit against SARS-
CoV-2. For example, the newly developed 3M-052-alum
adjuvants promoted a better humoral immune response than
alum when coadministered with RBD protein.93 Overall,
emulsions are commonly used as vaccine adjuvants against
SARS-CoV-2.

2.1.3.3. Liposomes. Liposomes, which are often composed
of phospholipids (phosphatidylcholine), cholesterol, and some
other lipids, are small artificial vesicles with spherical shapes.
The aqueous solution core is surrounded by a hydrophobic
membrane, which hampers the exudation of encapsulated
hydrophilic solutes in the core.94 Encapsulation technologies
can be divided into two types: passive encapsulation
technologies, which rely on the random capture of molecules
during liposome formation, and active encapsulation tech-
nologies, which rely on the presence of transmembrane ion
gradients or charged lipids.95 Liposomes could be developed
by disrupting biological membranes.96 Because of their
biocompatibility, hydrophobicity and/or hydrophilicity, par-
ticle size, and some other properties, liposomes were regarded
as vehicles to deliver drugs like therapeutic mRNA and
DNA.97,98

Kinds of liposomes, AS01 and AS03, have been utilized as
vaccine adjuvants against SARS-CoV-2 in commercial settings.
AS01 and AS03 adjuvant both could be purchased from
InvivoGen. Scaria et al. developed a protein−protein conjugate
vaccine based on the RBD antigen using either Alhydrogel or
AS01. They found that the vaccine formulated in AS01
significantly enhanced vaccine immunogenicity and functional
activity, whereas the vaccine developed in Alhydrogel did not
achieve similar results.99 Another S1 protein-based COVID-19
vaccine formulated with AS01 demonstrated robust humoral
responses.100 However, no relevant clinical studies on AS01
have been reported. In contrast, clinical trials on subunit
vaccines with AS03 adjuvant have been conducted.101−105

Arunachalam et al. developed an RBD nanoparticle (RBD-
NP), which when coadministered with adjuvants such as Essai
O/W 1849101, AS37 (a TLR7 agonist), CpG1018-alum (a
TLR9 agonist), and AS03, only the RBD-NP-AS03 showed
significant immunogenicity.106 Alum adjuvants could improve
the poor immunogenicity of CpG1018. No difference was
observed in the immunization of S-trimer (a recombinant
protein) with CpG1018 plus alum adjuvants or AS03. In
summary, emulsions and liposomes have the potential to
deliver adjuvants and induce antibodies and cellular immunity.
Compared to other biomaterials-based COVID-19 vaccines,
many lipids’ biomaterials-based COVID-19 vaccines have been
approved for use.

2.1.4. Short Synthetic Peptides in SARS-CoV-2 Vaccines.
The traditional peptide syntheses need the consideration
reaction between the carboxyl group of one amino acid and the
amino group of another. Two methods of peptide synthesis are
solution synthesis and solid-phase synthesis (SPPS).107 These
synthetic processes include peptide bond formation and/or
deprotection, as well as modification of the main- and side-
chain. Liquid-phase peptide synthesis is mainly used to
synthesize short peptides no more than tetrapeptide. During
the solid-phase approach, each peptide is anchored at the side
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chain functional group or C-terminus of an insoluble/soluble
polymer. In both approaches, a single N-protected amino acid
unit is connected to the free N-terminal amino group of the
growing peptide. After deprotection, a new amino group is
exposed, which may be attached to another amino acid. After
the synthesis is completed, the required peptide is cleaved from
the resin under the action of acids of different strengths.107

However, the two approaches suffer from many complex
synthetic steps, high cost, and/or cumbersome purification.
Some rapid, mild, inexpensive, and convenient approaches are
in development and still need to be improved.108

Short synthetic peptides can serve as self-adjuvanting protein
biomaterials and can assemble into long nanofibers, which can
act as adjuvants. When combined with other antigens,
synthetic peptides can be used as self-adjuvanting peptides.109

Nanofiber-based B and T cell epitopes can regulate adaptive
immune responses through local inflammation.110 Short
synthetic peptides such as Pam2Cys and Pam3Cys, which
are TLR2 agonists, can induce robust CD4+ T cell responses
when fused with ESAT6 protein.111 IC28 peptide, a TLR5-
dependent adjuvant, showed improved immunogenicity and
antigenicity when conjugated with recombinant RBD (RBD-
IC28-M).112 Wen’s group developed a TLR7 agonist-
conjugated SARS-CoV-2-S1 protein vaccine, which activated
vital immune cells in vitro and induced robust TH1-based
immune responses in vivo.113 Other studies have also shown
promising results with peptide vaccines conjugated with TLR7
agonist (CoVac501)114 or α-galactosylceramide, an invariant
natural killer T cell agonist.115 These findings suggest that self-
adjuvanting proteins could be effective strategies against SARS-
CoV-2.

2.1.5. Self-Assembled Nanoparticles in SARS-CoV-2
Vaccines. Nanoparticles (NPs) with self-assembled scaffold
structures are capable of carrying the entire S protein or RBD
domain in a trimeric configuration.116 NPs that utilize naturally
oligomer-forming molecules can express antigens and scaffold
proteins separately or simultaneously. Notably, most NP
vaccines against SARS-CoV-2 express antigens and scaffold
proteins separately, as NPs are loaded with antigen via a
linking system.117,118 There are two advantages of a separate
expression. One is that the NP scaffold can be expressed by
Escherichia coli, while the production of the antigen portion is
eukaryotic-based. E. coli-based expression is much cheaper and
faster than eukaryotic expression systems.116 The other is that
the linking system allows the antigen to be easily shared by
different kinds of NP scaffolds.119,120

The icosahedral protein scaffold, I53-50, has shown robust
immunogenicity in animal models.121 Recently, Arunachalam’s
group developed an I53-50 protein nanoparticle scaffold-based
RBD COVID-19 vaccine (RBD-I53-50 NP) and demonstrated
its protective effects against SARS-CoV-2 in rhesus mac-
aques.106 In addition, a phase 1/2 trial indicated that RBD-I53-
50 NP could be tolerated and effective when coadministered
with AS03 adjuvant.122 Another I53-50 NP expressing S
protein vaccine (S-I53-50 NP) protected macaques from
SARS-CoV-2 challenge.123 Apart from I53-50, self-assembling
nanoparticles can also be developed via a ferritin nanoparticle
scaffold. Most of these NPs express the RBD domain,124−126

but seldom express the S protein.127,128 Many RBD-based mi3
(a self-assembling NP scaffold) vaccines have been generated
to fight against SARS-CoV-2.117,129−131 The RBD-SpyCatcher-
mi3 vaccine developed by Halfmann and co-workers showed
broadly cross-reactive anti-SARS-CoV-2 antibodies.129 How-

ever, it is uncertain whether ferritin nanoparticle scaffold-based
COVID-19 vaccines are more effective than icosahedral
protein scaffold-based COVID-19 vaccines. Nevertheless, the
use of NPs shows great promise in the COVID-19 vaccine
development.

2.1.6. Virus-like Particles in SARS-CoV-2 Vaccines. Similar
to NPs, virus-like particles (VLPs) can be produced by self-
assembly and are considered a promising platform for vaccine
development. VLPs are intrinsically immunogenic substances
that carry genetic material and pathogen genes.132,133 To
ensure safety and rendering VLPs replication, the essential
gene is removed. Besides their immunogenicity, VLPs can
carry foreign antigens or membrane proteins with linking
systems and/or scaffold systems.134 These continuous
advances and improvements in VLP technology promote the
scope of application in vaccines.
As a safe and effective technique, VLPs are excellent

candidates for the COVID-19 vaccine design. For example,
research by van Oosten et al. indicated that the AP205
bacteriophage (AP205 VLP) conjugated to the SARS-CoV-2
S1 domain vaccine could induce antibodies that neutralize a
broad spectrum of viral variants.135 Another COVID-19
vaccination based on the SARS-CoV-2 S protein conjugated
to adeno-associated virus/phage (AAVP) particles showed
comparable humoral immune responses.136 Other viruses, such
as human type 5 adenovirus (Ad5),137,138, chimpanzee
adenovirus (ChAd),139 and cucumber mosaic virus
(CuMV)140 pseudovirus platforms, are employed in the
development of SARS-CoV-2 vaccine candidates. Ad5-based
VLPs were found to protect rhesus macaques and mice against
SARS-CoV-2 in preclinical trials.137,138 In addition, clinical
trials demonstrated that the Ad5 COVID-19 vaccine is safe,
effective, and immunogenic.141,142 Generally, VLPs can express
the S gene. Strategies, such as translating S as a 19 amino acid-
deleted S or removing the polybasic cleavage site, were
required to improve the immunogenicity of antigen.139,143

Furthermore, an Ad5-based COVID-19 vaccine has been
approved to come into the market in China.144 In conclusion,
VLPs are promising candidates for vaccine development due to
their strong immunogenicity, ability to elicit protective
neutralizing antibodies, and reliable safety.

2.1.7. Other Potential Biomaterials: Saponins and Bi-
sphosphonates in SARS-CoV-2 Vaccines. Saponins and
bisphosphonates (BPs) have been explored as potential
COVID-19 vaccine adjuvants. Saponins, which are triterpenoid
glycosides or steroids purified from Quillaja saponaria, exhibit
anti-inflammatory and immunostimulatory properties.145 Re-
combinant SARS-CoV-2 S1-Fc protein formulated with
saponin-based microemulsion (AD 11.10) and nanoemulsion
with synthetic MPL (AD20 Gold+) adjuvant have been found
to effectively promote humoral immune responses in mice and
nonhuman primates.146 Saponin-containing adjuvants help
promote robust germinal center B and follicular helper T
(TFH) cell immune responses.147 Despite this, the protective
effect of the saponins and their molecular mechanisms remain
unknown. FH002C is a nitrogen bisphosphonate-modified
zinc-aluminum hybrid adjuvant. When coadministrated with
spike ectodomain protein (StriFK), significant TH1 and TH2-
based immune responses were stimulated, along with reduced
lung pathology and symptoms in many animals. Compared to
Al001 adjuvant, FH002C adjuvant showed better immunoge-
nicity.148 Therefore, these biomaterials have potential in anti-
SARS-CoV-2 prevention and therapy as drug delivery systems.
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The use of biomaterials as adjuvants and delivery carriers for
COVID-19 vaccines has been successful in stimulating both
humoral and cellular immune responses to combat COVID-19.
While vaccines may not completely inhibit SARS-CoV-2
infection, they can prevent severe COVID-19, hospitalizations,
and mortality.149,150 Furthermore, the neutralization antibodies
induced by early proposed SARS-CoV-2 vaccine (based on
Wuhan-1) could not induce comparable neutralization anti-
bodies against the newly emerged variants, especially XBB
sublineages.151−156 Therefore, the WHO indicated that
developing a vaccine based on XBB.1.5 was suggested.157

Fortunately, many vaccines with biomaterial adjuvants based
on XBB.1.5 showed enough protectivity against Omicron and
the newly XBB sublineages, with a high level of neutralizing
antibodies against variants of concerns.158,159 In all, the
successful application of biomaterials in COVID-19 vaccines
provides hope not only for containing this infectious disease
but also for ending other infectious diseases and cancers.
2.2. The Application of Biomaterials in the Treatment

of SARS-CoV-2 and Drug Delivery Systems. In addition to
their use as adjuvants and delivery vehicles for COVID-19
vaccines, biomaterials themselves have antiviral properties and
could be used as carriers for delivering drugs.160 These antiviral
biomaterials could be applied for the treatment of SARS-CoV-
2. Furthermore, while many anti-SRAS-CoV-2 agents have
been approved by the WHO, their efficacy has been limited by
adverse side effects.161,162 Proper drug delivery platforms could
solve these side effects by reducing immune reactions,
increasing cellular uptake, and protecting drug payload from
premature action.23−25 There are ongoing discussions about
the use of anti-SRAS-CoV-2 and drug delivery biomaterials.

2.2.1. Synthetic Polymers in the Treatment of SARS-CoV-2
and Drug Delivery Systems. Drug delivery using PLGA
nanoparticles has recently been explored for anti-SARS-CoV-2
treatments. Many studies on PLGA focus on nanoparticle
systems to deliver drugs to targeted tissues and release drugs in
a controlled manner. For example, Wu et al. developed PLGA-
associated nanoparticles loaded with remdesivir (an ACE
inhibitor) and showed its antiviral abilities in vitro.163

Lopinavir (LPV), an antiviral drug, could be loaded into
PLGA nanoparticles coated with macrophage membranes
(PLGA-LPV@M) to reduce tissue viral loads in mouse
models.164 Other anti-inflammatory and antiviral drugs, such
as celecoxib,165 quinine,166 oseltamivir-phosphate,167 favipir-
avir,168 and fingolimod,169 could be coated on or encapsulated
into PLGA polymeric nanoparticles.

2.2.2. Natural Polymers in the Treatment of SARS-CoV-2
and Drug Delivery Systems. Natural polymers, such as
chitosan, cellulose, and alginate, have also been studied for
their potential in drug delivery for the COVID-19 treatment.
Chitosan is a cationic polysaccharide with a high affinity for
negatively charged viruses, making it an attractive candidate for
antiviral drug delivery.170 Chitosan nanoparticles loaded with
remdesivir have been shown to inhibit SARS-CoV-2 replication
in vitro.171 Similarly, chitosan nanoparticles loaded with
interferon-alpha have been shown to improve lung function
and reduce viral loads in a mouse model of SARS-CoV-2
infection.172 Cellulose and alginate have also been explored as
drug delivery vehicles for anti-SARS-CoV-2 agents, with
promising results in vitro and in animal models.173,174

2.2.3. Lipid Biomaterials in the Treatment of SARS-CoV-2
and Drug Delivery Systems. In addition to their use as antigen
carriers, lipid biomaterials can serve as nanocarriers for

delivering chemotherapeutic agents such as remdesivir, gallium
maltolate, and tripterin to achieve potent antiviral effects.175 Li
et al. developed lyophilized remdesivir liposomes (Rdv-lips),
which showed higher solubility, faster transition, and better
results in treating SARS-CoV-2 compared to the traditional
remdesivir cyclodextrin conclusion compound (Rdv-cyc)
group with transtracheal injection.176 Gallium maltolate can
disrupt the replication of SARS-CoV-2 but has serious side
effects.177 Torabi et al. demonstrated that nanoparticles
carrying gallium maltolate could reduce its side effects and
might be a potential treatment for COVID-19.178 Recently,
Que’s group suggested that liposomes encapsulating tripterin, a
traditional Chinese medicine, could also be a promising
treatment for SARS-CoV-2.179

2.2.4. Inorganic Materials in the Treatment of SARS-CoV-
2 and Drug Delivery Systems. Silica, as an inorganic
biomaterial, can be manufactured as silica nanoparticles
(SNPs) for COVID-19 treatment and drug delivery. Silica
has been continuously used in food and pharmaceutical
applications. Mesoporous silica nanoparticles (MSNs), which
are produced from silica through colloidal chemistry, are
characterized by their high potential for drug carriers and
detections.180 MSNs can be utilized as a vehicle for delivering
specific drugs or as a platform for detecting a SARS-CoV-2
infection. Theobald suggested that functionalized SNPs may be
useful for delivering DNA/RNA of SARS-CoV-2 without the
need for supporting experiments.181 In contrast, studies of
SNPs carrying proteins or antiviral drugs for SARS-CoV-2 have
been approved. For instance, Zhang’s group prepared MSNs
carrying remdesivir for targeted drug delivery in vitro.182

Mizuta and colleagues developed hybrid SNPs and evaluated
their antigen-carrying ability.183 Importantly, research based on
biodegradable mesoporous silica nanoparticles (BMSNs) has
demonstrated robust immunogenicity in vivo on high TH1-
based humoral and cellular immune responses.184 In summary,
inorganic biomaterial-based drug delivery has been explored in
COVID-19 treatment, although few studies have progressed to
clinical trials.

2.2.5. Other Potential Biomaterials in the Treatment of
SARS-CoV-2 and Drug Delivery Systems. Natural triterpe-
noids and BPs have potential as a treatment against SARS-
CoV-2. In addition to their application in COVID-19 vaccines,
as previously discussed, natural triterpenoids could protect the
host directly against SARS-CoV-2 invasion.185 Saikosaponins
A, B, and D, derived from Bupleurum falcatum L.
(Umbelliferae), are major triterpenoid saponins. Saikosaponins
D might suppress the cytokine storm of severe COVID-19
patients by inhibiting the expression of several immunomodu-
latory and anti-inflammatory mediators.186 Furthermore, a
study by Yan et al. demonstrated that Saikosaponins A could
inhibit the interaction between the RBD domain and ACE2
receptor.187 The triterpenoids licorice-saponin A3 could
protect host cells from SARS-CoV-2 invasion in vivo.188 BPs,
potent inhibitors of bone resorption, could modulate the
function of immune cells.189 For example, amino-bisphosph-
onates could stimulate γδ T cell expansion to reduce acute lung
injury.190 Additionally, it could regulate DCs into active natural
killer (NK) cells191 and inhibit small guanosine triphosphate
hydrolases (GTPases) from neutralizing SARS-CoV-2 virions
in lysosomes.192

In conclusion, while biomaterials can be utilized as antiviral
drugs and drug delivery vehicles, which can reduce the side
effects of antiviral agents and improve efficacy, few of them are
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available in the clinic. Developing the applications of
biomaterials in other diseases is still of great importance,
considering the advantages in reducing side effects and
promoting effects.
2.3. The Application of Biomaterials in SARS-CoV-2

Protective Equipment and Early Diagnosis. Apart from
serving as adjuvants or delivery platforms for anti-SARS-CoV-2
vaccines and drugs, carefully designed biomaterials themselves
can serve as antiviral reagents and be applied in the diagnosis
of suspected COVID-19 (Figure 2). For instance, conventional
facemasks have been coated with liquid chemicals to create
antiviral and antibacterial masks,193 which are effective in
preventing global transmission. In addition, a novel bio-
material-based diagnosis helps to detect SARS-CoV-2 earlier,
and faster diagnosis of SARS-CoV-2 infection can help control
it early.194 In this subsection, we present the applications of
biomaterials in antiviral prophylaxis and early diagnosis.

2.3.1. Biomaterials in SARS-CoV-2 Protective Equipment.
Inorganic biomaterials have been widely utilized in various
biomedical fields due to their unique structural properties such
as electrical conductivity, easy functionalization, high surface
area, and surface-mediated action, especially carbonaceous
nanomaterials.195−197 Laser-induced graphene (LIG) is a type
of inorganic biomaterial that can be prepared directly on
carbonaceous precursors in an ambient atmosphere.198 Its
excellent surface and electrochemical properties make it a
promising material for antibacterial activity.199−201 In addition,
LIG has become a sustainable material because of its
environmental safety and low cost. Various factors such as
different textures, improved characteristics, conductivity,
charge storing capacity, and nucleobase adsorption potential

can influence the antiviral capability of LIG.202−204 Dixit et al.
suggested that LIG has a wide range of potential applications
in daily COVID-19 prevention technology, such as biosensors,
water and air filters, wearable sensors, and so on.205

Furthermore, single nucleotide polymorphisms (SNPs) could
also be utilized to detect SARS-CoV-2. Hildebrandt et al.
suggested that SNPs could be used to determine the aerosol
transport of SARS-CoV-2.206 Hill et al. demonstrated that
SNPs-based masks and respirators have the potential to
become ideal aerosol filtration tools.207

2.3.2. Biomaterials in SARS-CoV-2 Diagnosis. Early in the
SARS-CoV-2 global pandemic, the genetics-based real-time
reverse-transcription polymerase chain reaction (RT-PCR)
method was used to detect the patients at first-line. For
hospitalized and symptomatic patients, computed tomography
(CT) scan of the chest was chosen.208 Compared with the
previous two tests that require specialized equipment and cost
a lot, easier approaches, immunoassay by enzyme-linked
immunosorbent assays (ELISAs), were developed to detect
the levels of IgG and/or IgM in patients’ blood.3 However,
high levels of antibodies take several days, and science
symptoms appear for the first time. Furthermore, ELISA
might cause more errors than RT-PCR and chest CT. So rapid,
accurate, low-cost, simple, and portable devices were need.
Fortunately, biomaterials have advantages in developing
biosensor-based diagnostics.209

2.3.2.1. Carbonaceous Biosensors. Graphene oxide (GO)
was widely used as nanosensor based on its sensor perform-
ance, ease of production, large specific surface area, and high
sensitivity.210 In addition, it can be evenly dispersed in aqueous
media and generate highly uniform complexes owing to its

Figure 2. Schematic illustration of the biomaterials-based application of some antiviral protective equipment and early diagnosis. (A) The
nanoporous C-dot-PVDF membrane for sunlight-sterilized facemasks. (B) The assembly of the piQA-rGO hydrogel and carbon nanotubes was
used as a water filter and disinfection. (C) Application of biomaterials in SARS-CoV-2 diagnosis. Image created with BioRender.com, with
permission.
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active oxygen-based functional groups and massive hydrophilic
polar moieties.211 In addition, functional linker groups and/or
antibodies can bind to the superior hydrophilic active
functional groups.212 However, GO is an insulator nanosheet,
and in order to make it suitable for biological applications,
improving its conductivity through a reduction process is
necessary.213,214 Hence, Hashemi et al. developed a conjugated
reduced-graphene-oxide (rGO)-based immunosensor with Au
NSs mounted with monoclonal IgG antibody against spike1
(S1) protein and found that multiwalled carbon nanotubes,
especially those with a conjugated reduced-graphene-oxide
(rGO)-based immunosensor with Au NSs, were more efficient
than other 1D/2D carbonaceous nanomaterials in specific and
quick (1 min) detection of SARS-CoV-2 antigen.215

2.3.2.2. Gold Nanoparticle Biosensors. Gold nanoparticle
(AuNP)-assembled SiO2 core−satellite nanoparticles (SiO2@
Au CSNPs), probe-gated silica nanoparticles, and silica-
encapsulated Au core−satellite (CS@SiO2) nanotags are
some examples of inorganic biomaterials that can enhance
the detection sensitivity of SARS-CoV-2 nucleocapsid protein
and swab samples.216−218

Gold nanoparticles can also help block pseudovirus infection
and promote the delivery of the COVID-19 DNA vaccine and
SARS-CoV-2 detection. For example, Ali et al. prepared a 3D-
printed COVID-19 test chip based on gold nanoparticles,
indicating its ability to detect COVID-19 antibodies in
seconds.219 Other diagnostic platforms such as AuNP-
internalized Au nanodimple substrate (AuNDS)-based sur-
face-enhanced Raman scattering (SERS)-PCR,220 CRISPR-
Cas12a powered visual biosensor coated with gold nano-
particles,221 and ultrasensitive hyperspectral sensor based on
hafnium nanoparticles (HfNPs)222 can be applied to any virus
rapid and sensitive diagnostic test. In a study by Zhu et al., gold
nanoparticle (AuNR) was used as an immunosensor, which
could detect RBD-specific antibody levels from fingertip blood
samples semiquantitatively and instrument-free.223 CRISPR/
CAS-based colorimetric nucleic acid detection could detect
SARS-CoV-2 RNA with naked-eye detection.224 The utiliza-
tion of biomaterials in preventing the transmission of COVID-
19 and early diagnosis is extremely important. However, all of
the three methods above (RT-PCR, chest CT and ELISA) can
only be used to detect SARS-CoV-2 infection and cannot
detect the mutation of the SARS-CoV-2.225 The amino acid
mutations of SARS-CoV-2 should be detected by using genetic
sequencing methods.

3. CONCLUSIONS AND PERSPECTIVES
The COVID-19 pandemic is currently spreading rapidly
worldwide, posing a significant threat to human life and
causing extensive economic and social damage.226 Scientists
worldwide are actively developing approaches to inhibiting
COVID-19 infections. Fortunately, biomaterial-based strat-
egies, including natural and synthetic polymers, lipid and
inorganic biomaterials, saponins, and BPs, could serve as
vaccine adjuvants or antigen delivery carriers, enhancing
immunogenicity and improving antigen uptake while control-
ling antigen targeting. Some of these biomaterials have
demonstrated significant abilities to deliver anti-SARS-CoV-2
agents to targeted sites and reduce side effects, although only a
few have been used clinically. In addition to vaccines and
therapeutics, physical protection and early diagnosis are also
critical in preventing SARS-CoV-2 infections. However, the

long-term effects of biomaterials on the development and
progression of COVID-19 are not well-defined.
The emergence of new SARS-CoV-2 variants has created

new challenges for antiviral approaches. The ultimate goal of
biomaterials research is to develop a selection criterion based
on fundamental understanding, effectively choosing the
appropriate biomaterial, and translating it into clinical use. In
addition, many drugs and biomaterials would not be tested in
clinical trials or marketed due to their toxic side effects, but
they had a cost during preclinical trails. In order to reduce
costs and improve efficiency of drug development, the organ-
on-a-chip systems are of great interest in the future.
In summary, it is hoped that with the deeper exploration of

advanced materials, chemistry, biology, computer science, and
medicine, composite biomaterials with more advantages can be
developed for the detection, treatment, and prevention of
infections and cancers.
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Türeci, Ö.; Lagkadinou, E.; Tresnan, D. B.; Dormitzer, P. R.; Sahin,
U.; Gruber, W. C.; Jansen, K. U. Safety and Efficacy of a Third Dose
of BNT162b2 Covid-19 Vaccine. New England journal of medicine
2022, 386 (20), 1910−1921.
(79) Tseng, H. F.; Ackerson, B. K.; Luo, Y.; Sy, L. S.; Talarico, C. A.;
Tian, Y.; Bruxvoort, K. J.; Tubert, J. E.; Florea, A.; Ku, J. H.; Lee, G.
S.; Choi, S. K.; Takhar, H. S.; Aragones, M.; Qian, L. Effectiveness of
mRNA-1273 against SARS-CoV-2 Omicron and Delta variants.
Nature medicine 2022, 28 (5), 1063−1071.
(80) Lei, H.; Alu, A.; Yang, J.; He, C.; Hong, W.; Cheng, Z.; Yang,
L.; Li, J.; Wang, Z.; Wang, W.; Lu, G.; Wei, X. Cationic nanocarriers
as potent adjuvants for recombinant S-RBD vaccine of SARS-CoV-2.
Signal transduction and targeted therapy 2020, 5 (1), 291.
(81) Li, Z.; Zhang, X. Q.; Ho, W.; Li, F.; Gao, M.; Bai, X.; Xu, X.
Enzyme-Catalyzed One-Step Synthesis of Ionizable Cationic Lipids
for Lipid Nanoparticle-Based mRNA COVID-19 Vaccines. ACS Nano
2022, 16 (11), 18936−18950.
(82) Sun, D.; Lu, Z. R. Structure and Function of Cationic and
Ionizable Lipids for Nucleic Acid Delivery. Pharm. Res. 2023, 40 (1),
27−46.
(83) Khater, S. E.; El-Khouly, A.; Abdel-Bar, H. M.; Al-Mahallawi, A.
M.; Ghorab, D. M. Fluoxetine hydrochloride loaded lipid polymer
hybrid nanoparticles showed possible efficiency against SARS-CoV-2
infection. International journal of pharmaceutics 2021, 607, 121023.
(84) Abdel-Bar, H. M.; Abdallah, I. A.; Fayed, M. A. A.; Moatasim,
Y.; Mostafa, A.; El-Behairy, M. F.; Elimam, H.; Elshaier, Y.; Abouzid,
K. A. M. Lipid polymer hybrid nanocarriers as a combinatory platform
for different anti-SARS-CoV-2 drugs supported by computational
studies. RSC Adv. 2021, 11 (46), 28876−28891.
(85) Hu, S.; Li, W.; Cai, Z.; Tang, C.; Li, B.; Liu, S.; Li, Y. Research
progress on chitin/chitosan-based emulsion delivery systems and their
application in lipid digestion regulation. Crit. Rev. Food Sci. Nutr.
2023, 1−23.
(86) Yaqoob Khan, A.; Talegaonkar, S.; Iqbal, Z.; Jalees Ahmed, F.;
Krishan Khar, R. Multiple Emulsions: An Overview. Curr. Drug
Delivery 2006, 3 (4), 429−443.
(87) Loi, C. C.; Eyres, G. T.; Birch, E. J. Protein-Stabilised
Emulsions. In Encyclopedia of Food Chemistry, Melton, L., Shahidi, F.,
Varelis, P., Eds.; Academic Press: Oxford, 2019; pp 404−409.
(88) Barkat Ali, K. Basics of pharmaceutical emulsions: A review.
African Journal of Pharmacy and Pharmacology 2011, 525 (25), 2715.
(89) O’Hagan, D. T. MF59 is a safe and potent vaccine adjuvant that
enhances protection against influenza virus infection. Expert Rev.
Vaccines 2007, 6 (5), 699−710.
(90) Chappell, K. J.; Mordant, F. L.; Li, Z.; Wijesundara, D. K.;
Ellenberg, P.; Lackenby, J. A.; Cheung, S. T. M.; Modhiran, N.;
Avumegah, M. S.; Henderson, C. L.; Hoger, K.; Griffin, P.; Bennet, J.;
Hensen, L.; Zhang, W.; Nguyen, T. H. O.; Marrero-Hernandez, S.;
Selva, K. J.; Chung, A. W.; Tran, M. H.; Tapley, P.; Barnes, J.;
Reading, P. C.; Nicholson, S.; Corby, S.; Holgate, T.; Wines, B. D.;
Hogarth, P. M.; Kedzierska, K.; Purcell, D. F. J.; Ranasinghe, C.;
Subbarao, K.; Watterson, D.; Young, P. R.; Munro, T. P. Safety and

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08326
ACS Omega 2024, 9, 5175−5192

5186

https://doi.org/10.1016/j.ebiom.2020.102743
https://doi.org/10.1016/j.ebiom.2020.102743
https://doi.org/10.1016/j.ebiom.2020.102743
https://doi.org/10.1021/acsnano.1c03252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c03252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adhm.201701469
https://doi.org/10.1002/adhm.201701469
https://doi.org/10.1073/pnas.1211516109
https://doi.org/10.1073/pnas.1211516109
https://doi.org/10.1073/pnas.1211516109
https://doi.org/10.1073/pnas.1211516109
https://doi.org/10.1016/j.tibtech.2003.08.002
https://doi.org/10.1016/j.tibtech.2003.08.002
https://doi.org/10.1189/jlb.3RU0316-144R
https://doi.org/10.1189/jlb.3RU0316-144R
https://doi.org/10.1189/jlb.3RU0316-144R
https://doi.org/10.1038/ncomms8556
https://doi.org/10.1038/ncomms8556
https://doi.org/10.1038/nmat2357
https://doi.org/10.1002/advs.202100316
https://doi.org/10.1002/advs.202100316
https://doi.org/10.1016/j.actbio.2021.06.023
https://doi.org/10.1016/j.actbio.2021.06.023
https://doi.org/10.1177/2051013614541440
https://doi.org/10.1177/2051013614541440
https://doi.org/10.1038/s41598-017-14356-2
https://doi.org/10.1038/s41598-017-14356-2
https://doi.org/10.1038/s41598-017-14356-2
https://doi.org/10.1128/JVI.00443-17
https://doi.org/10.1128/JVI.00443-17
https://doi.org/10.1128/JVI.00443-17
https://doi.org/10.1021/acs.accounts.9b00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202304713
https://doi.org/10.1002/smll.202304713
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.1038/sj.gt.3301506
https://doi.org/10.1038/sj.gt.3301506
https://doi.org/10.1038/sj.gt.3301506
https://doi.org/10.1016/j.ijpharm.2007.04.035
https://doi.org/10.1016/j.ijpharm.2007.04.035
https://doi.org/10.1016/j.ijpharm.2007.04.035
https://doi.org/10.1021/acs.langmuir.0c03039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c03039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c03039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1056/NEJMoa2200674
https://doi.org/10.1056/NEJMoa2200674
https://doi.org/10.1038/s41591-022-01753-y
https://doi.org/10.1038/s41591-022-01753-y
https://doi.org/10.1038/s41392-020-00434-x
https://doi.org/10.1038/s41392-020-00434-x
https://doi.org/10.1021/acsnano.2c07822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c07822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11095-022-03460-2
https://doi.org/10.1007/s11095-022-03460-2
https://doi.org/10.1016/j.ijpharm.2021.121023
https://doi.org/10.1016/j.ijpharm.2021.121023
https://doi.org/10.1016/j.ijpharm.2021.121023
https://doi.org/10.1039/D1RA04576H
https://doi.org/10.1039/D1RA04576H
https://doi.org/10.1039/D1RA04576H
https://doi.org/10.1080/10408398.2023.2264392
https://doi.org/10.1080/10408398.2023.2264392
https://doi.org/10.1080/10408398.2023.2264392
https://doi.org/10.2174/156720106778559056
https://doi.org/10.5897/AJPP11.698
https://doi.org/10.1586/14760584.6.5.699
https://doi.org/10.1586/14760584.6.5.699
https://doi.org/10.1016/S1473-3099(21)00200-0
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


immunogenicity of an MF59-adjuvanted spike glycoprotein-clamp
vaccine for SARS-CoV-2: a randomised, double-blind, placebo-
controlled, phase 1 trial. Lancet. Infectious diseases 2021, 21 (10),
1383−1394.
(91) He, C.; Yang, J.; Hong, W.; Chen, Z.; Peng, D.; Lei, H.; Alu, A.;
He, X.; Bi, Z.; Jiang, X.; Jia, G.; Yang, Y.; Zhou, Y.; Yu, W.; Tang, C.;
Huang, Q.; Yang, M.; Li, B.; Li, J.; Wang, J.; Que, H.; Chen, L.; Ren,
W.; Wan, D.; Li, J.; Wang, W.; Shen, G.; Zhao, Z.; Yang, L.; Yang, J.;
Wang, Z.; Su, Z.; Wei, Y.; Cen, X.; Tanaka, Y.; Song, X.; Lu, S.; Peng,
X.; Lu, G.; Wei, X. A self-assembled trimeric protein vaccine induces
protective immunity against Omicron variant. Nat. Commun. 2022, 13
(1), 5459.
(92) Watterson, D.; Wijesundara, D. K.; Modhiran, N.; Mordant, F.
L.; Li, Z.; Avumegah, M. S.; McMillan, C. L.; Lackenby, J.; Guilfoyle,
K.; van Amerongen, G.; Stittelaar, K.; Cheung, S. T.; Bibby, S.;
Daleris, M.; Hoger, K.; Gillard, M.; Radunz, E.; Jones, M. L.; Hughes,
K.; Hughes, B.; Goh, J.; Edwards, D.; Scoble, J.; Pearce, L.;
Kowalczyk, L.; Phan, T.; La, M.; Lu, L.; Pham, T.; Zhou, Q.;
Brockman, D. A.; Morgan, S. J.; Lau, C.; Tran, M. H.; Tapley, P.;
Villalón-Letelier, F.; Barnes, J.; Young, A.; Jaberolansar, N.; Scott, C.
A.; Isaacs, A.; Amarilla, A. A.; Khromykh, A. A.; van den Brand, J. M.;
Reading, P. C.; Ranasinghe, C.; Subbarao, K.; Munro, T. P.; Young, P.
R.; Chappell, K. J. Preclinical development of a molecular clamp-
stabilised subunit vaccine for severe acute respiratory syndrome
coronavirus 2. Clinical & translational immunology 2021, 10 (4),
No. e1269.
(93) Pino, M.; Abid, T.; Pereira Ribeiro, S.; Edara, V. V.; Floyd, K.;
Smith, J. C.; Latif, M. B.; Pacheco-Sanchez, G.; Dutta, D.; Wang, S.;
Gumber, S.; Kirejczyk, S.; Cohen, J.; Stammen, R. L.; Jean, S. M.;
Wood, J. S.; Connor-Stroud, F.; Pollet, J.; Chen, W. H.; Wei, J.; Zhan,
B.; Lee, J.; Liu, Z.; Strych, U.; Shenvi, N.; Easley, K.; Weiskopf, D.;
Sette, A.; Pollara, J.; Mielke, D.; Gao, H.; Eisel, N.; LaBranche, C. C.;
Shen, X.; Ferrari, G.; Tomaras, G. D.; Montefiori, D. C.; Sekaly, R. P.;
Vanderford, T. H.; Tomai, M. A.; Fox, C. B.; Suthar, M. S.; Kozlowski,
P. A.; Hotez, P. J.; Paiardini, M.; Bottazzi, M. E.; Kasturi, S. P. A yeast
expressed RBD-based SARS-CoV-2 vaccine formulated with 3M-052-
alum adjuvant promotes protective efficacy in non-human primates.
Science immunology 2021, 6 (61), eabh3634.
(94) Mayer, L. D.; Bally, M. B.; Hope, M. J.; Cullis, P. R. Techniques
for encapsulating bioactive agents into liposomes. Chem. Phys. Lipids
1986, 40 (2), 333−345.
(95) El Moukhtari, S. H.; Garbayo, E.; Amundarain, A.; Pascual-Gil,
S.; Carrasco-León, A.; Prosper, F.; Agirre, X.; Blanco-Prieto, M. J.
Lipid nanoparticles for siRNA delivery in cancer treatment. J.
Controlled Release 2023, 361, 130−146.
(96) Akbarzadeh, A.; Rezaei-Sadabady, R.; Davaran, S.; Joo, S. W.;
Zarghami, N.; Hanifehpour, Y.; Samiei, M.; Kouhi, M.; Nejati-Koshki,
K. Liposome: classification, preparation, and applications. Nanoscale
Res. Lett. 2013, 8 (1), 102.
(97) Malla, R.; Srilatha, M.; Farran, B.; Nagaraju, G. P. mRNA
vaccines and their delivery strategies: A journey from infectious
diseases to cancer. Mol. Ther. 2023, 32, 13.
(98) Segura-Collar, B.; Hiller-Vallina, S.; de Dios, O.; Caamaño-
Moreno, M.; Mondejar-Ruescas, L.; Sepulveda-Sanchez, J. M.;
Gargini, R. Advanced immunotherapies for glioblastoma: tumor
neoantigen vaccines in combination with immunomodulators. Acta
neuropathologica communications 2023, 11 (1), 79.
(99) Scaria, P. V.; Rowe, C. G.; Chen, B. B.; Dickey, T. H.; Renn, J.
P.; Lambert, L. E.; Barnafo, E. K.; Rausch, K. M.; Tolia, N. H.; Duffy,
P. E. Protein-protein conjugation enhances the immunogenicity of
SARS-CoV-2 receptor-binding domain (RBD) vaccines. iScience
2022, 25 (8), 104739.
(100) Hu, Z.; Chen, J. P.; Xu, J. C.; Chen, Z. Y.; Qu, R.; Zhang, L.;
Yao, W.; Wu, J.; Yang, H.; Lowrie, D. B.; Liu, Y.; Fan, X. Y.
Corrigendum to ″A two-dose optimum for recombinant S1 protein-
based COVID-19 vaccination″ [Virology 566 (2022) 56−59].
Virology 2023, 578, 22−23.
(101) Goepfert, P. A.; Fu, B.; Chabanon, A. L.; Bonaparte, M. I.;
Davis, M. G.; Essink, B. J.; Frank, I.; Haney, O.; Janosczyk, H.; Keefer,

M. C.; Koutsoukos, M.; Kimmel, M. A.; Masotti, R.; Savarino, S. J.;
Schuerman, L.; Schwartz, H.; Sher, L. D.; Smith, J.; Tavares-Da-Silva,
F.; Gurunathan, S.; DiazGranados, C. A.; de Bruyn, G. Safety and
immunogenicity of SARS-CoV-2 recombinant protein vaccine
formulations in healthy adults: interim results of a randomised,
placebo-controlled, phase 1−2, dose-ranging study. Lancet. Infectious
diseases 2021, 21 (9), 1257−1270.
(102) Hager, K. J.; Pérez Marc, G.; Gobeil, P.; Diaz, R. S.; Heizer,
G.; Llapur, C.; Makarkov, A. I.; Vasconcellos, E.; Pillet, S.; Riera, F.;
Saxena, P.; Geller Wolff, P.; Bhutada, K.; Wallace, G.; Aazami, H.;
Jones, C. E.; Polack, F. P.; Ferrara, L.; Atkins, J.; Boulay, I.; Dhaliwall,
J.; Charland, N.; Couture, M. M. J.; Jiang-Wright, J.; Landry, N.;
Lapointe, S.; Lorin, A.; Mahmood, A.; Moulton, L. H.; Pahmer, E.;
Parent, J.; Séguin, A.; Tran, L.; Breuer, T.; Ceregido, M. A.;
Koutsoukos, M.; Roman, F.; Namba, J.; D’Aoust, M. A.; Trepanier, S.;
Kimura, Y.; Ward, B. J. Efficacy and Safety of a Recombinant Plant-
Based Adjuvanted Covid-19 Vaccine. New England journal of medicine
2022, 386 (22), 2084−2096.
(103) Richmond, P.; Hatchuel, L.; Dong, M.; Ma, B.; Hu, B.;
Smolenov, I.; Li, P.; Liang, P.; Han, H. H.; Liang, J.; Clemens, R.
Safety and immunogenicity of S-Trimer (SCB-2019), a protein
subunit vaccine candidate for COVID-19 in healthy adults: a phase 1,
randomised, double-blind, placebo-controlled trial. Lancet (London,
England) 2021, 397 (10275), 682−694.
(104) Sridhar, S.; Joaquin, A.; Bonaparte, M. I.; Bueso, A.;
Chabanon, A. L.; Chen, A.; Chicz, R. M.; Diemert, D.; Essink, B.
J.; Fu, B.; Grunenberg, N. A.; Janosczyk, H.; Keefer, M. C.; Rivera, M.
D.; Meng, Y.; Michael, N. L.; Munsiff, S. S.; Ogbuagu, O.; Raabe, V.
N.; Severance, R.; Rivas, E.; Romanyak, N.; Rouphael, N. G.;
Schuerman, L.; Sher, L. D.; Walsh, S. R.; White, J.; von Barbier, D.; de
Bruyn, G.; Canter, R.; Grillet, M. H.; Keshtkar-Jahromi, M.;
Koutsoukos, M.; Lopez, D.; Masotti, R.; Mendoza, S.; Moreau, C.;
Ceregido, M. A.; Ramirez, S.; Said, A.; Tavares-Da-Silva, F.; Shi, J.;
Tong, T.; Treanor, J.; Diazgranados, C. A.; Savarino, S. Safety and
immunogenicity of an AS03-adjuvanted SARS-CoV-2 recombinant
protein vaccine (CoV2 preS dTM) in healthy adults: interim findings
from a phase 2, randomised, dose-finding, multicentre study. Lancet.
Infectious diseases 2022, 22 (5), 636−648.
(105) Ward, B. J.; Gobeil, P.; Séguin, A.; Atkins, J.; Boulay, I.;
Charbonneau, P. Y.; Couture, M.; D’Aoust, M. A.; Dhaliwall, J.;
Finkle, C.; Hager, K.; Mahmood, A.; Makarkov, A.; Cheng, M. P.;
Pillet, S.; Schimke, P.; St-Martin, S.; Trépanier, S.; Landry, N. Phase 1
randomized trial of a plant-derived virus-like particle vaccine for
COVID-19. Nature medicine 2021, 27 (6), 1071−1078.
(106) Arunachalam, P. S.; Walls, A. C.; Golden, N.; Atyeo, C.;
Fischinger, S.; Li, C.; Aye, P.; Navarro, M. J.; Lai, L.; Edara, V. V.;
Röltgen, K.; Rogers, K.; Shirreff, L.; Ferrell, D. E.; Wrenn, S.; Pettie,
D.; Kraft, J. C.; Miranda, M. C.; Kepl, E.; Sydeman, C.; Brunette, N.;
Murphy, M.; Fiala, B.; Carter, L.; White, A. G.; Trisal, M.; Hsieh, C.
L.; Russell-Lodrigue, K.; Monjure, C.; Dufour, J.; Spencer, S.; Doyle-
Meyers, L.; Bohm, R. P.; Maness, N. J.; Roy, C.; Plante, J. A.; Plante,
K. S.; Zhu, A.; Gorman, M. J.; Shin, S.; Shen, X.; Fontenot, J.; Gupta,
S.; O’Hagan, D. T.; Van Der Most, R.; Rappuoli, R.; Coffman, R. L.;
Novack, D.; McLellan, J. S.; Subramaniam, S.; Montefiori, D.; Boyd,
S. D.; Flynn, J. L.; Alter, G.; Villinger, F.; Kleanthous, H.; Rappaport,
J.; Suthar, M. S.; King, N. P.; Veesler, D.; Pulendran, B. Adjuvanting a
subunit COVID-19 vaccine to induce protective immunity. Nature
2021, 594 (7862), 253−258.
(107) Apostolopoulos, V.; Bojarska, J.; Chai, T.-T.; Elnagdy, S.;
Kaczmarek, K.; Matsoukas, J.; New, R.; Parang, K.; Lopez, O. P.;
Parhiz, H.; Perera, C. O.; Pickholz, M.; Remko, M.; Saviano, M.;
Skwarczynski, M.; Tang, Y.; Wolf, W. M.; Yoshiya, T.; Zabrocki, J.;
Zielenkiewicz, P.; AlKhazindar, M.; Barriga, V.; Kelaidonis, K.;
Sarasia, E. M.; Toth, I. A Global Review on Short Peptides: Frontiers
and Perspectives. Molecules (Basel, Switzerland) 2021, 26 (2), 430.
(108) Sugisawa, N.; Ando, A.; Fuse, S. Rapid and column-
chromatography-free peptide chain elongation via a one-flow, three-
component coupling approach. Chemical Science 2023, 14 (25),
6986−6991.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08326
ACS Omega 2024, 9, 5175−5192

5187

https://doi.org/10.1016/S1473-3099(21)00200-0
https://doi.org/10.1016/S1473-3099(21)00200-0
https://doi.org/10.1016/S1473-3099(21)00200-0
https://doi.org/10.1038/s41467-022-33209-9
https://doi.org/10.1038/s41467-022-33209-9
https://doi.org/10.1002/cti2.1269
https://doi.org/10.1002/cti2.1269
https://doi.org/10.1002/cti2.1269
https://doi.org/10.1126/sciimmunol.abh3634
https://doi.org/10.1126/sciimmunol.abh3634
https://doi.org/10.1126/sciimmunol.abh3634
https://doi.org/10.1016/0009-3084(86)90077-0
https://doi.org/10.1016/0009-3084(86)90077-0
https://doi.org/10.1016/j.jconrel.2023.07.054
https://doi.org/10.1186/1556-276X-8-102
https://doi.org/10.1016/j.ymthe.2023.10.024
https://doi.org/10.1016/j.ymthe.2023.10.024
https://doi.org/10.1016/j.ymthe.2023.10.024
https://doi.org/10.1186/s40478-023-01569-y
https://doi.org/10.1186/s40478-023-01569-y
https://doi.org/10.1016/j.isci.2022.104739
https://doi.org/10.1016/j.isci.2022.104739
https://doi.org/10.1016/j.virol.2022.11.007
https://doi.org/10.1016/j.virol.2022.11.007
https://doi.org/10.1016/S1473-3099(21)00147-X
https://doi.org/10.1016/S1473-3099(21)00147-X
https://doi.org/10.1016/S1473-3099(21)00147-X
https://doi.org/10.1016/S1473-3099(21)00147-X
https://doi.org/10.1056/NEJMoa2201300
https://doi.org/10.1056/NEJMoa2201300
https://doi.org/10.1016/S0140-6736(21)00241-5
https://doi.org/10.1016/S0140-6736(21)00241-5
https://doi.org/10.1016/S0140-6736(21)00241-5
https://doi.org/10.1016/S1473-3099(21)00764-7
https://doi.org/10.1016/S1473-3099(21)00764-7
https://doi.org/10.1016/S1473-3099(21)00764-7
https://doi.org/10.1016/S1473-3099(21)00764-7
https://doi.org/10.1038/s41591-021-01370-1
https://doi.org/10.1038/s41591-021-01370-1
https://doi.org/10.1038/s41591-021-01370-1
https://doi.org/10.1038/s41586-021-03530-2
https://doi.org/10.1038/s41586-021-03530-2
https://doi.org/10.3390/molecules26020430
https://doi.org/10.3390/molecules26020430
https://doi.org/10.1039/D3SC01333B
https://doi.org/10.1039/D3SC01333B
https://doi.org/10.1039/D3SC01333B
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(109) Pompano, R. R.; Chen, J.; Verbus, E. A.; Han, H.; Fridman,
A.; McNeely, T.; Collier, J. H.; Chong, A. S. Titrating T-Cell Epitopes
within Self-Assembled Vaccines Optimizes CD4+ Helper T Cell and
Antibody Outputs. Adv. Healthc Mater. 2014, 3 (11), 1898−1908.
(110) Wu, Y.; Kelly, S. H.; Sanchez-Perez, L.; Sampson, J. H.;
Collier, J. H. Comparative study of α-helical and β-sheet self-
assembled peptide nanofiber vaccine platforms: influence of
integrated T-cell epitopes. Biomater Sci. 2020, 8 (12), 3522−3535.
(111) Hanna, C. C.; Ashhurst, A. S.; Quan, D.; Maxwell, J. W. C.;
Britton, W. J.; Payne, R. J. Synthetic protein conjugate vaccines
provide protection against Mycobacterium tuberculosis in mice. Proc.
Natl. Acad. Sci. U.S.A. 2021, 118 (4), e2013730118.
(112) He, Y.; Yu, W.; Shen, L.; Yan, W.; Xiao, L.; Qi, J.; Hu, T. A
SARS-CoV-2 vaccine based on conjugation of SARS-CoV-2 RBD
with IC28 peptide and mannan. Int. J. Biol. Macromol. 2022, 222 (Pt
A), 661−670.
(113) Wen, Y.; Zhang, R. Y.; Wang, J.; Zhou, S. H.; Peng, X. Q.;
Ding, D.; Zhang, Z. M.; Wei, H. W.; Guo, J. Novel sialoglycan linkage
for constructing adjuvant-protein conjugate as potent vaccine for
COVID-19. J. Controlled Release 2023, 355, 238−247.
(114) Long, Y.; Sun, J.; Song, T. Z.; Liu, T.; Tang, F.; Zhang, X.;
Ding, L.; Miao, Y.; Zhu, W.; Pan, X.; An, Q.; Qin, M.; Tong, X.; Peng,
X.; Yu, P.; Zhu, P.; Xu, J.; Zhang, X.; Zhang, Y.; Liu, D.; Chen, B.;
Chen, H.; Zhang, L.; Xiao, G.; Zuo, J.; Tang, W.; Zhou, J.; Li, H.; Xu,
Z.; Zheng, H. Y.; Long, X. Y.; Qin, Q.; Gan, Y.; Ren, J.; Huang, W.;
Zheng, Y. T.; Jin, G.; Gong, L. CoVac501, a self-adjuvanting peptide
vaccine conjugated with TLR7 agonists, against SARS-CoV-2 induces
protective immunity. Cell discovery 2022, 8 (1), 9.
(115) Wang, J.; Wen, Y.; Zhou, S. H.; Zhang, H. W.; Peng, X. Q.;
Zhang, R. Y.; Yin, X. G.; Qiu, H.; Gong, R.; Yang, G. F.; Guo, J. Self-
Adjuvanting Lipoprotein Conjugate αGalCer-RBD Induces Potent
Immunity against SARS-CoV-2 and its Variants of Concern. Journal of
medicinal chemistry 2022, 65 (3), 2558−2570.
(116) Kim, C.; Kim, J. D.; Seo, S. U. Nanoparticle and virus-like
particle vaccine approaches against SARS-CoV-2. J. Microbiol 2022,
60 (3), 335−346.
(117) Cohen, A. A.; Gnanapragasam, P. N. P.; Lee, Y. E.; Hoffman,
P. R.; Ou, S.; Kakutani, L. M.; Keeffe, J. R.; Wu, H. J.; Howarth, M.;
West, A. P.; Barnes, C. O.; Nussenzweig, M. C.; Bjorkman, P. J.
Mosaic nanoparticles elicit cross-reactive immune responses to
zoonotic coronaviruses in mice. Science (New York, N.Y.) 2021, 371
(6530), 735−741.
(118) Boyoglu-Barnum, S.; Ellis, D.; Gillespie, R. A.; Hutchinson, G.
B.; Park, Y. J.; Moin, S. M.; Acton, O. J.; Ravichandran, R.; Murphy,
M.; Pettie, D.; Matheson, N.; Carter, L.; Creanga, A.; Watson, M. J.;
Kephart, S.; Ataca, S.; Vaile, J. R.; Ueda, G.; Crank, M. C.; Stewart, L.;
Lee, K. K.; Guttman, M.; Baker, D.; Mascola, J. R.; Veesler, D.;
Graham, B. S.; King, N. P.; Kanekiyo, M. Quadrivalent influenza
nanoparticle vaccines induce broad protection. Nature 2021, 592
(7855), 623−628.
(119) Cohen, A. A.; Yang, Z.; Gnanapragasam, P. N. P.; Ou, S.;
Dam, K. A.; Wang, H.; Bjorkman, P. J. Construction, characterization,
and immunization of nanoparticles that display a diverse array of
influenza HA trimers. PloS one 2021, 16 (3), No. e0247963.
(120) Brune, K. D.; Leneghan, D. B.; Brian, I. J.; Ishizuka, A. S.;
Bachmann, M. F.; Draper, S. J.; Biswas, S.; Howarth, M. Plug-and-
Display: decoration of Virus-Like Particles via isopeptide bonds for
modular immunization. Sci. Rep. 2016, 6, 19234.
(121) Marcandalli, J.; Fiala, B.; Ols, S.; Perotti, M.; de van der
Schueren, W.; Snijder, J.; Hodge, E.; Benhaim, M.; Ravichandran, R.;
Carter, L.; Sheffler, W.; Brunner, L.; Lawrenz, M.; Dubois, P.;
Lanzavecchia, A.; Sallusto, F.; Lee, K. K.; Veesler, D.; Correnti, C. E.;
Stewart, L. J.; Baker, D.; Loré, K.; Perez, L.; King, N. P. Induction of
Potent Neutralizing Antibody Responses by a Designed Protein
Nanoparticle Vaccine for Respiratory Syncytial Virus. Cell 2019, 176
(6), 1420−1431 e17.
(122) Song, J. Y.; Choi, W. S.; Heo, J. Y.; Lee, J. S.; Jung, D. S.; Kim,
S. W.; Park, K. H.; Eom, J. S.; Jeong, S. J.; Lee, J.; Kwon, K. T.; Choi,
H. J.; Sohn, J. W.; Kim, Y. K.; Noh, J. Y.; Kim, W. J.; Roman, F.;

Ceregido, M. A.; Solmi, F.; Philippot, A.; Walls, A. C.; Carter, L.;
Veesler, D.; King, N. P.; Kim, H.; Ryu, J. H.; Lee, S. J.; Park, Y. W.;
Park, H. K.; Cheong, H. J. Safety and immunogenicity of a SARS-
CoV-2 recombinant protein nanoparticle vaccine (GBP510)
adjuvanted with AS03: A randomised, placebo-controlled, observer-
blinded phase 1/2 trial. EClinicalMedicine 2022, 51, 101569.
(123) Brouwer, P. J. M.; Brinkkemper, M.; Maisonnasse, P.;
Dereuddre-Bosquet, N.; Grobben, M.; Claireaux, M.; de Gast, M.;
Marlin, R.; Chesnais, V.; Diry, S.; Allen, J. D.; Watanabe, Y.; Giezen, J.
M.; Kerster, G.; Turner, H. L.; van der Straten, K.; van der Linden, C.
A.; Aldon, Y.; Naninck, T.; Bontjer, I.; Burger, J. A.; Poniman, M.;
Mykytyn, A. Z.; Okba, N. M. A.; Schermer, E. E.; van Breemen, M. J.;
Ravichandran, R.; Caniels, T. G.; van Schooten, J.; Kahlaoui, N.;
Contreras, V.; Lemaître, J.; Chapon, C.; Fang, R. H. T.; Villaudy, J.;
Sliepen, K.; van der Velden, Y. U.; Haagmans, B. L.; de Bree, G. J.;
Ginoux, E.; Ward, A. B.; Crispin, M.; King, N. P.; van der Werf, S.;
van Gils, M. J.; Le Grand, R.; Sanders, R. W. Two-component spike
nanoparticle vaccine protects macaques from SARS-CoV-2 infection.
Cell 2021, 184 (5), 1188−1200.
(124) Kanekiyo, M.; Joyce, M. G.; Gillespie, R. A.; Gallagher, J. R.;
Andrews, S. F.; Yassine, H. M.; Wheatley, A. K.; Fisher, B. E.;
Ambrozak, D. R.; Creanga, A.; Leung, K.; Yang, E. S.; Boyoglu-
Barnum, S.; Georgiev, I. S.; Tsybovsky, Y.; Prabhakaran, M. S.;
Andersen, H.; Kong, W. P.; Baxa, U.; Zephir, K. L.; Ledgerwood, J. E.;
Koup, R. A.; Kwong, P. D.; Harris, A. K.; McDermott, A. B.; Mascola,
J. R.; Graham, B. S. Mosaic nanoparticle display of diverse influenza
virus hemagglutinins elicits broad B cell responses. Nature immunology
2019, 20 (3), 362−372.
(125) Ma, X.; Zou, F.; Yu, F.; Li, R.; Yuan, Y.; Zhang, Y.; Zhang, X.;
Deng, J.; Chen, T.; Song, Z.; Qiao, Y.; Zhan, Y.; Liu, J.; Zhang, J.;
Zhang, X.; Peng, Z.; Li, Y.; Lin, Y.; Liang, L.; Wang, G.; Chen, Y.;
Chen, Q.; Pan, T.; He, X.; Zhang, H. Nanoparticle Vaccines Based on
the Receptor Binding Domain (RBD) and Heptad Repeat (HR) of
SARS-CoV-2 Elicit Robust Protective Immune Responses. Immunity
2020, 53 (6), 1315−1330.
(126) He, L.; Lin, X.; Wang, Y.; Abraham, C.; Sou, C.; Ngo, T.;
Zhang, Y.; Wilson, I. A.; Zhu, J. Single-component, self-assembling,
protein nanoparticles presenting the receptor binding domain and
stabilized spike as SARS-CoV-2 vaccine candidates. Science advances
2021, 7 (12), eabf1591.
(127) Powell, A. E.; Zhang, K.; Sanyal, M.; Tang, S.; Weidenbacher,
P. A.; Li, S.; Pham, T. D.; Pak, J. E.; Chiu, W.; Kim, P. S. A Single
Immunization with Spike-Functionalized Ferritin Vaccines Elicits
Neutralizing Antibody Responses against SARS-CoV-2 in Mice. ACS
central science 2021, 7 (1), 183−199.
(128) Wuertz, K. M.; Barkei, E. K.; Chen, W. H.; Martinez, E. J.;
Lakhal-Naouar, I.; Jagodzinski, L. L.; Paquin-Proulx, D.; Gromowski,
G. D.; Swafford, I.; Ganesh, A.; Dong, M.; Zeng, X.; Thomas, P. V.;
Sankhala, R. S.; Hajduczki, A.; Peterson, C. E.; Kuklis, C.; Soman, S.;
Wieczorek, L.; Zemil, M.; Anderson, A.; Darden, J.; Hernandez, H.;
Grove, H.; Dussupt, V.; Hack, H.; de la Barrera, R.; Zarling, S.; Wood,
J. F.; Froude, J. W.; Gagne, M.; Henry, A. R.; Mokhtari, E. B.;
Mudvari, P.; Krebs, S. J.; Pekosz, A. S.; Currier, J. R.; Kar, S.; Porto,
M.; Winn, A.; Radzyminski, K.; Lewis, M. G.; Vasan, S.; Suthar, M.;
Polonis, V. R.; Matyas, G. R.; Boritz, E. A.; Douek, D. C.; Seder, R. A.;
Daye, S. P.; Rao, M.; Peel, S. A.; Joyce, M. G.; Bolton, D. L.; Michael,
N. L.; Modjarrad, K. A SARS-CoV-2 spike ferritin nanoparticle
vaccine protects hamsters against Alpha and Beta virus variant
challenge. NPJ. vaccines 2021, 6 (1), 129.
(129) Halfmann, P. J.; Castro, A.; Loeffler, K.; Frey, S. J.; Chiba, S.;
Kawaoka, Y.; Kane, R. S. Potent neutralization of SARS-CoV-2
including variants of concern by vaccines presenting the receptor-
binding domain multivalently from nanoscaffolds. Bioengineering &
translational medicine 2021, 6 (3), No. e10253.
(130) Tan, T. K.; Rijal, P.; Rahikainen, R.; Keeble, A. H.;
Schimanski, L.; Hussain, S.; Harvey, R.; Hayes, J. W. P.; Edwards, J.
C.; McLean, R. K.; Martini, V.; Pedrera, M.; Thakur, N.; Conceicao,
C.; Dietrich, I.; Shelton, H.; Ludi, A.; Wilsden, G.; Browning, C.;
Zagrajek, A. K.; Bialy, D.; Bhat, S.; Stevenson-Leggett, P.;

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08326
ACS Omega 2024, 9, 5175−5192

5188

https://doi.org/10.1002/adhm.201400137
https://doi.org/10.1002/adhm.201400137
https://doi.org/10.1002/adhm.201400137
https://doi.org/10.1039/D0BM00521E
https://doi.org/10.1039/D0BM00521E
https://doi.org/10.1039/D0BM00521E
https://doi.org/10.1073/pnas.2013730118
https://doi.org/10.1073/pnas.2013730118
https://doi.org/10.1016/j.ijbiomac.2022.09.180
https://doi.org/10.1016/j.ijbiomac.2022.09.180
https://doi.org/10.1016/j.ijbiomac.2022.09.180
https://doi.org/10.1016/j.jconrel.2023.01.062
https://doi.org/10.1016/j.jconrel.2023.01.062
https://doi.org/10.1016/j.jconrel.2023.01.062
https://doi.org/10.1038/s41421-021-00370-2
https://doi.org/10.1038/s41421-021-00370-2
https://doi.org/10.1038/s41421-021-00370-2
https://doi.org/10.1021/acs.jmedchem.1c02000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c02000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c02000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12275-022-1608-z
https://doi.org/10.1007/s12275-022-1608-z
https://doi.org/10.1126/science.abf6840
https://doi.org/10.1126/science.abf6840
https://doi.org/10.1038/s41586-021-03365-x
https://doi.org/10.1038/s41586-021-03365-x
https://doi.org/10.1371/journal.pone.0247963
https://doi.org/10.1371/journal.pone.0247963
https://doi.org/10.1371/journal.pone.0247963
https://doi.org/10.1038/srep19234
https://doi.org/10.1038/srep19234
https://doi.org/10.1038/srep19234
https://doi.org/10.1016/j.cell.2019.01.046
https://doi.org/10.1016/j.cell.2019.01.046
https://doi.org/10.1016/j.cell.2019.01.046
https://doi.org/10.1016/j.eclinm.2022.101569
https://doi.org/10.1016/j.eclinm.2022.101569
https://doi.org/10.1016/j.eclinm.2022.101569
https://doi.org/10.1016/j.eclinm.2022.101569
https://doi.org/10.1016/j.cell.2021.01.035
https://doi.org/10.1016/j.cell.2021.01.035
https://doi.org/10.1038/s41590-018-0305-x
https://doi.org/10.1038/s41590-018-0305-x
https://doi.org/10.1016/j.immuni.2020.11.015
https://doi.org/10.1016/j.immuni.2020.11.015
https://doi.org/10.1016/j.immuni.2020.11.015
https://doi.org/10.1126/sciadv.abf1591
https://doi.org/10.1126/sciadv.abf1591
https://doi.org/10.1126/sciadv.abf1591
https://doi.org/10.1021/acscentsci.0c01405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41541-021-00392-7
https://doi.org/10.1038/s41541-021-00392-7
https://doi.org/10.1038/s41541-021-00392-7
https://doi.org/10.1002/btm2.10253
https://doi.org/10.1002/btm2.10253
https://doi.org/10.1002/btm2.10253
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Hollinghurst, P.; Tully, M.; Moffat, K.; Chiu, C.; Waters, R.; Gray, A.;
Azhar, M.; Mioulet, V.; Newman, J.; Asfor, A. S.; Burman, A.;
Crossley, S.; Hammond, J. A.; Tchilian, E.; Charleston, B.; Bailey, D.;
Tuthill, T. J.; Graham, S. P.; Duyvesteyn, H. M. E.; Malinauskas, T.;
Huo, J.; Tree, J. A.; Buttigieg, K. R.; Owens, R. J.; Carroll, M. W.;
Daniels, R. S.; McCauley, J. W.; Stuart, D. I.; Huang, K. A.; Howarth,
M.; Townsend, A. R. A COVID-19 vaccine candidate using
SpyCatcher multimerization of the SARS-CoV-2 spike protein
receptor-binding domain induces potent neutralising antibody
responses. Nat. Commun. 2021, 12 (1), 542.
(131) Kang, Y. F.; Sun, C.; Zhuang, Z.; Yuan, R. Y.; Zheng, Q.; Li, J.
P.; Zhou, P. P.; Chen, X. C.; Liu, Z.; Zhang, X.; Yu, X. H.; Kong, X.
W.; Zhu, Q. Y.; Zhong, Q.; Xu, M.; Zhong, N. S.; Zeng, Y. X.; Feng,
G. K.; Ke, C.; Zhao, J. C.; Zeng, M. S. Rapid Development of SARS-
CoV-2 Spike Protein Receptor-Binding Domain Self-Assembled
Nanoparticle Vaccine Candidates. ACS Nano 2021, 15 (2), 2738−
2752.
(132) Liu, X.; Chang, X.; Rothen, D.; Derveni, M.; Krenger, P.;
Roongta, S.; Wright, E.; Vogel, M.; Tars, K.; Mohsen, M. O.;
Bachmann, M. F. AP205 VLPs Based on Dimerized Capsid Proteins
Accommodate RBM Domain of SARS-CoV-2 and Serve as an
Attractive Vaccine Candidate. Vaccines 2021, 9 (4), 403.
(133) Zepeda-Cervantes, J.; Ramírez-Jarquín, J. O.; Vaca, L.
Interaction Between Virus-Like Particles (VLPs) and Pattern
Recognition Receptors (PRRs) From Dendritic Cells (DCs): Toward
Better Engineering of VLPs. Frontiers in immunology 2020, 11, 1100.
(134) Frietze, K. M.; Peabody, D. S.; Chackerian, B. Engineering
virus-like particles as vaccine platforms. Current opinion in virology
2016, 18, 44−9.
(135) van Oosten, L.; Altenburg, J. J.; Fougeroux, C.; Geertsema, C.;
van den End, F.; Evers, W. A. C.; Westphal, A. H.; Lindhoud, S.; van
den Berg, W.; Swarts, D. C.; Deurhof, L.; Suhrbier, A.; Le, T. T.;
Torres Morales, S.; Myeni, S. K.; Kikkert, M.; Sander, A. F.; de Jongh,
W. A.; Dagil, R.; Nielsen, M. A.; Salanti, A.; Søgaard, M.; Keijzer, T.
M. P.; Weijers, D.; Eppink, M. H. M.; Wijffels, R. H.; van Oers, M.
M.; Martens, D. E.; Pijlman, G. P. Two-Component Nanoparticle
Vaccine Displaying Glycosylated Spike S1 Domain Induces
Neutralizing Antibody Response against SARS-CoV-2 Variants.
mBio 2021, 12 (5), No. e0181321.
(136) Staquicini, D. I.; Tang, F. H. F.; Markosian, C.; Yao, V. J.;
Staquicini, F. I.; Dodero-Rojas, E.; Contessoto, V. G.; Davis, D.;
O’Brien, P.; Habib, N.; Smith, T. L.; Bruiners, N.; Sidman, R. L.;
Gennaro, M. L.; Lattime, E. C.; Libutti, S. K.; Whitford, P. C.; Burley,
S. K.; Onuchic, J. N.; Arap, W.; Pasqualini, R. Design and proof of
concept for targeted phage-based COVID-19 vaccination strategies
with a streamlined cold-free supply chain. Proc. Natl. Acad. Sci. U.S.A.
2021, 118 (30), e2105739118.
(137) Feng, L.; Wang, Q.; Shan, C.; Yang, C.; Feng, Y.; Wu, J.; Liu,
X.; Zhou, Y.; Jiang, R.; Hu, P.; Liu, X.; Zhang, F.; Li, P.; Niu, X.; Liu,
Y.; Zheng, X.; Luo, J.; Sun, J.; Gu, Y.; Liu, B.; Xu, Y.; Li, C.; Pan, W.;
Zhao, J.; Ke, C.; Chen, X.; Xu, T.; Zhong, N.; Guan, S.; Yuan, Z.;
Chen, L. An adenovirus-vectored COVID-19 vaccine confers
protection from SARS-COV-2 challenge in rhesus macaques. Nat.
Commun. 2020, 11 (1), 4207.
(138) Wu, S.; Huang, J.; Zhang, Z.; Wu, J.; Zhang, J.; Hu, H.; Zhu,
T.; Zhang, J.; Luo, L.; Fan, P.; Wang, B.; Chen, C.; Chen, Y.; Song,
X.; Wang, Y.; Si, W.; Sun, T.; Wang, X.; Hou, L.; Chen, W. Safety,
tolerability, and immunogenicity of an aerosolised adenovirus type-5
vector-based COVID-19 vaccine (Ad5-nCoV) in adults: preliminary
report of an open-label and randomised phase 1 clinical trial. Lancet.
Infectious diseases 2021, 21 (12), 1654−1664.
(139) Hassan, A. O.; Kafai, N. M.; Dmitriev, I. P.; Fox, J. M.; Smith,
B. K.; Harvey, I. B.; Chen, R. E.; Winkler, E. S.; Wessel, A. W.; Case, J.
B.; Kashentseva, E.; McCune, B. T.; Bailey, A. L.; Zhao, H.;
VanBlargan, L. A.; Dai, Y. N.; Ma, M.; Adams, L. J.; Shrihari, S.;
Danis, J. E.; Gralinski, L. E.; Hou, Y. J.; Schäfer, A.; Kim, A. S.; Keeler,
S. P.; Weiskopf, D.; Baric, R. S.; Holtzman, M. J.; Fremont, D. H.;
Curiel, D. T.; Diamond, M. S. A Single-Dose Intranasal ChAd Vaccine

Protects Upper and Lower Respiratory Tracts against SARS-CoV-2.
Cell 2020, 183 (1), 169−184.
(140) Mohsen, M. O.; Balke, I.; Zinkhan, S.; Zeltina, V.; Liu, X.;
Chang, X.; Krenger, P. S.; Plattner, K.; Gharailoo, Z.; Vogt, A. S.;
Augusto, G.; Zwicker, M.; Roongta, S.; Rothen, D. A.; Josi, R.; Costa,
J. J. D.; Sobczak, J. M.; Nonic, A.; Brand, L. A.; Nuss, K.; Martina, B.;
Speiser, D. E.; Kündig, T.; Jennings, G. T.; Walton, S. M.; Vogel, M.;
Zeltins, A.; Bachmann, M. F. A scalable and highly immunogenic
virus-like particle-based vaccine against SARS-CoV-2. Allergy 2022, 77
(1), 243−257.
(141) Zhu, F. C.; Guan, X. H.; Li, Y. H.; Huang, J. Y.; Jiang, T.; Hou,
L. H.; Li, J. X.; Yang, B. F.; Wang, L.; Wang, W. J.; Wu, S. P.; Wang,
Z.; Wu, X. H.; Xu, J. J.; Zhang, Z.; Jia, S. Y.; Wang, B. S.; Hu, Y.; Liu,
J. J.; Zhang, J.; Qian, X. A.; Li, Q.; Pan, H. X.; Jiang, H. D.; Deng, P.;
Gou, J. B.; Wang, X. W.; Wang, X. H.; Chen, W. Immunogenicity and
safety of a recombinant adenovirus type-5-vectored COVID-19
vaccine in healthy adults aged 18 years or older: a randomised,
double-blind, placebo-controlled, phase 2 trial. Lancet (London,
England) 2020, 396 (10249), 479−488.
(142) Zhu, F. C.; Li, Y. H.; Guan, X. H.; Hou, L. H.; Wang, W. J.; Li,
J. X.; Wu, S. P.; Wang, B. S.; Wang, Z.; Wang, L.; Jia, S. Y.; Jiang, H.
D.; Wang, L.; Jiang, T.; Hu, Y.; Gou, J. B.; Xu, S. B.; Xu, J. J.; Wang, X.
W.; Wang, W.; Chen, W. Safety, tolerability, and immunogenicity of a
recombinant adenovirus type-5 vectored COVID-19 vaccine: a dose-
escalation, open-label, non-randomised, first-in-human trial. Lancet
(London, England) 2020, 395 (10240), 1845−1854.
(143) Roy, S.; Ghani, K.; de Campos-Lima, P. O.; Caruso, M. A
stable platform for the production of virus-like particles pseudotyped
with the severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) spike protein. Virus research 2021, 295, 198305.
(144) Li, J. X.; Wu, S. P.; Guo, X. L.; Tang, R.; Huang, B. Y.; Chen,
X. Q.; Chen, Y.; Hou, L. H.; Liu, J. X.; Zhong, J.; Pan, H. X.; Shi, F. J.;
Xu, X. Y.; Li, Z. P.; Zhang, X. Y.; Cui, L. B.; Tan, W. J.; Chen, W.;
Zhu, F. C. Safety and immunogenicity of heterologous boost
immunisation with an orally administered aerosolised Ad5-nCoV
after two-dose priming with an inactivated SARS-CoV-2 vaccine in
Chinese adults: a randomised, open-label, single-centre trial. Lancet.
Respiratory medicine 2022, 10 (8), 739−748.
(145) Bahbah, E. I.; Negida, A.; Nabet, M. S. Purposing
Saikosaponins for the treatment of COVID-19. Medical hypotheses
2020, 140, 109782.
(146) Ren, W.; Sun, H.; Gao, G. F.; Chen, J.; Sun, S.; Zhao, R.; Gao,
G.; Hu, Y.; Zhao, G.; Chen, Y.; Jin, X.; Fang, F.; Chen, J.; Wang, Q.;
Gong, S.; Gao, W.; Sun, Y.; Su, J.; He, A.; Cheng, X.; Li, M.; Xia, C.;
Li, M.; Sun, L. Recombinant SARS-CoV-2 spike S1-Fc fusion protein
induced high levels of neutralizing responses in nonhuman primates.
Vaccine 2020, 38 (35), 5653−5658.
(147) Silva, M.; Kato, Y.; Melo, M. B.; Phung, I.; Freeman, B. L.; Li,
Z.; Roh, K.; Van Wijnbergen, J. W.; Watkins, H.; Enemuo, C. A.;
Hartwell, B. L.; Chang, J. Y. H.; Xiao, S.; Rodrigues, K. A.; Cirelli, K.
M.; Li, N.; Haupt, S.; Aung, A.; Cossette, B.; Abraham, W.; Kataria,
S.; Bastidas, R.; Bhiman, J.; Linde, C.; Bloom, N. I.; Groschel, B.;
Georgeson, E.; Phelps, N.; Thomas, A.; Bals, J.; Carnathan, D. G.;
Lingwood, D.; Burton, D. R.; Alter, G.; Padera, T. P.; Belcher, A. M.;
Schief, W. R.; Silvestri, G.; Ruprecht, R. M.; Crotty, S.; Irvine, D. J. A
particulate saponin/TLR agonist vaccine adjuvant alters lymph flow
and modulates adaptive immunity. Science immunology 2021, 6 (66),
No. eabf1152.
(148) Wu, Y.; Huang, X.; Yuan, L.; Wang, S.; Zhang, Y.; Xiong, H.;
Chen, R.; Ma, J.; Qi, R.; Nie, M.; Xu, J.; Zhang, Z.; Chen, L.; Wei, M.;
Zhou, M.; Cai, M.; Shi, Y.; Zhang, L.; Yu, H.; Hong, J.; Wang, Z.;
Hong, Y.; Yue, M.; Li, Z.; Chen, D.; Zheng, Q.; Li, S.; Chen, Y.;
Cheng, T.; Zhang, J.; Zhang, T.; Zhu, H.; Zhao, Q.; Yuan, Q.; Guan,
Y.; Xia, N. A recombinant spike protein subunit vaccine confers
protective immunity against SARS-CoV-2 infection and transmission
in hamsters. Science translational medicine 2021, 13 (606), eabg1143.
(149) Feikin, D. R.; Higdon, M. M.; Abu-Raddad, L. J.; Andrews, N.;
Araos, R.; Goldberg, Y.; Groome, M. J.; Huppert, A.; O’Brien, K. L.;
Smith, P. G.; Wilder-Smith, A.; Zeger, S.; Deloria Knoll, M.; Patel, M.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08326
ACS Omega 2024, 9, 5175−5192

5189

https://doi.org/10.1038/s41467-020-20654-7
https://doi.org/10.1038/s41467-020-20654-7
https://doi.org/10.1038/s41467-020-20654-7
https://doi.org/10.1038/s41467-020-20654-7
https://doi.org/10.1021/acsnano.0c08379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/vaccines9040403
https://doi.org/10.3390/vaccines9040403
https://doi.org/10.3390/vaccines9040403
https://doi.org/10.3389/fimmu.2020.01100
https://doi.org/10.3389/fimmu.2020.01100
https://doi.org/10.3389/fimmu.2020.01100
https://doi.org/10.1016/j.coviro.2016.03.001
https://doi.org/10.1016/j.coviro.2016.03.001
https://doi.org/10.1128/mBio.01813-21
https://doi.org/10.1128/mBio.01813-21
https://doi.org/10.1128/mBio.01813-21
https://doi.org/10.1073/pnas.2105739118
https://doi.org/10.1073/pnas.2105739118
https://doi.org/10.1073/pnas.2105739118
https://doi.org/10.1038/s41467-020-18077-5
https://doi.org/10.1038/s41467-020-18077-5
https://doi.org/10.1016/S1473-3099(21)00396-0
https://doi.org/10.1016/S1473-3099(21)00396-0
https://doi.org/10.1016/S1473-3099(21)00396-0
https://doi.org/10.1016/S1473-3099(21)00396-0
https://doi.org/10.1016/j.cell.2020.08.026
https://doi.org/10.1016/j.cell.2020.08.026
https://doi.org/10.1111/all.15080
https://doi.org/10.1111/all.15080
https://doi.org/10.1016/S0140-6736(20)31605-6
https://doi.org/10.1016/S0140-6736(20)31605-6
https://doi.org/10.1016/S0140-6736(20)31605-6
https://doi.org/10.1016/S0140-6736(20)31605-6
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1016/S0140-6736(20)31208-3
https://doi.org/10.1016/j.virusres.2021.198305
https://doi.org/10.1016/j.virusres.2021.198305
https://doi.org/10.1016/j.virusres.2021.198305
https://doi.org/10.1016/j.virusres.2021.198305
https://doi.org/10.1016/S2213-2600(22)00087-X
https://doi.org/10.1016/S2213-2600(22)00087-X
https://doi.org/10.1016/S2213-2600(22)00087-X
https://doi.org/10.1016/S2213-2600(22)00087-X
https://doi.org/10.1016/j.mehy.2020.109782
https://doi.org/10.1016/j.mehy.2020.109782
https://doi.org/10.1016/j.vaccine.2020.06.066
https://doi.org/10.1016/j.vaccine.2020.06.066
https://doi.org/10.1126/sciimmunol.abf1152
https://doi.org/10.1126/sciimmunol.abf1152
https://doi.org/10.1126/sciimmunol.abf1152
https://doi.org/10.1126/scitranslmed.abg1143
https://doi.org/10.1126/scitranslmed.abg1143
https://doi.org/10.1126/scitranslmed.abg1143
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


K. Duration of effectiveness of vaccines against SARS-CoV-2 infection
and COVID-19 disease: results of a systematic review and meta-
regression. Lancet (London, England) 2022, 399 (10328), 924−944.
(150) Nyberg, T.; Ferguson, N. M.; Nash, S. G.; Webster, H. H.;
Flaxman, S.; Andrews, N.; Hinsley, W.; Bernal, J. L.; Kall, M.; Bhatt,
S.; Blomquist, P.; Zaidi, A.; Volz, E.; Aziz, N. A.; Harman, K.; Funk,
S.; Abbott, S.; Hope, R.; Charlett, A.; Chand, M.; Ghani, A. C.;
Seaman, S. R.; Dabrera, G.; De Angelis, D.; Presanis, A. M.; Thelwall,
S. Comparative analysis of the risks of hospitalisation and death
associated with SARS-CoV-2 omicron (B.1.1.529) and delta
(B.1.617.2) variants in England: a cohort study. Lancet (London,
England) 2022, 399 (10332), 1303−1312.
(151) Qu, P.; Faraone, J.; Evans, J. P.; Zou, X.; Zheng, Y. M.; Carlin,
C.; Bednash, J. S.; Lozanski, G.; Mallampalli, R. K.; Saif, L. J.; Oltz, E.
M.; Mohler, P. J.; Gumina, R. J.; Liu, S. L. Neutralization of the SARS-
CoV-2 Omicron BA.4/5 and BA.2.12.1 Subvariants. N Engl J. Med.
2022, 386 (26), 2526−2528.
(152) Pérez-Then, E.; Lucas, C.; Monteiro, V. S.; Miric, M.; Brache,
V.; Cochon, L.; Vogels, C. B. F.; Malik, A. A.; De la Cruz, E.; Jorge,
A.; De Los Santos, M.; Leon, P.; Breban, M. I.; Billig, K.; Yildirim, I.;
Pearson, C.; Downing, R.; Gagnon, E.; Muyombwe, A.; Razeq, J.;
Campbell, M.; Ko, A. I.; Omer, S. B.; Grubaugh, N. D.; Vermund, S.
H.; Iwasaki, A. Neutralizing antibodies against the SARS-CoV-2 Delta
and Omicron variants following heterologous CoronaVac plus
BNT162b2 booster vaccination. Nat. Med. 2022, 28 (3), 481−485.
(153) Lyke, K. E.; Atmar, R. L.; Islas, C. D.; Posavad, C. M.; Szydlo,
D.; Paul Chourdhury, R.; Deming, M. E.; Eaton, A.; Jackson, L. A.;
Branche, A. R.; El Sahly, H. M.; Rostad, C. A.; Martin, J. M.;
Johnston, C.; Rupp, R. E.; Mulligan, M. J.; Brady, R. C.; Frenck, R.
W., Jr.; Bäcker, M.; Kottkamp, A. C.; Babu, T. M.; Rajakumar, K.;
Edupuganti, S.; Dobrzynski, D.; Coler, R. N.; Archer, J. I.; Crandon,
S.; Zemanek, J. A.; Brown, E. R.; Neuzil, K. M.; Stephens, D. S.; Post,
D. J.; Nayak, S. U.; Suthar, M. S.; Roberts, P. C.; Beigel, J. H.;
Montefiori, D. C. Rapid decline in vaccine-boosted neutralizing
antibodies against SARS-CoV-2 Omicron variant. Cell Rep. Med.
2022, 3 (7), 100679.
(154) Edara, V. V.; Manning, K. E.; Ellis, M.; Lai, L.; Moore, K. M.;
Foster, S. L.; Floyd, K.; Davis-Gardner, M. E.; Mantus, G.; Nyhoff, L.
E.; Bechnak, S.; Alaaeddine, G.; Naji, A.; Samaha, H.; Lee, M.;
Bristow, L.; Gagne, M.; Roberts-Torres, J.; Henry, A. R.; Godbole, S.;
Grakoui, A.; Saxton, M.; Piantadosi, A.; Waggoner, J. J.; Douek, D. C.;
Rouphael, N.; Wrammert, J.; Suthar, M. S. mRNA-1273 and
BNT162b2 mRNA vaccines have reduced neutralizing activity against
the SARS-CoV-2 omicron variant. Cell reports. Medicine 2022, 3 (2),
100529.
(155) Kaku, Y.; Kosugi, Y.; Uriu, K.; Ito, J.; Hinay, A. A.; Kuramochi,
J.; Sadamasu, K.; Yoshimura, K.; Asakura, H.; Nagashima, M.; Sato, K.
Antiviral efficacy of the SARS-CoV-2 XBB breakthrough infection
sera against omicron subvariants including EG.5. Lancet Infectious
Diseases 2023, 23 (10), No. e395.
(156) Wang, Q.; Iketani, S.; Li, Z.; Liu, L.; Guo, Y.; Huang, Y.;
Bowen, A. D.; Liu, M.; Wang, M.; Yu, J.; Valdez, R.; Lauring, A. S.;
Sheng, Z.; Wang, H. H.; Gordon, A.; Liu, L.; Ho, D. D. Alarming
antibody evasion properties of rising SARS-CoV-2 BQ and XBB
subvariants. Cell 2023, 186 (2), 279−286.
(157) European Medicines Agency (EMA). EMA and ECDC
statement on updating COVID-19 vaccines to target new SARS-CoV-
2 virus variants. RIS World, 2023.
(158) He, C.; Alu, A.; Lei, H.; Yang, J.; Hong, W.; Song, X.; Li, J.;
Yang, L.; Wang, W.; Shen, G.; Lu, G.; Wei, X. A recombinant spike-
XBB.1.5 protein vaccine induces broad-spectrum immune responses
against XBB.1.5-included Omicron variants of SARS-CoV-2.
MedComm 2023, 4 (3), e263.
(159) Thimmiraju, S. R.; Adhikari, R.; Villar, M. J.; Lee, J.; Liu, Z.;
Kundu, R.; Chen, Y.-L.; Sharma, S.; Ghei, K.; Keegan, B.; Versteeg, L.;
Gillespie, P. M.; Ciciriello, A.; Islam, N. Y.; Poveda, C.; Uzcategui, N.;
Chen, W.-H.; Kimata, J. T.; Zhan, B.; Strych, U.; Bottazzi, M. E.;
Hotez, P. J.; Pollet, J. A Recombinant Protein XBB.1.5 RBD/Alum/

CpG Vaccine Elicits High Neutralizing Antibody Titers against
Omicron Subvariants of SARS-CoV-2. Vaccines 2023, 11 (10), 1557.
(160) Rezaei, Z.; Yilmaz-Aykut, D.; Tourk, F. M.; Bassous, N.;
Barroso-Zuppa, M.; Shawl, A. I.; Ashraf, S. S.; Avci, H.; Hassan, S.
Immunomodulating Hydrogels as Stealth Platform for Drug Delivery
Applications. Pharmaceutics 2022, 14 (10), 2244.
(161) Aygün, I.̇; Kaya, M.; Alhajj, R. Identifying side effects of
commonly used drugs in the treatment of Covid 19. Sci. Rep. 2020, 10
(1), 21508.
(162) Mohammad Zadeh, N.; Mashinchi Asl, N. S.; Forouharnejad,
K.; Ghadimi, K.; Parsa, S.; Mohammadi, S.; Omidi, A. Mechanism and
adverse effects of COVID-19 drugs: a basic review. Int. J. Physiol.
Pathophysiol., Pharmacol. 2021, 13 (4), 102−109.
(163) Wu, J.; Wang, H.; Li, B. Structure-aided ACEI-capped
remdesivir-loaded novel PLGA nanoparticles: toward a computational
simulation design for anti-SARS-CoV-2 therapy. Physical chemistry
chemical physics: PCCP 2020, 22 (48), 28434−28439.
(164) Tan, Q.; He, L.; Meng, X.; Wang, W.; Pan, H.; Yin, W.; Zhu,
T.; Huang, X.; Shan, H. Macrophage biomimetic nanocarriers for anti-
inflammation and targeted antiviral treatment in COVID-19. J.
Nanobiotechnol. 2021, 19 (1), 173.
(165) Villa-Hermosilla, M. C.; Negro, S.; Barcia, E.; Hurtado, C.;
Montejo, C.; Alonso, M.; Fernandez-Carballido, A. Celecoxib
Microparticles for Inhalation in COVID-19-Related Acute Respiratory
Distress Syndrome. Pharmaceutics 2022, 14 (7), 1392.
(166) Stipa, P.; Marano, S.; Galeazzi, R.; Minnelli, C.; Laudadio, E.
Molecular dynamics simulations of quinine encapsulation into
biodegradable nanoparticles: A possible new strategy against Sars-
CoV-2. European polymer journal 2021, 158, 110685.
(167) Ucar, B.; Acar, T.; Arayici, P. P.; Derman, S. A nano-
technological approach in the current therapy of COVID-19: model
drug oseltamivir-phosphate loaded PLGA nanoparticles targeted with
spike protein binder peptide of SARS-CoV-2. Nanotechnology 2021,
32 (48), 485601.
(168) Gattani, V.; Dawre, S. Development of favipiravir loaded
PLGA nanoparticles entrapped in in-situ gel for treatment of Covid-
19 via nasal route. Journal of drug delivery science and technology 2023,
79, 104082.
(169) Miranda, R. R.; Ferreira, N. N.; Souza, E. E.; Lins, P. M. P.;
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