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Abstract: Viral infections causing pandemics and chronic diseases are the main culprits implicated
in devastating global clinical and socioeconomic impacts, as clearly manifested during the current
COVID-19 pandemic. Immunoprophylaxis via mass immunisation with vaccines has been shown to
be an efficient strategy to control such viral infections, with the successful and recently accelerated
development of different types of vaccines, thanks to the advanced biotechnological techniques
involved in the upstream and downstream processing of these products. However, there is still
much work to be done for the improvement of efficacy and safety when it comes to the choice of
delivery systems, formulations, dosage form and route of administration, which are not only crucial
for immunisation effectiveness, but also for vaccine stability, dose frequency, patient convenience
and logistics for mass immunisation. In this review, we discuss the main vaccine delivery systems
and associated challenges, as well as the recent success in developing nanomaterials-based and
advanced delivery systems to tackle these challenges. Manufacturing and regulatory requirements
for the development of these systems for successful clinical and marketing authorisation were also
considered. Here, we comprehensively review nanovaccines from development to clinical application,
which will be relevant to vaccine developers, regulators, and clinicians.

Keywords: vaccine; virus; nanomaterials; delivery; immunisation

1. Introduction

Viral infections can have substantial negative clinical and socioeconomic impact
globally [1–3]. Recently, the COVID-19 pandemic (caused by SARS-CoV-2 virus) brought
about devastating clinical effects, with more than 186 million confirmed cases globally and
~5 million deaths reported by the WHO so far [4]. The socioeconomic impact was as bad: it
is estimated that losses to the global economy amounted to £8 trillion over 2020–21 (with a
global GDP loss of 6.7%), and will reach £22 trillion over 2020–25 [5,6]. It is also estimated
that seasonal influenza can cause 250,000–500,000 annual deaths worldwide [1].

Chronic diseases caused by viral infections can be just as impactful; for instance, the
number of known HIV infections since AIDS was first diagnosed is 77.5 million, with
37.7 million total deaths and 1.5 million new infections in 2020 [7]. Another example
is hepatitis C, of which 71 million infections were reported worldwide, with more than
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one in ten cases resulting in severe liver cirrhosis [8]. These are just few examples of
many, where the increased number of infections with various viruses place an extreme
burden on healthcare sectors globally, resulting in the hospitalisation of high-risk patients,
contributing to significant increases in healthcare expenditures and diminishing the ability
of current infrastructure to meet the clinical needs of all patients [9,10].

Immunoprophylaxis through mass immunisation with vaccines has proven to be
a successful strategy to control viral infections and contain the catastrophic impacts of
pandemics. Vaccines can be broadly divided into whole virus, subunit, or genetic. Whole
virus approaches such as live attenuated or inactivated (killed) vaccines are the oldest
technology. Live attenuated vaccines, such as the influenza (FluMist nasal spray), varicella
(chicken pox), oral rotavirus, oral polio (OPV), MMR, and Yellow Fever vaccines contain a
weakened form of the virus. This triggers an immune response without causing disease.
Attenuation can be achieved by serial passaging in a foreign host, or genetic modification
of the virulent genes. Although these vaccines induce strong immune responses, risk of
infection in immunocompromised individuals or potential mutations that revert to more
pathogenic forms need to be considered. For instance, cases of vaccine-associated paralytic
poliomyelitis due to the genetic instability of the Sabin OPV have been reported [11,12],
leading to the development of novel OPV vaccines with enhanced stability to mitigate
reversion to neurovirulence [13]. Mild local immune reactions at the site of inoculation
have been reported for several live attenuated vaccines, although severe adverse reactions
are rare [14]; for example, anaphylaxis, i.e., febrile seizures, occurred in 0.001–0.03% of
children who received the MMR vaccine, and vaccine-induced measles has been reported in
severely immunocompromised individuals [15], while the yellow fever vaccine can induce
possibly fatal vaccine-associated viscerotropic disease [16]. Inactivated vaccines, on the
other hand, are nonreplicating, and consist of whole viruses which have been inactivated
by heat, UV radiation, or fixation. Examples include the Salk inactivated polio vaccine
(IPV), and more recently, the SARS-CoV-2 vaccines CoronaVac, created by Sinovac (licensed
in China) and Bharat Biotech’s Covaxin, licensed in India [17]. Inactivated vaccines are
safer than live attenuated vaccines, although the induced responses can be weaker. This
requires higher amounts of the vaccine to be administered, and often with an adjuvant.
Despite this, seroconversion has been observed in individuals vaccinated with CoronaVac,
with neutralizing antibodies supporting protection against COVID-19 [18–20].

Protein subunit vaccines consist of recombinant proteins or protein fragments, typi-
cally with highly immunogenic antigens that induce an immune response [21]. For instance,
human papillomavirus (HPV) vaccines comprise the HPV L1 capsid protein in virus-like
particles (VLP), derived from multiple genotypes that are most commonly associated with
cervical cancers [22]. It has been suggested that the high density of the repetitive antigens
may induce high titres of neutralising antibodies that contributes to the exceptional potency
of this vaccine [23]. Subunit vaccines are generally administered with an adjuvant and
have no risk of causing disease. Multiple subunit vaccines against SARS-CoV-2, providing
recombinant spike or spike fragments, are currently in development [24].

The genetic approach of DNA or mRNA vaccines is by far the most novel [25]. Viral
DNA or mRNA delivered directly to host cell induces the production of the coded viral
proteins, which, in turn, activates the immune system. The injection of DNA was shown
to elicit immune responses and offer protection against viral infections as early as the
1990s [26,27], and has since been evaluated against both viral and nonviral diseases in
various clinical trials [28]. Similarly, various mRNA vaccine platforms have been developed
within the last decade; however, their utility has been limited until recently due to the
instability of mRNA and inefficient delivery [29]. The urgency brought about by the
COVID-19 pandemic, combined with the speed and relative ease of mRNA synthesis,
allowed the rapid development and validation of mRNA vaccines. Both the BNT162
Pfizer/BioNTech and Moderna mRNA vaccines have shown nearly 95% efficacy against
COVID-19 [30,31]. In addition to the low cost of production, mRNA vaccines can also be
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adapted rapidly against new variants or novel viruses, suggesting promising alternatives
to more conventional vaccine approaches.

The development of these different types of vaccines against viruses has proven
challenging over the years, but successful, thanks to the fast progress and recent advances
in the development of the biotechnological techniques involved in the upstream and
downstream processing of vaccines. However, there is still much work to be done to
improve the efficacy and safety of the developed vaccines in order to gain a greater
control over viruses. Besides challenges of dose reduction, side effects, cost-effectiveness
and manufacturing capacity, the choices of dosage form and route of administration
are crucial factors to consider when developing new vaccine products, as these will not
only affect immunisation effectiveness, but also vaccine stability, dose frequency, patient
convenience and logistics for mass immunisation. In this review, we will shed light on
the main challenges associated with vaccine delivery and the recent success in developing
nanomaterials-based, advanced delivery systems to overcome these challenges. We will
also discuss the regulatory requirements for the development of these systems for successful
clinical and marketing authorisation.

2. Challenges of Vaccine Delivery

With increasing knowledge of the immune system, researchers are beginning to
apply vaccine formulations for the treatment of viral and other diseases, including cancer.
As discussed above, different types of vaccines have been developed throughout the
centuries, with different formulations and delivery requirements. Initially, most vaccines
were composed of live attenuated or inactivated pathogens, eliciting an immune response
through the same pathways that would be in place to fight the original disease. However,
these types of vaccines encompass a risk of severe side effects, which led to the development
of recombinant antigens with better safety profiles. These proteins, peptides and nucleic
acid antigens generally lead to specific responses, albeit usually requiring the addition of
an adjuvant system to the formulation to improve their immunogenicity [32].

The classical adjuvant used in vaccines, and the first one to be approved for human
use, is alum, a generic name for aluminium salts including aluminium phosphate and
hydroxide. The mechanism of action of this adjuvant has been widely discussed and was
initially thought to be related to the formation of a depot at the injection site, from where
the adsorbed antigen would slowly be released into the systemic circulation. More recently,
other studies have proposed different mechanisms for alum’s adjuvant activity, including
induction of chemokine and cytokine secretion for immune cell recruitment, induction of
local cell death and activation of innate immunity signalling pathways, among others [33].

Despite its effectiveness, alum presents many limitations as an adjuvant, namely, its
sensitivity to freezing and instability at high temperatures, which mean that vaccines con-
taining this adjuvant must be stored and transported under strict “cold chain” conditions.
This requirement is a major constraint to vaccine deployment in low-income countries,
where resources to maintain cold chain storage and transport are often unavailable [34].
On the other hand, alum has also shown lower adjuvant efficacy with peptide antigens and
limited ability to elicit cellular immune responses, as are often required for intracellular
pathogens such as HIV [35,36].

Another important aspect to take into consideration is the stability of the antigen in the
vaccine formulation. Modern antigens, particularly peptides, proteins and nucleic acids,
are generally sensitive to temperature, pH and enzymatic degradation. For this reason,
it is essential to formulate them in delivery systems that provide protection from these
degradation agents, allowing efficient antigen delivery to antigen presenting cells (APCs).
Nano and microparticulate carriers are especially well-suited to perform this function, with
demonstrated evidence of their efficacy widely available in the literature [37,38].

Finally, another major challenge in vaccine delivery is related to antigen targeting of
relevant tissues such as lymph nodes (LN) and other lymphatic tissues, with abundant
immune cell populations [39]. Targeting depends not only on the administration route, but
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also on the physicochemical properties of the selected antigen delivery system. In particu-
lar, particle size, surface charge and chemical modifications of the carriers’ surface have
been shown to significantly influence their trafficking from the administration site to the
relevant tissues and their interaction with relevant immune cell populations, particularly
APCs [40–42]. Therefore, it is crucial that these aspects are considered in the development
of novel vaccines against infectious viruses.

3. Routes of Vaccines Administration

Vaccines have traditionally been delivered through parenteral routes, particularly
through the intramuscular (IM) and subcutaneous (SC) routes (Figure 1). In the majority of
cases, this allows the formation of a local depot at the injection site, from where the antigen
and adjuvants (if present) can be drained to the local LN. This process can happen passively
or through immune cell capture and transport to the LN, depending on the characteristics
of the vaccine formulation. Transdermal (TD) and SC injections have been presented as
alternatives to IM immunisation precisely due to the advantages they may present in terms
of vaccine drainage to the lymphatics and overall immunogenicity [43]. However, the
presence of adjuvants in vaccine formulations has occasionally led to increased levels of
local side effects observed following SC and TD administration, maintaining the preference
for IM injections over the other parenteral alternatives (Figure 1) [44].
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Despite their widespread use, parenteral routes of immunisation present significant
limitations, namely, in terms of the financial and human resources required for prepar-
ing, administering, and disposing of injectable materials, and the risks associated with
needle-stick injuries and sharp waste management. For these reasons, mucosal routes of
administration have also been explored for vaccines, particularly considering the funda-
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mental role played by the mucosal-associated lymphatic tissue (MALT) in eliciting mucosal
immunity at a local level [45]. The oral and nasal routes have been most widely studied
in this regard (Figure 1), with a focus on the development of local immune response fol-
lowing antigen presentation by APCs such as macrophages and dendritic cells (DCs) to
tissue-resident T and B cells. This type of immune response is particularly important, as
evidenced through the secretion of antigen-specific immunoglobulin A (IgA) antibodies
which are capable of recognising the antigen at the entry site, and which therefore prevent
the further spread of the pathogen in the body [46,47]. This level of protection is often diffi-
cult to achieve with parenteral immunisation strategies, so it is particularly important for
the scientific community to focus efforts on the development of formulations for mucosal
vaccine administration.

Regarding the oral route, vaccine developers must consider the harsh gastrointestinal
(GI) environment when designing a formulation (Figure 1). Antigen protection against low
gastric pH, high enzymatic presence and significant mucus layer throughout the tract is
essential, particularly when developing modern vaccines with peptide, protein or nucleic
acid antigens [48]. Oral vaccination has proved to be a successful approach when direct
delivery to the site of infection in the GI tract may have greater impact on eliciting immune
responses where required. For instance, the success of the oral polio vaccine (OPV) in
reducing infection and the transmission of polio has been attributed to local immune
responses in the intestinal mucosa, where poliovirus replicates [49].

An alternative to the GI obstacles would be to focus on the intranasal (IN) route of
administration, which also presents great advantages in terms of vaccine delivery, including
high vascularisation of the nasal mucosa and rapid absorption of antigens to the systemic
circulation (Figure 1) [50]. Also, many pathogens enter through this route to induce life-
threatening respiratory diseases, making this region even more important and attractive in
terms of developing vaccines against these infectious agents. For instance, the IN delivery
of a coronavirus vaccine may provide stronger mucosal immunity in the nose and lungs,
offering protection at the site of entry [51]. Indeed, a chimpanzee adenovirus vectored
SARS-CoV-2 vaccine elicited strong humoral and cellular responses in the nasal mucosa in
a mouse model [52]. Several clinical trials for IN vaccines are now underway, which will
reveal if these responses also translate to humans. Practical advantages of a nasal spray
vaccine as a less invasive method of administration have also been shown previously with
the influenza FluMist vaccine. Nevertheless, the limitations of the IN administration route,
including the rapid mucus clearance leading to a short residence time of the antigens in
the nasal mucosa and the size-restricted permeation of antigens and adjuvants across the
epithelial barrier, should also be considered when developing vaccine formulations [50].
There is also a pressing need for new adjuvants that can be safely administered through
mucosal routes (as opposed to alum, which cannot be used in these approaches) to improve
the immune response generated against recombinant subunit antigens.

It is worth mentioning the recent interest in the transdermal (TD) route for vaccination
purposes (Figure 1). The skin is the largest human organ, with an extensive immune
cell population and close access to the bloodstream and lymphatic system, evidencing
an enormous potential for targeted vaccine delivery. Given the particular structure and
composition of the skin, with its external stratum corneum being practically impermeable
to drugs and antigens, the main challenges in developing vaccine formulations for the TD
route are related to overcoming this penetration issue. Over the years, researchers have
taken various approaches to tackle this challenge, mostly through the use of penetration
enhancers or physical processes to disrupt this barrier and allow drug and antigen delivery.
Microneedle (MN) arrays, i.e., patches containing a variable number of needle-like projec-
tions in various shapes and dimensions (generally below 1 mm in height), have gained
attention in the last few decades, also for immunisation purposes (Figure 1) [32,53]. These
structures provide a painless alternative to vaccine TD delivery, allowing the interaction
of antigens and adjuvants with the dermal immune cell population, and facilitating their
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access to draining lymphatics, potentially generating local and systemic immune responses
through this route.

4. Delivery Systems of Vaccines

The appropriate design of a delivery system for vaccines is as crucial as the choice of a
pertinent administration route for enhancing immune responses. A well-designed delivery
system can significantly improve the bioavailability of viral antigens by ameliorating
cellular uptake, conferring metabolic stability and targeting relevant tissues. In this section,
various vaccine delivery systems will be discussed, highlighting the pros and cons of each
system, with a focus on the recently introduced nanocarriers and new delivery technologies.

4.1. Viral Vectors

Although the idea of using viral vectors for delivering vaccines is not a recent one, the
first recombinant viral vector vaccine, developed against Ebola virus, was only approved
for medical use in Europe and the US in 2019 [54,55]. The first demonstration of a viral
vectored vaccine in the early 1980s was a recombinant vaccinia virus (VACV) expressing
the hepatitis B surface antigen (HBsAg), which was shown to induce protective immune
responses against hepatitis B virus in a nonhuman primate model [56,57]. The technology
relies on viral vectors encoding for pathogen antigens being delivered to the host, after
which the antigens are expressed and an immune response is mounted against the target
pathogen (Figure 2). Viral vectors can be either replication-competent or nonreplicating,
although the latter generally elicit weaker immune responses. The greatest advantage
of viral vectors is their high immunogenicity; however, concerns about the safety of
replication competent vectors has hindered their rapid development. Recently, newer
generation single-cycle vectors that amplify antigen genes without the risk of infection are
being investigated [58].

Numerous viruses are currently undergoing clinical and preclinical trials as vectors for
vaccines including adenoviruses, poxviruses (e.g., Modified vaccinia Ankara, MVA; horse-
pox virus), lentiviruses (e.g., human immunodeficiency virus, HIV), rhabdoviruses (e.g.,
vesicular stomatitis virus, VSV; rabies virus), paramyxoviruses (e.g., measles virus, New-
castle disease virus, Sendai virus), flaviviruses (e.g., Yellow Fever virus), and herpesviruses
(e.g., cytomegalovirus, CMV). There are currently six viral vector vaccines licensed globally,
including four against COVID-19 (adenovirus vectors in Oxford-AstraZenica, Sputnik
V, Janssen, and Convidecia) and two against Ebola (vesicular stomatitis virus vector in
rVSV-ZEBOV, and adenovirus and MVA in Zabdeno/Mvabea). A comprehensive review
of the whole range of vectors exceeds the scope of this review and have been discussed in
detail previously [59–65]. Here, we will focus on three of the most common vectors that
are currently being developed against COVID-19—adenovirus, VSV, and MVA (Figure 2).

4.1.1. Adenoviruses

Adenoviruses are one of the most common vectors used and in trials for vaccine
delivery. Belonging to the Adenoviridae family of viruses, they are nonenveloped double-
stranded DNA viruses with genomes of approximately 30–40 kb in length (Figure 2).
Adenoviruses are widespread across the animal kingdom, and currently there are over
80 human adenoviruses (HAdVs) types. They are categorised into seven species, A to
G, with species C serotype 5 (Ad5) being most highly prevalent [66]. The tropism of the
virus is determined by the targeted cell host receptor, and the numerous types allow for a
broad tropism. For instance, species C HAd5 and HAd2 bind to the coxsackie adenovirus
receptor (CAR), expressed on endothelial and epithelial cells [67]; B species HAd35 binds to
CD46, ubiquitous to many cells [68]; and B1 species HAd3 binds to CD80/CD86 expressed
on APCs [69]. In addition, tropism can be altered by modification of the capsid to create
chimeric Ad viruses [70]. The vector can be replication-competent or replication-defective,
the latter typically by the removal of early transcript 1A (E1A) and E1B, both which are
required for replication. In addition, E3 is often deleted as it is not required for replication in
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cell culture, and deletion of E4 prevents leaky expression of the early genes [71]. HAdVs are
produced at high titres in mammalian cell culture, with E1 proteins provided in trans [72].
Although the vector has a relatively small insert size of 7.5 kb, minimal adenovirus ‘gutless’
vectors, with most viral genes removed, have also been developed to allow insertions of
foreign sequences of up to 38 kb [73]. The viral genome is episomal, but there is some risk
of integration as viral replication and transcription occurs in the nucleus of the host cell.
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Much work in mouse models has shown that HAdVs elicit potent antibody and T
cell immune responses [70]; however, the serotype contributes to slight variations in the
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phenotype and functional properties of memory T cells elicited by the vector. Innate
immune responses including production of pro-inflammatory cytokines and activation of
complement has also been reported [74]. However, the ubiquitous nature of Ad5 in humans
leads to the attenuation of immune responses due to pre-existing immunity, demonstrated
in Ad5 vectored HIV vaccine trials [75,76]. A single dose of an Ad5 vectored vaccine
against COVID-19 showed a dose-dependent production of neutralising antibodies, and
specific T cell responses. However, in keeping with previous observations, in individuals
with a high concentration of Ad5-specific antibodies, T cell responses were attenuated,
particularly at lower doses of the vaccine [77].

Therefore, adenovirus types that are rarer such as HAd26 and HAd35 have been devel-
oped as vectors to combat this. A preclinical study in mice showed that the HAd26 vectored
COVID-19 vaccine induced strong antibody and T cell responses [78]. The replication-
deficient Ad26.COV2.S (Janssen, Beerse, Belgium) vaccine has similarly shown robust pro-
tection against symptomatic COVID-19 in human trials, with potent neutralising antibodies
and induction of T cell responses against multiple SARS-CoV-2 variants of concern [79–81].
The immune response elicited seems to depend on the vector type used for the delivery
of the vaccine. For instance, a Zika virus vaccine expressing the Zika proteins precursor
membrane (prM) and envelope (E) via HAd4 or HAd5 vectors (Ad4-prM-E or Ad5-prM-E)
both showed protection against disease in a mouse model. However, the Ad5-prM-E
vaccine induced both humoral and T cell immunity, while the Ad4-prM-E elicited only T
cell responses [82]. Indeed, administration of the Ad5-prM-E alongside a UV-inactivated
HAd4 vector reduced the anti-Zika antibodies, suggesting that the HAd4 capsid could
skew the immune profile towards T cell responses [83].

Nonhuman adenoviruses such as bovine adenoviruses (BAdV) and chimpanzee aden-
oviruses (ChAd) provide an alternative avenue to bypass pre-existing immunity; indeed,
the ChAd hypervariable regions of the immunogenic capsid hexon protein were shown
to be sufficiently different from HAd5 [84], and pre-existing HAdV antibodies did not
cross-react with BAdV-3 vector [85]. BAdV vectors targeting influenza proteins elicited
strong humoral and cell-mediated responses in preclinical small animal models [86,87].
Among the nonhuman adenoviruses, ChAd vectors have progressed the furthest in terms
of use in humans. An Ebola vaccine delivered via a ChAd3 vector (ChAd3-EZO-Z) showed
robust antibody and CD8 T cell responses in two small human trials, with no adverse
effects [88,89]. The ChAdOx1 vector, derived from ChAdY25, has been successfully used
in the Oxford-AstraZeneca COVID-19 vaccine, with 62% efficacy after two doses [90]. Both
antispike neutralising antibodies and immune cell activation against SARS-CoV-2 were
measured [91], and a study reported the activation of a diverse T cell receptor (TCR) reper-
toire against different areas of the spike protein suggesting a robust T cell response [92]. A
better understanding of vector-induced immunity in simian and alternative HAd vectors
is required for the development of new viral vaccines and to evaluate their use in repeated
booster doses.

4.1.2. Poxviruses

Poxviruses are large, enveloped double-stranded DNA viruses, with genomes of
approximately 190 kb, and a high capacity of 25 kb for transgene insertion (Figure 2). The
most famous, vaccinia virus, used as live vaccine against smallpox, is highly effective
at preventing disease. However, vaccinia was also associated with a range of adverse
reactions, more so than most other vaccines [93]. The Modified vaccinia Ankara (MVA),
a highly attenuated strain with approximately 15% of the genome deleted, has been
investigated as a safer and effective vector against many viral diseases [94,95]. MVA is a
nonreplicating vector that can be produced at high titres, and although it is generally well
tolerated, high doses of vector caused some adverse effects [96].

MVA has been shown to induce potent humoral responses [97], and robust CD8
T cell responses comparable to other vaccinia strains [98]. As many viral genes that
usually allow for host immune evasion are deleted in MVA, the virus shows enhanced
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antigen presentation and immunogenicity, leading to an increase in proinflammatory
cytokines and improved migration of monocytes and leukocytes [99,100]. Removal of
immunomodulatory genes in MVA can further improve immunogenicity. For instance,
deletion of the IL-18 binding protein gene C12L, increased CD8 and CD4 T cell responses
to vaccinia epitopes by up to three-fold, with greater protection against vaccinia infection
in a mouse model [101]. Recently, the repair of two mutated or missing host range genes
(C16L/B22R and C12L) were shown to restore replication of MVA in human cell lines,
suggesting that MVA vaccines can also be engineered into replicating vectors [102], which
could further improve immune responses.

MVA vectors are being developed for influenza and other respiratory viruses, and
protection against these viral infections has been demonstrated in preclinical animal mod-
els [94]. Additionally, a Phase I/II trial of MVA vectored vaccine targeting influenza
HA (rMVA-HA) showed induction of neutralising antibodies and HA-specific T cell re-
sponses [103]. Another recombinant MVA vector targeting influenza nucleoprotein and
matrix protein 1 (MVA-NP + M1) in individuals over 65 was deemed to be well-tolerated,
although the trial was not sufficiently large to determine its efficacy [104,105]. An MVA
vectored SARS-CoV spike vaccine elicited neutralising antibody responses in mouse, rabbit,
and macaque models [106,107]. Similarly, high humoral responses were observed in mice
administered an MVA vectored MERS-CoV spike vaccine [108], and complete seroconver-
sion and MERS-CoV spike-specific T cell responses measured in at least 83% of individuals
given the same vaccine in a small Phase 1 clinical trial [109]. Although no MVA vaccines
against COVID-19 have yet entered human trials, several studies have shown to induce
strong and specific cellular responses against SARS-CoV-2 spike in mice [110–112]. An
MVA vectored vaccine expressing prefusion stabilised SARS-CoV-2 spike induced robust
antibody and CD8 T cell responses and offered protection from lung infection in a macaque
model [113]. The development of MVA vectored vaccines soon after the emergence of
SARS-CoV, MERS, and SARS-CoV-2 suggests that this platform can be used for rapid
response against emerging viruses.

4.1.3. Vesicular Stomatitis Virus

Vesicular stomatitis virus (VSV) is an enveloped single-stranded negative sense RNA
virus belonging to the Rhabdoviridae family (Figure 2). The development of a reverse ge-
netics system in 1995 allowed for the virus to be grown to high titres as well as engineer
recombinant VSV (rVSV) to express foreign sequences [114]. The genome size is approxi-
mately 11 kb, with a relatively small insert size of 5 kb. It is typically used as an attenuated
vector, achieved by deletion of the viral glycoprotein G, mutating the viral matrix protein
M, or rearranging the order of viral proteins or insertion of exogenous proteins [115]. The
glycoprotein G determines the tropism of the virus, which can be altered by replacing with
a transgene.

VSV infects livestock, but rarely humans. This implies a low risk of pre-existing
immunity; however, antivector immunity was detected in one-third of individuals given
the vector, which may cause issues in situations where multiple doses or multiple VSV
vaccines are administered [116]. Interestingly, replacing the G protein with a glycopro-
tein of lymphocytic choriomeningitis (VSV-GP) in a vector expressing ovalbumin (OVA)
showed lower neutralising antibody titres compared to a standard VSV-G-OVA vector in
mice, with no loss of efficacy upon booster doses [117]. This suggests that altering the
vector can help overcome vector-specific immunity. In addition, there have been some
concerns of safety due to risk of neurovirulence observed in animal models. For instance,
mice infected intranasally with wild-type VSV showed CNS infection via infection of
the olfactory neurons [118,119]. However, no neurovirulence was observed in macaques
infected intranasally with rVSV, suggesting that no vector-associated pathogenesis occurs
in nonhuman primate models [120].

One of the earliest preclinical studies in the 1990s showed that a rVSV vectored
influenza vaccine elicited high levels of neutralising antibodies in mice [121]. The first
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human clinical trial was undertaken nearly two decades later with a rVSV vectored HIV
vaccine, in which all vaccinated individuals developed HIV-specific antibodies after two
doses, and HIV gag protein-specific T cell responses were detected in more than half of the
individuals in the highest dose group [122]. There is currently one licensed rVSV vectored
vaccine against Ebola (rVSV-ZEBOV). In a Phase 3 clinical trial in Guinea during the Ebola
outbreak in 2014–15, rVSV-ZEBOV showed good efficacy by employing the ring vaccination
strategy [123]. The vaccine induced robust humoral responses, while the highest dose also
elicited modest T cell responses [124]. An rVSV vectored MERS-CoV spike vaccine showed
rapid and potent neutralising antibody responses in a macaque model, although antibody
titres declined by six weeks postvaccination [125]. An rVSV vaccine expressing SARS-CoV-
2 spike protected against SARS-CoV-2 challenge in a hamster model and reduced viral
titre in the lungs and upper respiratory tract [126]. Similarly, a replication competent VSV-
SARS-CoV-2 vaccine expressing modified spike protein also showed protection against
lung infection in mice, with a high titre of neutralising antibodies. Indeed, these serum
antibodies were protective against disease in nonvaccinated mice [127]. VSV vectors have
generally been shown to induce strong neutralising antibody responses, but lower CD8
and CD4 T cell immunity [59]; however, whether this is sufficient for protective immunity
still needs to be determined.

4.2. Nonviral Vectors

As the main aim of a vaccine is to be immunogenic, preferably at low dose and dosing
frequency, it is important for a vaccine delivery system to present the viral antigen in an
effective and sustained manner to trigger the desired immune response. In essence, nonviral
vectors offer a great platform for the development of such effective vaccine delivery systems.
Safety and efficacy, protection of antigen from degradation, and potential to act as adjuvants
are some of the advantages nonviral vectors present for vaccine delivery [128]. In the last
few decades, nanocarriers have been explored as nonviral vectors and as alternatives to
conventional vaccines against infectious diseases [129–134]. For instance, polymeric and
inorganic nanoparticles, dendrimers, liposomes and most recently virosomes, have been
used for sustained delivery of viral antigens and adjuvants, protecting viral proteins against
degradation, targeting host cells, and promoting the stimulation of immune cells (Figure 3).

Beyond their ability as vaccine delivery vehicles, the nanoscale size and ability to
target APCs and stimulate different immune cells depending on the biomaterials used in
their composition make nonviral vectors suitable as adjuvants, antigenicity enhancers and
immunity boosters [135]. The biological properties of nanocarriers, and thus, their interac-
tion with immune cells, is influenced by their physicochemical characteristics including
particle size, shape, surface chemistry, hydrophobicity/hydrophilicity and steric effects of
particle coating [136]. Engineering nanocarriers with respect to these properties is therefore
crucial for their role as vaccine delivery vehicles and as potential vaccine adjuvants [137].
Various types of nonviral nanocarriers including polymeric, lipid-based and inorganic ones
have been studied in this regard (Figure 3).

Other advanced delivery systems based on supramolecular hydrogels and micronee-
dles have also been recently introduced as depot formulations for sustained and localised
delivery, to enhance and prolong immune responses to vaccines, which are discussed under
Section 4.4. Other Advanced Vaccine Delivery Systems.
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4.2.1. Polymer-Based Systems

Both natural and synthetic polymers have been widely used as drug delivery systems
thanks to their physicochemical tunability, versatility of molecular design, biocompatibility
and biodegradability, making them promising vehicles for the controlled and targeted
delivery of antigens [138]. Antigens can either be encapsulated or adsorbed on the surface of
polymers. The encapsulation of an antigen protects it from exposure to metabolic enzymes
as well as the harsh GI environment, if the oral route is chosen for administration, whereas
antigen adsorption avoids exposure to harmful organic solvents or extreme pH during
the formulation process [139]. Over the years, polymeric systems such as nanoparticles,
polyplexes, dendrimers and nanocapsules have been developed for delivery of vaccines
against viruses.

Polymeric Nanoparticles (NPs)

Polymeric NPs have gained great attention for their applications as vaccine delivery
vehicles due to their biocompatibility, biodegradability and ease of preparation [140].
According to the materials used in their composition, polymeric NPs can be divided into
natural polymer NPs and synthetic polymer NPs [130,132]. Both types of NPs have been
studied over the years as nonviral antigen carriers to deliver a wide range of antigens
including hepatitis B virus (HBV) antigen [141,142], influenza virus [143], HIV, hepatitis C,
dengue virus [131], and Ebola virus [144].

Chitosan, dextran, hyaluronic acid and beta-glucans are among the most commonly
used natural polymers in the development of vaccine delivery systems [145]. These bio-
materials are particularly attractive since many of them appear naturally in the structure
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of some microorganisms, making them easily recognisable by immune cells and therefore
increasing the possibility of generating an immune response against the loaded anti-
gen [146,147]. Chitosan is a naturally occurring cationic biopolymer which interacts with
the negatively charged cellular membrane of the epithelium [148]. The adsorption of chi-
tosan NPs with the nasal and intestinal mucosa is enhanced, significantly inducing immune
responses against these nanocarriers. For example, Prego et al. developed chitosan NPs
for the delivery of recombinant HBV antigen [141]. Researchers intramuscularly injected
the NPs in mice and observed a 9-fold higher amount of HBV-specific Immunoglobulin G
(IgG) antibodies than with the conventional aluminium-adsorbed vaccine. More recently,
Cordeiro et al. developed carboxymethyl-β-glucan (CMβG)-chitosan nanoparticles for
delivery of OVA as a model antigen [145]. In this study, a single vaccine dose subcuta-
neously injected in mice induced T cell proliferation and antibody responses comparable
to those achieved with alum-adsorbed ovalbumin. Dacoba et al. reported the preparation
of NPs by covalently bonding an HIV antigen, tethered via the protease cleavage site
peptide PCS5, to chitosan or hyaluronic acid and further associating it with oppositely
charged polymers such as dextran sulphate or chitosan and polyinosinic:polycytidylic acid
(poly(I:C)) [149]. The results showed that all NPs systems elicited high anti-PCS5 antibodies
and NPs containing PCS5 conjugated and poly(I:C) induced the strongest activation of
antigen-presenting cells. El-Sissi et al. developed chitosan NPs loaded with Rift Valley
Fever Virus (RVFV) inactivated antigen and studied the effect of this formulation in the
vaccination of Swiss albino mice [150]. The results indicated that antigen-loaded chitosan
NPs produced enhanced phagocytic activity of peritoneal macrophages and neutralised
antibody levels against RVFV and IgG levels against RVFV nucleoprotein, in comparison
with adjuvant-free RVFV inactivated antigen. These are a few examples among many in
which NPs based on natural polymers have been used for the delivery of viral antigens,
which have been extensively reviewed by other researchers [151–154].

NPs have also been developed for the delivery of antigenic viral components using
synthetic polymers, the most investigated of which include poly (lactic-co-glycolic acid)
(PLGA), poly(glycolic acid) (PGA), poly(lactide-co-glycolide) (PLG), poly(lactic acid) (PLA),
poly(alkyl cyanoacrylate) (PACA) and polyanhydrides. The properties of polymers vary
depending on their composition. For example, PLA produces dense, flexible structure
that degrades slowly, while PGA is stiff but degrades rapidly. On the other hand, PLGA
has properties in-between those shown by PLA and PGA. Thus, altering the composition
or ratio of copolymers used during the NP synthesis process, can enable vaccine release
and uptake control [132,155]. For instance, Thomas and coworkers studied mixed systems
of synthetic polymers of PLA and PLGA, with various ratios of the two, as a delivery
system for HBV surface antigen (HBsAg) through the pulmonary route [142]. The results
showed that a higher presence of PLA produced NPs with larger size, which were taken
up increasingly by rat alveolar macrophages, leading to an increase in cytokine secretion.
In another study, Ross et al. showed that a recombinant H5 hemagglutinin trimer (H53)
encapsulated into polyanhydride NPs induced high neutralising antibody titres and en-
hanced CD4+ T cell recall response in mice, inducing protective immunity against H5N1
influenza [143]. Rietscher and coworkers evaluated the potential of a vaccine delivery
system made of hydrophilic polymer polyethylene glycol (PEG)-poly(allyl glycidyl ether)
(PAGE)-b-PLGA (PPP) loaded with model antigen OVA [156]. In their in vitro studies,
researchers observed a significant enhancement in T cell activation by APCs when antigen
was delivered via PPP NPs in comparison with PLGA NPs or free OVA. Further, results
showed that the subcutaneous application of PPP-OVA-NPs even without adjuvants in-
duced potent CD8 T cell-mediated OVA-specific cytotoxicity in vivo, as compared to that
caused by PLGA-OVA-NPs or OVA alone. Knight et al. demonstrated that a pH-responsive
NPs vaccine loaded with OVA and CpG DNA adjuvant increased the magnitude and
longevity of pulmonary CD8+ tissue-resident memory T cell response in mice [157]. The
pH-responsiveness was given by a diblock copolymer made of hydrophilic copolymer of
dimethylaminoethyl methacrylate (DMAEMA) and pyridyl disulphide ethyl methacrylate
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(PDSMA), and hydrophobic copolymer of propylacrylic acid (PAA), butyl methacrylate
(BMA) and DMAEMA. Antigen-loaded NPs enhanced the activation of pulmonary APCs
and assisted antigen persistence in the lungs. A single IN dose of the NPs vaccine pro-
vided protection against respiratory virus in both sublethal (vaccinia) and lethal (influenza)
infection models for up to 9 weeks after immunisation.

Polyplexes

Polyplexes are complexes formed by polymers and nucleic acids [158]. Neutral, cationic
and amphiphilic polymers have been used to produce polyplexes for gene delivery appli-
cations (Figure 3A) [159]. Cationic polymers provide better delivery systems due to their
easy electrostatic interactions with negatively charged oligonucleotides and cellular mem-
branes. Synthetic cationic polymers such as PLA, poly-L-lysine (PLL), polyetherimide (PEI),
poly(amidoamine) (PAMAM), poly(2-dimethylaminoethylmethacrylate) (PDMAEMA), as
well as carbohydrate-based natural polymers such as chitosan, have been used to synthesise
polyplexes. Moreover, strategies such as PEGylation and functionalisation with targeting
ligands are employed to improve their transfection efficiency and circulation times [160].

In one study, Demoulins and coworkers used a polyplex made of PEI or histidylated
PEI and a self-amplifying mRNA encoding influenza virus hemagglutinin and nucleocap-
sid [161]. The polyplex system successfully delivered the mRNA to DCs eliciting both
humoral and cellular immune responses and improved the efficacy of mRNA vaccine.
However, toxicity remains a challenge with the high molecular weight of PEI and thus
alternative systems have been researched [162]. Li et al. studied the ability of two types
of cyclodextrin (CD)-PEI polymers, prepared using different ratios of cyclodextrin to PEI,
as intranasal mRNA vaccine carriers [163]. The conjugate CD-PEI nanocomplex delivery
system was shown to traffic to lymph nodes with higher efficiency and to stimulate potent
humoral and cellular immune responses. Polyplexes of polymers such as PDMAEMA have
also been demonstrated to improve transfection efficiency of mRNA vaccines [164].

Recently, polyplexes formulations were also explored for challenging viral infections
such as HIV-1 infection. Moyo and coworkers used the cationic polymer polyethyleneimine
(PEI)-based self-amplifying mRNA vaccine encoding HIV-1 proteins to enhance cellular
uptake of mRNA and induce potent T cell responses in BALB/c mice [165]. A single
injection induced polyfunctional CD4+ and CD8+ T cell responses that lasted for at least 4
months postadministration and controlled HIV-1.

Polymeric Dendrimers

Dendrimers are highly branched, three-dimensional, star-shaped polymeric macro-
molecular structures (Figure 3A). These are synthesised from a polyfunctional core, e.g., am-
monia or ethylenediamine, which dictates the three-dimensional shape of the molecule. Re-
peat units, such as PAMAM, polyamino acids, polyphenyls, polyporphyrins and polyethers,
are added to the core and react with its functional groups. Each layer of the repeat units
thus produces branching and increases the number of surface functional units. In the
final step, the dendrimer is capped with a layer that provides the desired surface chemical
properties of the system. The interior layers are suitable for encapsulation of therapeutic
or biomolecule while the exterior layer is made of functional groups which are useful for
conjugation of these biomolecules and targeting moieties. Thus, by altering the nature of
the core and repeating units, the number of layers, and the composition of the surface layer,
it is possible to synthesise dendrimers with desired chemical and biological properties. Due
to these unique characteristics, this class of polymeric nanomaterial has found applications
in drug, gene and vaccine delivery [166].

Dendrimers exhibit efficient immune-stimulating properties, and thus can act as ad-
juvants and can enhance the efficiency of vaccines [167,168]. In a study, Asgary et al.
synthesised a nonlinear globular G2 dendrimer comprising citric acid and polyethylene
glycol 600 (PEG-600) and evaluated the adjuvanticity of NPs containing the rabies virus in-
activated antigen in a mice model [169]. They observed that dendrimer-based formulations
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enhanced immune responses, induced high neutralising antibodies against rabies virus,
and led to higher survival rate of mice. Chahal and coworkers found that a single dose of
dendrimer encapsulated with multiple antigens was able to produce strong antibody and
T-cell responses against Ebola virus, H1N1 influenza, and Toxoplasma gondii [170].

Polymeric Nanocapsules (NCs)

Nanocapsules (NCs) are composed of an inner lipid core usually stabilised by phos-
pholipids and an external polymeric shell (Figure 3A). The main advantage of NCs is
the opportunity to load hydrophobic adjuvant molecules in the core while antigens are
displayed on the surface, associated with the external polymers through different types of
interactions [171]. NCs coated with different polymers such as chitosan, inulin, protamine,
polyarginine and beta-glucans, have been explored by Alonso and coworkers, with promis-
ing results [172–174]. In these studies, the authors demonstrated the potential to engineer
these NCs for efficient lymphatic targeting, particularly through optimisation of particle
size, surface charge and selection of different coating polymers. The results showed that
small NCs (below 100 nm) with neutral or positive surface were able to drain efficiently to
the closest lymph node following subcutaneous injection to the mice footpad. Additionally,
protamine-coated NCs were able to efficiently deliver recombinant hepatitis B antigen to
immune cells in mice, leading to a protective humoral response.

4.2.2. Lipid-Based Systems

A variety of lipid-based systems have been developed as antigen carriers, with partic-
ular focus on emulsions of micro- and nano- metric size. In fact, the first adjuvant approved
for human vaccines after alum was MF59®, an emulsion of squalene oil, Tween® 80 and
Span® 85 included in Fluad®, a flu vaccine developed by Novartis [175]. Further research
led to the development of other adjuvant emulsions such as AS04, approved for a human pa-
pilloma virus (HPV) vaccine, AS03, approved for use in Pandemrix® during the 2009 H1N1
influenza pandemic until 2015 [176], as well as AS01 and AS02, used in a malaria vaccine
that reached clinical development and recommended by WHO for children [177–179]. Ow-
ing to their excellent surface activity, biocompatibility and biodegradability characteristics,
amphiphilic lipids were widely used to develop lipid-based systems such as liposomes,
lipid nanoparticles and lipoplexes, which attracted researchers for their application in
biomedicine including in vaccine delivery.

Liposomes and Lipoplexes

Liposomes were the first lipid-based nanocarrier platform to be developed for drug
delivery, and one of the most explored vehicles in drug and antigen delivery [180–183].
Liposomes are self-assembled nanostructures, consisting of unilamellar or multilamellar
vesicles composed of amphiphilic lipids and water (Figure 3B) [184,185]. Like polymeric
NPs, liposomes are also biocompatible and biodegradable. Moreover, they can incorporate
hydrophobic agents within their lamellae and hydrophilic agents in their aqueous core,
thanks to their amphiphilic nature. These features provide advantages for these systems
as delivery vehicles for drugs, antigenic proteins and peptides. Additionally, particle size
and surface charge of the liposome bilayer can be tuned and functionalised with ligands
for targeted delivery applications [186,187]. Based on their surface charge, liposomes are
divided into cationic, anionic, and neutral. Cationic liposomes are much more efficient
than the other types, especially for sustained antigen release, since the positive charge
enhances the interaction with the negatively charged cellular membranes [188].

There are several liposomal products that have gained marketing authorisation glob-
ally for the treatment of various diseases, including infections and cancer. In addition
to delivering antigen, liposomes can act as adjuvants. Recently, a liposomal formulation
containing monophosphoryl lipid A (MPLA) and the saponin QS-21 was approved as an ad-
juvant for a recombinant zoster vaccine [189]. Tokatlian et al. developed a delivery system
consisting of synthetic liposomes with a gp140 trimer, BG505 MD39, covalently coupled on
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its surface, to study the effect of trimer density and vesicle stability on vaccine-induced
humoral responses in mice [190]. They observed that immunisation with covalent MD39-
coupled liposomes, as compared to those with soluble MD39 trimers, led to increased
antigen-specific T follicular helper cell responses and significantly higher MD39-specific
IgG responses. Two vaccines for the prevention of herpes zoster are currently available,
namely, Zostavax (ZVL) and Shingrix (herpes zoster subunit vaccine (HZ/su)). Herpes
zoster, also known as shingles, is caused by the reactivation of the varicella-zoster virus
(VZV), the same virus that causes varicella (chickenpox). Zostavax (ZVL) is a live, attenu-
ated vaccine, whereas Shingrix® (herpes zoster subunit vaccine (HZ/su) is an adjuvanted
recombinant subunit vaccine [191,192]. ZVL was approved by the Food and Drug Admin-
istration (FDA) in May 2006 while HZ/su was approved in October 2017 for the prevention
of herpes zoster in individuals 50 years of age and older. Shingrix® is superior to Zostavax
in both safety and efficacy, and is based on a liposome delivery system consisting of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/cholesterol/monophosphoryl Lipid A
(MPLA) alongside saponin Quillaja saponaria Molina fraction 21 (QS-21) as an adjuvant and
varicella zoster virus (VZV) glycoprotein E (gE) as the antigen. Immunogenicity, efficacy,
and safety data indicated HZ/su significantly reduced the risk of developing herpes zoster
by more than 90% and thus use of the vaccine is recommended to all immunocompetent
patients older than 50 years to prevent herpes zoster. In addition, as a subunit vaccine,
it also showed good safety and efficacy in people with immunocompromising diseases,
including HIV carriers [193].

Lipoplexes are also lipid-based carrier systems, which involve complexes formed
by lipids and nucleic acids (Figure 3B). Cationic lipids, such as 1,2-di-O-octadecenyl-3-
trimethylammonium-propane (DOTMA) and 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), and zwitterionic lipids, such as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), have been used for mRNA vaccine delivery. Previous studies demonstrate that the
physicochemical characteristics and biological activity of lipoplexes can be tuned by chang-
ing the lipid components, ratio of cationic lipid to mRNA, and ionic conditions [194,195].
Hattori and coworkers evaluated the efficiency of a lipoplex system consisting of mannosy-
lated liposome/model antigen OVA-encoding pDNA (pCMV-OVA) for gene delivery to
DCs [196]. Using in vitro study, they showed that the lipoplex could transfer pCMV-OVA
more efficiently than cationic liposomes. Further in vivo study by the authors indicated
that the mannosylated lipoplex systems provided enhanced OVA-specific cytotoxic T lym-
phocyte (CTL) activity than the conventional lipoplex or naked pCMV-OVA. Rhee et al.
identified a B cell epitope peptide, from the HA protein of the H5N1 A/Vietnam/1203/2004
strain, which can potently induce production of epitope-specific antibodies. They reported
that the immunization with a complex of B cell epitope of HA protein and Lipoplex(O),
which is MB-ODN 4531(O), a natural phosphodiester bond CpG-DNA co-encapsulated
in a phosphatidyl-b-oleoyl-c-palmitoyl ethanolamine (DOPE):cholesterol hemisuccinate
(CHEMS) complex (1:1 ratio), completely protected the mice from the challenge by a lethal
dose of recombinant H5N1 virus (rH5N1 virus) [197]. Lipoplexes are still at early stages of
research and although promising, more work is required to understand the effect of lipid
components and charge on the cellular delivery of nucleic acid-based antigens, and impact
of this on immunisation effectiveness.

Lipid Nanoparticles (LNPs)

LNPs are generally composed of different types of lipids with different functions.
Cationic lipids are usually added for mRNA complexation, while ionisable lipids can
facilitate in vivo delivery and endosomal escape. Other components such as phospholipids,
cholesterol and PEGylated lipids can also be added to contribute to improve NP properties
such as stability, tolerability and biodistribution (Figure 3B) [198–200].

Therefore, LNPs have gained interest for delivery of modern vaccines in recent years,
particularly considering their potential for improved intracellular delivery [201]. Mod-
erna’s mRNA-1273 vaccine and Pfizer-BioNTech BNT162b2 vaccine, which have received
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Emergency Use Authorisation (EUA) by the MHRA in the UK, the EMA in the EU and the
FDA in the US for use in adults to prevent coronavirus disease caused by SARS-CoV-2, are
based on this type of NP [202]. In these products, LNPs are composed of an ionisable lipid
for mRNA complexation and NPs assembly, a PEGylated lipid to increase NPs circulation
time, cholesterol for increased stability and other phospholipids for structural support. In
terms of the antigen, in both vaccines the LNPs encapsulate nucleoside-modified mRNA
encoding for the spike (S) glycoprotein of SARS-CoV-2 virus [183,203]. This protein is a key
component which mediates cell attachment and receptor recognition, allowing viruses to
penetrate host cells and cause infection [204]. Phase 3 and 4 clinical trials for both mRNA
vaccines have shown high safety, without any significant local or systemic toxicity. A two-
dose regime demonstrated that both vaccines are more than 94% effective in preventing
serious illness [30,31,205]. It is worth noting that although the PEGylated lipid component
is important for improving circulation time, it could be implicated in the allergic reactions
observed in some people, and hence, similar mRNA vaccines developed in the future
should replace PEG [206,207].

Other LNPs–mRNA vaccines have also been tested in animal models against viruses
such as Zika [208], Powassan [209], Dengue [210] and Ebola [211], and have shown promis-
ing immunisation efficacy.

4.2.3. Inorganic Nanoparticles

Inorganic NPs such as gold, iron oxide and silica have been widely explored as
nanocarriers for vaccine delivery because of their low toxicity, biocompatibility and chem-
ical stability (Figure 3C) [132,212,213]. For instance, Chen et al. investigated a vaccine
carrier system consisting of gold NPs (AuNPs) conjugated to a synthetic peptide resembling
foot-and-mouth disease virus (FMDV) protein [214]. The developed NPs (pFMDV–AuNPs)
were evaluated in BALB/c mice, with results showing a three-fold increase in antibody
response compared to that of a control system of pFMDV–keyhole limpet hemocyanin
(pFMDV–KLH) conjugate. Xu and coworkers prepared surface-engineered Au nanorods
as a DNA vaccine adjuvant for HIV treatment, modifying the nanorods with three different
molecules: cetyltrimethylammonium bromide (CTAB), poly(diallydimethylammonium
chloride) (PDDAC), and polyethyleneimine (PEI) [215]. The results showed that PDDAC-
and PEI-modified Au nanorods significantly enhanced cellular and humoral immunity as
well as APC activation and T cell proliferation in vivo, in comparison with naked HIV-1 Env
plasmid treatment. Niikura et al. examined the effect on immune response of spherical, rod,
and cubic shaped Au NPs coated with West Nile virus envelope protein [216]. Researchers
observed that rod-shaped NPs were more efficient in macrophage and DCs uptake than
spherical or cubic-shaped NPs. Moreover, both spherical and cubic Au NPs induced higher
level of inflammatory cytokines, like TNF-α, IL-6, IL-12, and GM-CSF, while rod-shaped Au
NPs induced higher secretion of inflammasome-related cytokines, like IL-1β and IL-18. Tao
and co-authors reported a system consisting of the extracellular domain of M2 membrane
protein (M2e) immobilised on Au NPs and soluble CpG as an adjuvant. This formulation
induced high levels of antibody response and provided complete protection against lethal
H1N1 influenza virus in a mouse model [217]. In another study, Wang et al. conjugated
recombinant trimetric influenza hemagglutinin on Au NPs, coupled with Toll-like receptor
5 (TLR5) agonist flagellin (FliC) as a particulate adjuvant system [218]. IN immunisation
in mice with this formulation enhanced influenza-specific IgA and IgG levels and led to
antigen-specific IFN-γ secreting CD4+ T cell proliferation as well as activated CD8+ T cells.

Iron oxide nanoparticles (IONPs) are approved by the FDA for theranostic applica-
tions and have been investigated in detail in drug delivery, hyperthermia and magnetic
resonance imaging (MRI) as contrast agents for imaging [219–221]. IONPs have also shown
great potential as a vaccine platform against infectious diseases. Using intravenous route
of administration into BALB/c mice, Shen et al. showed that systemic exposure to a single
dose of iron oxide nanoparticles loaded with OVA led to subsequent antigen-specific im-
mune reactions. Their studies reported serum production of antigen-specific antibodies
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lessened as demonstrated by reduction in the serum levels of OVA-specific immunoglobins,
IgG1 and IgG2a [222]. A mannosylated nano-vaccine composed of IONPs loaded with
HBsAg was more potent than commercial alum-based vaccines in the induction of cellular
and humoral immune responses as indicated by studies by Rezaei et al. [223]. In another
study, Rybka et al. used superparamagnetic IONPs (SPIONs) as the core of HBV capsid
protein self-assembled VLPs, which could facilitate vaccine purification in manufacturing
and enhance physicochemical stability [224]. Using two different SPION cores, function-
alised with either dihexadecyl phosphate (DHP) or PEG, the authors observed a high
efficiency of VLP assembly, particularly with SPION-DHP. However, this strategy also led
to a noticeable decrease in antigenicity in comparison with the original antigen, namely at
higher DHP and PEG concentrations, which requires further research.

Silica nanoparticles hold great promise in drug and protein delivery because of their
chemical stability, biocompatibility and low toxicity. Moreover, silica NPs can be syn-
thesised in various sizes, shapes and pore diameters. Besides their physicochemical
characteristics, these NPs can induce both humoral and cell-mediated immune responses,
prompting researchers to investigate their potential as antigen carriers and adjuvants in
vaccine delivery [213,225]. Guo et al. investigated the potential of hollow mesoporous
silica nanoparticles (HMSNPs) as a vaccine delivery vehicle for Porcine Circovirus Type 2
ORF2 Protein [226]. Researchers studied in vitro uptake and release profiles of protein by
HMSNPs, as well as the immune response elicited following IM administration of protein-
loaded HMSNPs in female BALB/c mice. The results showed that protein loaded HMSNPs
stimulated humoral and cellular immune responses and induced persistent immune re-
sponses due to the release kinetics of the HMSNPs. Braun et al. studied the loading and
release of VIR-576, a derivative of the natural HIV-1 entry inhibitor targeting the viral gp41
fusion peptide, into/from mesoporous silica nanoparticles (MSNs) in vitro [227]. They
demonstrated high peptide loading in the NPs which suggested promise of the formulation
for local release applications. However, they recommended further work to be carried
out to understand the release kinetics under biological conditions for better translation of
in vitro results to in vivo conditions. N4 Pharma has developed Nuvec® Si NPs coupled
with polyethyleneimine for the delivery of DNA/RNA antigen into cells. In addition to
their antigen delivery role, Si NPs have been reported to show adjuvant effect, generating
T helper 1 (Th1) response and high cellular uptake [228]. Theobald suggested Nuvec® as a
nonviral vaccine delivery vehicle as a safe and effective alternative to lipid NP systems. It
has also been explored as delivery system for SARS-CoV-2 vaccine [228].

4.3. Virosomes and Virus-Like Particles (VLPs)

Virosomes and virus like particles (VLPs) have attracted the attention of researchers
because of their structural and morphological similarity to infectious viruses, as well as
their abilities to bind and penetrate the cell and to stimulate both humoral and cellular
immunity. Virosomes are a special type of liposomes consisting of unilamellar mono and
bilayered vesicles, to which virus-derived proteins may be attached or inserted [229]. VLPs
are composed of a self-assembled viral membrane that forms a monomeric complex [230].
These are empty, multiprotein, nonreplicating and noninfectious structures. Because of
the presence of a noninfectious subset of viral components in their structures, VLPs can be
considered as a type of subunit vaccine. Both virosomes and VLPs are also safe and stable
compared to viral vaccines and soluble antigens [231]. However, virosomes are preferred
over VLPs in vaccine delivery. The protein-based structure restricts the movement of VLP
while the fluidic phospholipid substrate of virosomes can enhance interactions with host
cell receptors [232].

Due to the clinical success of these delivery platforms, several VLP and virosome
vaccine products have received market authorization, e.g., for Hepatitis A virus (HAV), mar-
keted as Epaxal® [233,234], Hepatitis B virus (HBV), human papilloma virus (HPV) [232]
and influenza (Inflexal®) [235]. Both Epaxal® and Inflexal® have been discontinued by
Johnson & Johnson in 2011 [236]. Approved HBV vaccines invlude: (i) Heptavax-B, a
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hematogenous vaccine composed of hepatitis B surface antigen VLP; (ii) Recombivax HB,
the first licensed VLP vaccine against HBV, developed by Merck; (iii) Engerix-B, developed
by GlaxoSmithKline, which is composed of the viral small envelope protein HBsAg pro-
duced in Saccharomyces cerevisiae and presented as particles of around 20 nm size; and
(iv) Sci-B-Vac which contains three HBV surface antigens (S, pre-S1 and pre-S2). Further-
more, currently there are three approved prophylactic HPV vaccines in the market, namely
Gardasil®, Gardasil-9® (a nonvalent HPV VLP vaccine), Cervarix® and Cecolin®, all based
on L1 major capsid protein self-assembled into VLPs, leading to strong and specific anti-L1
immune responses [134,237].

Inflexal®V is an example of a virosome-based approved vaccine, in this case, against
trivalent influenza virus. This vaccine is formulated with an inactivated form of two A virus
strains and one B virus strain with specific antigen hemagglutinin (HA) and neuraminidase
(NA) [235]. This virosome consists of viral lipids, namely phosphatidylcholine, and HA
and NA glycoprotein [238]. Inflexal® V has demonstrated excellent humoral immune re-
sponse against influenza in both adults and children. Epaxal® is another clinically available
virosomal vaccine, in this case against HAV [234]. Its virosome consists of phosphatidyl-
choline and phosphatidylethanolamine with viral envelope antigens, including HA and
NA influenza proteins. The virosome surface is decorated with formalin-inactivated HAV
which imparts adjuvant properties to the structure. The inactivated HAV triggers B cell
proliferation, while the glycoproteins facilitate virosomal uptake by immunocompetent
cells, eliciting both humoral and cell-mediated immunity. Bomsel et al. reported the
preparation of virosomes containing HA and NA from inactivated H1N1 for the delivery
of influenza enveloped viruses, which are used for virosome preparations with added
HIV-1 virulence antigens such as recombinant gp41, p1 peptides and 3 m-052 adjuvants.
The Gp41 antigen has been shown to aid host cell infection and evoke immune response,
leading to full protection of immunised monkeys against vaginal challenge with simian
HIV [239]. Virosomes have also been explored for SARS-CoV-2 antigen delivery. SARS-
CoV-2 is an enveloped spherical particle with a club-shaped spike glycoprotein expressed
on the surface [240]. Specific surface antigens and phospholipids of SARS-CoV2 can thus
be used in virosome vaccine production.

4.4. Other Advanced Vaccine Delivery Systems
4.4.1. Hydrogels

Supramolecular hydrogels represent an important class of soft biomaterials that has
great potential in a wide variety of pharmaceutical and biomedical applications including
vaccine delivery. Hydrogels are three dimensional networks of polymeric chains that can
retain a large volume of water (>90%) and composed of either high molecular weight
natural biopolymers such as polysaccharides and proteins or synthetic polymers and pep-
tides [241,242]. The development of hydrogels with defined material properties can be
achieved via molecular assembly of the carefully designed individual monomer molecules.
The molecular building units undergo spontaneous molecular recognition and organisation
into networks of ordered supramolecular structures with well-defined structural proper-
ties, which entangle through either physical or chemical cross-linking forming hydrogels
(Figure 4A–C). Physical gels are stabilised by a combination of noncovalent intra- and inter-
molecular interactions [243]. These interactions include hydrogen bonding, electrostatic,
hydrophobic and aromatic interactions. On the other hand, chemical gels are stabilised
by the formation of covalent bonds such as disulphide bonds (through oxidation of thiol
groups), photo- or thermal-induced polymerisation, enzyme-catalysed cross-linking, or the
reaction between thiols and acrylates or sulphones [244–247].
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Figure 4. Hydrogels are formed either by the (A) self-organisation of peptides or proteins or (B) physical or chemical cross-
linking of polymers to form (C) entangled networks of nanofibrous structures in aqueous matrix, which is (D) self-supportive
viscoelastic and thixotropic materials that can be injected and sprayed for clinical administration of vaccine formulations.
Where natural or bioinspired building blocks are used to create the hydrogel network, the material becomes biocompatible
and biodegradable implying low toxicity. Hydrogels are mucoadhesive, so can create localised (E) viral antigen depot
postinjection/spraying, providing slow and controlled release of antigenic cargo leading to enhanced activation of APCs,
improving both humoral and cellular immune responses over a prolonged period. Hydrogels have been used as (F) vehicles
for various viral antigens and (G) could be functionalised with immune adjuvants as stimulatory agents to potentiate the
immune response towards the delivered viral antigen.

Peptide Hydrogels

Recently, bioinspired peptide hydrogels have been studied for potential use as ve-
hicles for viral vaccines, thanks to their inherent biocompatibility, biodegradability and
mucoadhesion, as well as their viscoelastic and thixotropic properties, implying ease of
administration either by injection or spraying, which can be used for both parenteral and
mucosal immunisation, respectively (Figure 4A,D) [243,248–250]. Besides acting as a vehi-
cle, self-assembling peptide nanofibres can be functionalised with immune adjuvants, such
as immunogenic peptide sequences and protein antigens, to modulate immune responses
against the corresponding infectious agent (Figure 4F,G) [251,252].

The vaccination of animal models with peptide-based antigen-bearing β-sheet nanofi-
bres resulted in strong immunogenic responses, with activation of both humoral and
cellular immunity without the need for any other adjuvants [253]. Grenfell et al. used the
synthetic β-sheet forming ionic self-complementary peptide (RADA)4, which underwent
self-assembly into nanofibrous hydrogel matrix, as an in vivo depot for the sustained
delivery of a recombinant HBsAg (rHBsAg) [253]. Slow-release kinetics of the antigen
from hydrogel depot resulted in enhanced activation of APCs with improved humoral and
cellular immune responses, leading to prolonged immunogenicity compared to adjuvanted
antigens using alum and complete Freund’s adjuvant [253]. Likewise, Friedrich et al. used
the β-sheet-forming ionic self-complementary peptide (FKFEFKFE) or (KFE8) that self-
assembles into a nanofibrous self-supporting hydrogels as an adjuvant in the development
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of vaccine against West Nile Virus (WNV) [254]. KFE8 peptide hydrogels emulsified with
EIII, the putative receptor-binding domain of the viral envelope protein, were used for
subcutaneous vaccination of mice. This system elicited enhanced antibody responses
and significant protection against the lethal WNV infection in vivo when compared to
EIII delivered with alum as an adjuvant [254]. Peptide hydrogels have also been used as
delivery vehicles for viral DNA vaccines. For instance, Tian et al. used the short aromatic
peptide Nap-GFFY-NMe, which undergo alkaline phosphatase-triggered self-assembly into
nanofibrous hydrogels, for encapsulation and delivery of HIV DNA sequence encoding
the gp145 envelope glycoprotein [255]. Enhanced humoral and cellular immune responses
were achieved thanks to condensation of DNA by the left-handed structure of nanofibres
and thus providing significant protection against degradation, proper transfection, and
effective gene expression [255].

In a different study, Huang et al. rationally designed the self-assembling peptide
sequence FLIVIGSIIGPGGDGPGGD or H9e, bio-inspired from both an elastic domain
of spider silk and a transmembrane domain of the L-type calcium channel in human
muscles [256]. This peptide showed hydrogel formation in presence of Ca + 2 salts, which
was used as an adjuvant for the killed H1N1 influenza vaccine. The results showed
improved immunogenicity compared to other commercial adjuvants including oil in water
emulsions [256]. The H9e peptide was further evaluated by Li et al. for use as an adjuvant
for the modified live vaccines (MLV) of porcine reproductive and respiratory syndrome
virus (PRRSV) [257]. Pigs vaccinated with H9e-adjuvanted MLV showed enhanced humoral
and cellular immunity governed by the higher number of T helper/memory cells and
increased secretion of INF-γ, in comparison to H9e-free MLV [257].

Polymeric Hydrogels

Along with peptide hydrogels, polymeric hydrogels have been also introduced as
delivery systems for vaccine components (Figure 4B). Roth et al. reported the use of
polymer-nanoparticle (PNP) hydrogels as sustained-release delivery systems for both
viral antigens and adjuvants to the immune system [258]. Aqueous solutions of both
dodecyl-modified hydroxypropylmethylcellulose (HPMC-C12) and poly(ethylene glycol)-
b-poly(lactic acid) (PEG-PLA) PNPs were used in combination to form PNP hydrogels
rapidly upon mixing. This delivery system was evaluated for immunomodulation us-
ing OVA protein and Poly(I:C) which is a toll-like receptor 3 agonist as a model antigen
and an adjuvant, respectively. Compared to bolus administration of the same vaccine in
standard phosphate buffer saline, the prolonged release of vaccine components from the
hydrogel matrix showed enhanced humoral immunity with increased antigen-specific
antibody affinity by 1000-folds [258]. More recently, Gale et al. reported the use of the
aforementioned injectable (HPMC-C12)-(PEG-PLA) PNP hydrogel for the sustained de-
livery of vaccine cargo against SARS-CoV-2. The studied cargo was composed of the
receptor-binding domain (RBD) of SARS-CoV-2 spike protein as the viral antigen and alum
and CpG as adjuvants (Figure 4F). Although RBD is poorly immunogenic even when used
in combination with most common adjuvants, the sustained release of the subunit vaccine
from the hydrogel matrix increased the RBD-specific antibody (IgG) titres in comparison to
bolus administration [259].

With recent developments in the design of biohybrid materials responsive to clinically
approved small molecules drugs, Gübeli et al. developed a biohybrid hydrogel as a
depot system for controlled drug-induced release of HBsAg vaccines, which emerged as
a potential replacement to the conventional repetitive vaccination strategy [260]. This
system was based on eight-arm branched PEG polymer molecules functionalised with the
protein Gyrase B (GyrB), where addition of coumermycin antibiotic induces dimerisation
of GyrB, and hence, cross-linking of the polymer, leading to hydrogel formation and
encapsulation of vaccine cargo within the gel matrix [260]. Orally administered novobiocin
acted as a molecular switch to the hydrogel matrix by competitively replacing coumermycin,
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unlocking GyrB dimers, dissolving the hydrogel and releasing the vaccine. The novel depot
system elicited a comparative immune response to that of the repetitive regime [260].

Thermo-responsive polymers that form hydrogels at body temperature also proved to
be useful for formulation of vaccine depot gels. An example of this is the thermosensitive
triblock copolymer hydrogel comprised of (PLGA-PEG-PLGA), which was utilised by Gao
et al. to develop a DNA vaccine delivery system for the encapsulation of the recombinant
hemagglutinin-neuraminidase plasmid of the avian Newcastle disease virus (NDV) [261].
This triblock copolymer undergoes postinjection hydrogelation triggered by host body
temperature, leading to sustained release of the plasmid from the hydrogel matrix. The
vaccine triggered strong immune responses, high efficacy, and complete protection against
highly virulent strains of NDV [261].

Furthermore, thermo-responsive hydrogels generated from polysaccharides-based
polymers have been also used for viral vaccines delivery. Wu et al. utilised the quater-
nised chitosan derivative N-[(2-hydroxy-3-trimethylammonium) propyl] chitosan chloride
(HTCC) in combination with α, β-glycerophosphate (α, β-GP), HTCC/GP, for the devel-
opment of a thermo-sensitive hydrogel intended for IN delivery of the avian influenza
H5N1 virus split antigen [262]. At body temperature, the intranasally-administered system
showed sol-gel transition, leading to prolongation of the antigen residence time in the
nasal cavity. The enhanced humoral and cellular immune responses and the increased
antigen-specific mucosal IgA titres elicited by the adjuvant-free H5N1 hydrogel vaccine,
when compared to the naked H5N1 split antigen and MF59 adjuvant/antigen complex,
were all attributed to prolonged release of antigen and disorganisation of ZO-1 protein of
the nasal epithelium resulting in enhanced transepithelial transport of the antigen [262,263].
Moreover, this HTCC/GP thermosensitive hydrogel vaccine delivery system was previ-
ously used for IN vaccination with the adenovirus-based Zaire Ebola virus glycoprotein
antigen (Ad-GPZ) [264]. Serum IgG, IgG1, and IgG2a and mucosal IgA antibodies had the
highest titres in response to the hydrogel-based vaccine due to prolonged residence time of
the antigen in the nasal cavity [264].

4.4.2. Microneedles

In the pursuit of innovative administration routes for vaccines, the skin has emerged
as an interesting alternative to conventional parenteral routes. This is mainly due to the
extensiveness of this organ, and the easy access to immune cells, which abundantly popu-
late the dermis. For this reason, achieving antigen and adjuvant delivery to this region has
increased the number of possibilities of generating efficient local and systemic immune
responses [265]. However, the external surface of the skin (the stratum corneum) is a very
strong and impermeable barrier, making it extremely difficult for conventional drug and
vaccine formulations to cross it and reach the dermis. This has led to the development of
various strategies to disrupt this barrier and access the dermal space, including chemical
and physical methods such as the use of penetration enhancing molecules, iontophore-
sis, electroporation and microneedle (MN) arrays [266]. This latter strategy has shown
particular promise in vaccine delivery, with some prototypes achieving early stages of
clinical development.

Microneedle arrays are composed of tens to hundreds of needle-shaped projections,
usually shorter than 1 mm, in various shapes and geometric arrangements. Over the years,
these devices have been manufactured in a variety of materials including metals, glass,
ceramics and polymers, through different methods including injection moulding, solvent
casting, laser micromachining, drawing lithography and, more recently, three-dimensional
(3D) printing [266,267]. The different types of MN arrays have traditionally been classified
as solid, coated, hollow, dissolving and hydrogel-forming.

Solid MNs were the first to be developed, aiming at a “poke and patch” approach in
which drug permeation from a patch is improved by the transient pores created by the
MNs in the skin [268]. From this concept, researchers developed coated and hollow MN
arrays, aiming at improving the delivery efficacy of these devices. In the case of coated
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arrays, the drug or vaccine is directly coated onto a solid MN array, releasing within the
skin upon insertion. On the other hand, hollow MN arrays mimic hypodermic needles
through incorporating a channel within the needle shafts for delivery of liquids to the
dermal space [269]. More recently, dissolving and hydrogel-forming polymer-based MN
arrays have been developed from biodegradable polymers, allowing the achievement of
self-disposable systems. This presents several advantages, particularly in terms of waste
management and reduced risk of needle-stick injuries [270]. Moreover, this strategy also
allows the delivery of increased doses of drugs and antigens, either incorporated in the
needle shafts or as part of external reservoirs dissolved by the interstitial fluid absorbed
upon MN array insertion [271]. Figure 5 summarises the three types of microneedle arrays
developed and evaluated in the last few years for viral vaccination purposes, described in
the following subsections.
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separate baseplate.

Coated MN Arrays

Considering the low antigen doses commonly administered in vaccines, coated MN
arrays were initially chosen for this application, with promising results obtained by the
Prausnitz group in the scope of influenza immunisation. Using stainless steel MN arrays,
the group successfully coated various inactivated influenza virus strains onto these devices,
using carboxymethyl cellulose (CMC), Pluronic F-68 and trehalose as additional excipi-
ents [272–276]. In general, these studies showed that TD immunisation of mice led to strong
humoral and cellular immune responses, providing protection against challenge, at least as
effectively as IM immunisation with the same antigens. Effective viral clearance from mice
lungs, as well as induction of memory responses, were also achieved with the developed
coated MN array systems. The same coating strategy was later applied by the same group
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for the TD delivery of a plasmid DNA encoding hepatitis C virus nonstructural 3/4A
protein [277]. In this study, MN-based immunisation effectively elicited specific cytotoxic
T cell responses in mice, in similar levels to those generated following gene gun-based
cutaneous administration. Stainless steel MN arrays were more recently used by Seok
et al., who used a polyvinylpyrrolidone (PVP) coating solution containing trehalose to
deliver polyplexes containing PLGA nanoparticles, polyethyleneimine and a DNA H1N1
influenza vaccine [278]. Despite achieving enhanced IgG-based immune responses with the
polyplex-coated MN arrays in comparison with pDNA-coated ones, the expression level of
exogenous genes was low, resulting in low immunogenicity of the vaccine prototype.

On the other hand, the Kendall group developed a different coated MN device for
vaccination purposes, obtaining similarly promising results in various viral vaccines. The
device, named Nanopatch™, consists of a densely packed array of very short silicon MN
(100 µm in length) and was successfully coated by the researchers with a commercial sea-
sonal trivalent influenza vaccine (Fluvax® 2008) [279]. Applying two devices to each mouse,
the authors observed a 100-fold dose reduction in comparison with IM immunisation with
the same vaccine, leading to high and long-lasting antibody responses. This approach
was further expanded to other viral vaccines in different presentations, from HPV virus-
like particles [280], to antigen-encoding DNA targeting West Nile virus, Chikungunya
virus [281] and herpes simplex virus [282,283]. In further studies, the authors optimised the
formulation to achieve higher antigen delivery [284], to include an adjuvant and achieve
synergistic immune response improvements [285], and to assess vaccine kinetics to peak
serum antibody levels in comparison with IM injection [286].

Another type of coated MN arrays for immunisation are those made of polylactic
acid (PLA). Nguyen et al. described coating of these arrays with HBsAg in a CMC gel
solution, with or without trehalose as a stabiliser [287]. Mice immunised with two doses of
the MN prototype elicited higher antibody responses than those receiving the same antigen
through IM route, with a Th2-biased response. Moreover, the inclusion of trehalose in
the formulation increased antigen stability at 40 ◦C up to 7 days and after 10 freeze-thaw
cycles. A similar strategy was recently described by Choi et al., i.e., coating a live smallpox
vaccine in a PVA and trehalose solution to PLA MN arrays [288]. This approach not only
provided improved stability to the vaccine in storage at −20 ◦C, but also led to increasing
antibody titres up to 12 weeks postimmunisation. On the other hand, Uppu et al. described
the application of coated PLA MN arrays in an immunisation strategy against dengue
virus, through layer-by-layer coating with different polymers and adjuvants [289]. The
results showed vaccine uptake by immune cells in both mice and human skin, with antigen
release kinetically controlled by the degradation of the polymers used in the layer-by-layer
coating. Finally, Jeong et al. proposed an innovative device with two semicircles of PLA
MNs independently coated with two different influenza vaccines in a CMC and trehalose
solution [290]. With this approach, the authors achieved equivalent immunisation efficacy
to that of separately administered coated MN vaccines and a mixture of both vaccines
coated onto a single MN array. Additionally, mice survival rate after viral challenge
was equivalent or higher in the group immunised with the compartmental MN array in
comparison with mice receiving the vaccine mix coated onto a single MN array.

Dissolving MN Arrays

Despite the success of coated MN-based approaches in immunisation, other strategies
have been developed to overcome the limitations of potentially reusable devices, including
the risk of needle-stick injuries and the need for appropriate disposal of the solid MN arrays
after use. Polymeric MN arrays are particularly well-suited for this purpose, as they can
be manufactured using biodegradable polymers, rendering self-disposable devices [270].
Dissolving MN arrays showed particular promise in the vaccine delivery field, allowing
the incorporation of the vaccine antigen and adjuvant within the MN matrix, fabricated
from fast dissolving polymers. Upon skin insertion, these MN arrays come in contact with
interstitial fluid and quickly dissolve, releasing the vaccine in the epidermis and dermis
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where it can access the abundant resident immune cell populations. In the development of
dissolving MN vaccine delivery systems, it is important to consider not only manufacturing
and scale-up aspects, but also the various factors that affect the immunogenicity and efficacy
of these approaches, including polymer selection, formulation pH, array geometry and
needle density [291].

In 2010, the Prausnitz group reported for the first time the use of dissolving MN
arrays for immunisation against influenza [292]. Here, the authors reported the fabrication
of PVP MN arrays encapsulating a freeze-dried form of an inactivated influenza virus
vaccine. These MNs dissolved quickly in mice skin, delivering more than 80% of the
antigen in 15 min. Moreover, single-dose immunisation of mice with dissolving MN arrays
induced strong humoral and cellular immune responses, in levels at least comparable to
those achieved with IM immunisation and leading to effective protection against lethal
viral challenge. In the same year, the Kendall group also published their first report of
dissolving MNs in influenza vaccine delivery, using the previously described Nanopatch™
technology [293]. These multilayered MNs, composed of CMC and loaded with the
commercial influenza vaccine Fluvax® 2008, were able to elicit potent antibody responses
which persisted in time, which is a sign of efficient memory induction.

After these initial proof-of-concept studies, numerous other publications reported the
development, manufacturing and evaluation of dissolving MNs for vaccination [270]. In
terms of viral vaccines, influenza has been the main focus of attention. In 2012, Matsuo
et al. reported the development of hyaluronan-based dissolving MN arrays for the delivery
of various antigens including hemagglutinin specific to three influenza strains [294]. The
results showed that transdermal immunisation of mice generated strong and long-lasting
antibody responses, comparable to those achieved with IM injection and higher to the
ones obtained by ID or IN immunisation, regardless of the presence of adjuvants in the
formulations given through these other administration routes. Moreover, the MN-based
immunisation strategy also provided protection against challenge, similar to that achieved
through IM and IN vaccination. Similar results were obtained by Kommareddy et al., who
used CMC-based MN arrays and monovalent H1N1 or trivalent influenza antigens [295].
The authors further demonstrated that a prime-boost TD immunisation regimen could
generate antibody responses stronger than those obtained with IM injection. Research in
this field continued with various authors demonstrating the efficacy of polymeric MN ar-
rays for influenza immunisation, particularly using dextran [296], gelatine [297], polyvinyl
alcohol (PVA) [298], hydroxyethyl starch [299] and CMC [300,301]. More recently, Vas-
silieva et al. additionally demonstrated the potential of dissolving MN arrays to codeliver
influenza antigens and adjuvants such as Quil-A saponin or cGAMP, with promising results
particularly for older populations [302]. Similarly, Wang et al. reported the efficacy of MN-
delivered vaccine nanoparticles containing influenza matrix protein 2 (M2) ectodomain
(M2e), neuraminidase and the adjuvant flagellin [303]. The results evidenced strong and
protective humoral and cellular immune responses against homologous and heterosubtypic
influenza viruses with this approach, paving the way to a universal influenza vaccine.

Some of these approaches reached clinical development with promising results. Hi-
robe et al. developed MN arrays composed of hyaluronan, dextran and povidone to deliver
trivalent hemagglutinin antigens transdermally [304]. The MN arrays were administered
twice to healthy men (20 to 49 years old) and elicited an effective immune response at
half the dose required for SC administration, without generating any noticeable systemic
adverse effects. More recently, Rouphael et al. reported the results of a Phase 1 trial on the
safety, immunogenicity and acceptability of gelatine MN arrays loaded with hemagglutinin
antigens against three influenza strains (H1N1, H3N2 and B) [305]. In this work, TD immu-
nisation with dissolving MN arrays led to similar antibody titres as those observed with IM
immunisation, regardless of whether the MNs were applied by a healthcare professional
or self-applied by the participants. Importantly, lower pain scores were reported by the
participants in comparison with IM injection, and a general preference for TD vaccination
was registered in this study. The authors also recently published an additional analysis
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of the results obtained in this study, particularly in terms of the mechanisms behind the
immune response observed in the different study groups [306]. The results showed that
hemagglutinin inhibition titres and antibody avidity were similar between TD and IM
immunisation, despite the lower antigen dose in the MN array group. MNs also induced
higher neuraminidase inhibition titres and T follicular helper cell levels, confirming an
overall response that was at least equal to IM vaccination.

Despite the main focus on influenza, other efforts have looked at dissolving MN arrays
for vaccines against polio, measles, HIV, and other viruses. For example, the Prausnitz
group expanded the evaluation of PVA-based MN arrays to the delivery of a rabies DNA
vaccine for dogs [307] and of a Zika virus inactivated particle [308]. In both studies, immu-
nisation with dissolving MN arrays elicited strong humoral and cellular immune responses,
at least comparable to those obtained with IM injection, with low antigen doses. Moreover,
in the case of the Zika virus vaccination, the MN-based approach led to cross-protection
against different Zika virus strains and also dengue virus serotypes, efficiently controlling
viral titres and inflammatory reactions. PVA-based MN arrays were also evaluated by
Donadei et al. for the delivery of an inactivated polio vaccine, achieving high specific
IgG responses with lower vaccine doses than those administered intramuscularly [309].
Similarly, Edens et al. reported the use of dissolving MN arrays for the delivery of in-
activated polio vaccine [310] and a measles vaccine [311] to rhesus macaques. In these
studies, results showed the induction of neutralising antibody titres against both viruses,
comparable to conventional immunisation routes such as SC and IM. A combined approach
against measles and rubella was also described by Joyce et al., who used CMC-based MN
arrays [312]. In this case, TD immunisation elicited protective antibody titres against both
viruses at higher levels than SC injection and protected the animals from viral challenge
with wild-type measles. It is worth mentioning as well the results obtained by Zhu et al. in
MN-based immunisation against enterovirus 71 (EV71), the causing agent of hand-foot-
and-mouth disease [313]. Here, the authors used hyaluronan MN arrays to deliver EV71
virus-like particles through the skin, achieving robust and protective immune responses at
a 10-fold lower antigen dose in comparison with conventional IM vaccination.

Hepatitis B and HIV have also been the focus of dissolving MN vaccine develop-
ment. In 2012, Pattani et al. described the development of Gantrez® MNs loaded with
a recombinant HIV antigen (gp140) and monophosphoryl lipid A as an adjuvant for TD
immunisation [314]. Mice received a total of four vaccine doses (days 0, 14, 28 and 42)
in different combinations of administration routes: MN prime and intravaginal boosts,
MN prime and IN boosts, all SC injections or all MN administrations. The developed MN
arrays were able to prime antigen-specific IgG responses, which increased particularly
with IN boosts. This immunisation regimen led to increased serum and mucosal antibody
levels, at least similar to those elicited by SC injection, and higher in the case of IgA.
Other studies reported the use of dissolving MN arrays to deliver a recombinant human
adenovirus type 5 vector encoding HIV-1 gag protein [315,316]. In this case, MN-based
immunisation led to potent cytolytic multifunctional CD8+ T cell responses in mice, pro-
moted by a specific subset of DCs present in the skin. The authors also demonstrated that
this cellular response was long-lived and retained recall capacity for memory responses
up to two years after immunisation. In the case of hepatitis B virus, Qiu et al. described
the use of PVP MN arrays for the TD delivery of a plasmid DNA vaccine with or without
additional adjuvants such as CpG ODN, cationic liposomes or both [317]. High antibody
responses were observed in this immunisation approach, particularly when the antigen
was encapsulated in the cationic liposomes and administered with CpG ODN. On the other
hand, Perez Cuevas et al. reported the use of CMC MN arrays for HBsAg delivery to mice
and rhesus macaques [318]. These MN arrays elicited antibody responses comparable to
those obtained with IM immunisation, without any additional adjuvants. More recently,
Kim et al. presented a combinatorial approach consisting of a PLA/CMC MN tip loaded
with HBsAg for slow release and an antigen-loaded CMC coating for bolus release [319].
The results showed an effective immune priming by the bolus antigen release from the
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CMC coating, followed by a boost effect generated by the slow antigen release from the
PLA MN tips.

Finally, it is worth noting the role played by this type of MN arrays in the endeavours
to vaccinate against SARS-CoV-2. In early 2020, Kim et al. reported the use of CMC MN
arrays for TD immunisation with recombinant viral proteins from MERS and SARS-CoV-2
virus [320]. In this study, results showed substantial increases in specific antibody levels
at two weeks postimmunisation with MN arrays, in comparison with earlier time points.
Similarly, Kuwentrai et al. described the delivery of SARS-CoV-2 spike protein’s RBD using
hyaluronan MN arrays, and including alum as an additional adjuvant [321]. This approach
elicited high and long-lasting antibody responses, as well as significant T-cell responses,
measured by interferon-gamma (IFNγ) expression. Interestingly, these results were not
achieved when the same system was used to deliver mRNA, in an attempt to simulate
current SARS-CoV-2 vaccines based on this technology.

Implantable MN Arrays

In recent years, a new type of biodegradable MN arrays has been studied for long-
acting drug delivery and, in a few studies, for vaccination purposes. Implantable MN
arrays usually consist of slowly degradable needle tips loaded with the antigen or drug
of interest and supported by a fast-dissolving backing, which allows implantation of
the needle tips inside the skin upon application. In vaccine delivery, this approach is
particularly interesting to control vaccine kinetics and antigen delivery to the lymphatics,
which can greatly influence the immune response elicited [41]. Chen et al. described the
development of an implantable array with chitosan needle tips containing an inactivated
influenza vaccine and a fast-dissolving PVA/PVP backing layer [322]. The results showed
higher antibody levels in the MN group than those observed in the IM immunisation group,
a fact the authors attributed to the adjuvant activity and depot effect of the chitosan needle
tips. Moreover, MN vaccination led to efficient protection of mice against viral challenge, in
comparison with conventional IM injection. In another study, Boopathy et al. reported the
enhancement of humoral immune response against an HIV trimer antigen by vaccination
with an implantable MN array [323]. The authors used in this case silk fibroin protein to
form the antigen-loaded needle tips, which elicited sustained release in the skin over two
weeks. This allowed not only an increased retention of the vaccine in the administration
site, but also higher colocalisation of the antigen with follicular DCs in the draining lymph
nodes and increased priming of germinal centre B cells, essential in the development
of long-lasting antibody responses. One month after vaccine administration, the MN-
immunised group showed 1300-fold higher antibody levels than the group receiving a
single-dose intradermal injection of the same vaccine, demonstrating the potential of this
approach for HIV vaccination.

Despite these promising results and the demonstrated potential for MN-based vac-
cination, it is worth considering some challenges concerning the development of these
products at clinical level until market approval. In terms of product development and
manufacturing, researchers should consider minimising the number of process steps to
facilitate up-scaling and high-quality GMP manufacturing, as well as other possible require-
ments such as aseptic fabrication, sterilisation at the endpoint and costs of production [53].
Additionally, common vaccine-related issues such as stability in storage and cold-chain
requirements must also be taken into consideration at this stage [34]. Achieving stable
vaccine formulations in MN array format, which can be stored at room temperature and
withstand high temperatures characteristic to certain climates, could be a game-changer in
terms of worldwide vaccine coverage and distribution [324].

5. Clinically Approved Nanovaccines against Viruses

Generally, development of vaccines must go through different stages of preclinical
and clinical testing in order to gain approval for production and marketing. The first stage
of vaccine development journey is the preclinical stage in which the infectious agent is
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extensively investigated for immunogenic antigens that can trigger immune responses in
the host. Outcome of preclinical studies is assessed by the regulator, which will authorise
the developer to start clinical trials only if the benefit of the developed vaccine outweighs
risks of undesired side effects or toxicity. Clinical trials involve studying the effects of
vaccines under development in human subjects over three sequential phases. Phase 1
involves vaccine testing in a small group of healthy adult volunteers to ensure that the
developed product is free from major safety concerns and to evaluate dose-ranging and the
elicited immune response. Phase 2 trials involve a pilot efficacy study for a larger group of
volunteers and to confirm safety. If the vaccine under investigation demonstrates efficacy
and low risk of general toxicity, it will enter the third phase of clinical trials. Phase 3 trials
involve a much larger group of a wider population range, often tens of thousands of people,
involving volunteers from different areas of high viral transmission rates, elderly people,
and those with underlying health conditions, in order to confirm safety in these groups,
efficacy, and the effective dosing level of vaccine. Successful vaccines from Phase 3 can seek
marketing authorisation from regulatory authorities for mass production and marketing.
After marketing authorisation, vaccine products will enter Phase 4 of pharmacovigilance, in
which they will be continuously and carefully monitored for safety and efficacy [325,326].
In emergencies as in pandemics like the current COVID-19, a vaccine cannot be fully
approved and can be developed under “emergency use authorisation” to facilitate its
availability and use for mass immunisation, even if it is still under clinical trials [326,327].
There are currently about 320 vaccine products against SARS-CoV-2 under development,
with approximately 126 vaccines in clinical trials and 194 in the preclinical assessment [328].
However, only eight candidates are in Phase 4 clinical trials after being developed and
marketed to assess their performance in real life scenarios and to detect the long-term
effects in the general population [326,328]. Of these eight, only BNT162b2 and mRNA-
1273 of Pfizer-BioNTech and Moderna, respectively, are based on LNPs as nonviral vector
nanocarriers (Table 1).

In spite of the limitations associated with traditional vaccines using live-attenuated or
inactivated viruses, such as the time-consuming manufacturing process, toxicity and high
infectivity, there are, at present, a limited number of fully approved vaccines against viruses
utilising an advanced biomaterial or nonviral nanocarriers for their development and de-
livery [328,329]. Historically, virosomes and VLP systems showed clinical success for both
HAV and HBV vaccines [233,234], as well as influenza [235,238], and more recently with the
prophylactic HPV vaccines [134,237] (Table 1). However, the herpes zoster subunit vaccine
[HZ/su], Shingrix®, developed by GlaxoSmithKline, is one of a few nanovaccines approved
for clinical administration, which uses liposomes for the delivery of viral antigen cargo
(Table 1) [190–192]. Therefore, there is still a lot of work to be done for the development of
clinically approved nanovaccines, which can satisfy the stringent quality, safety and effi-
cacy requirements of regulators. The new generation of LNP-based SARS-CoV-2 vaccines,
which are under Phase 4 clinical evaluation, has opened the door to advanced nanotech-
nological approaches for the development of other nanovaccines (Table 1) [328,330,331].
LNPs of both BNT162b2 and mRNA-1273, were utilised to encapsulate and deliver the
nucleoside-modified mRNA encoding the full-length spike (S) glycoprotein of SARS-CoV-2
virus (Table 1) [330,331]. These vaccines elicited strong humoral and cell-mediated immune
responses to the S antigen protecting the host against SARS-CoV-2. The main disadvantage
of these vaccines is stability, which requires storage at ultralow temperature from −80
to −60 ◦C and from −50 to −15 ◦C, for Pfizer-BioNTech and Moderna vaccines, respec-
tively [330,331]. Also, Pfizer-BioNTech vaccine can be stored frozen at −25 to −15 ◦C for
two weeks only, requiring special transport and storage equipment [330]. On the other
hand, Moderna vaccine can be stored refrigerated at 2–8 ◦C for 30 days [331]. Other
SARS-CoV-2 LNP-based vaccines include Cov2 SAM (LNP) vaccine (GlaxoSmithKline,
Phase 1 clinical trial), LNP-nCoV saRNA (Imperial College London, Phase 1), LNP-nCOV
saRNA-02 vaccine (MRC/UVRI and LSHTM Uganda Research Unit, Phase 1), and HDT-
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301 vaccine (SENAI CIMATEC, Phase 1) which comprise self-amplifying RNA (saRNA)
encapsulated within LNPs, and are all still in early development stages [328].

Table 1. Nanovaccines approved for clinical use by regulators.

Product Name Developer Company Target Virus Nanocarrier System Viral Antigen Cargo Marketing Authorisation 1

BNT162b2 Pfizer-BioNTech
SARS-CoV-2 LNPs

mRNA encoding SARS-CoV-2
spike glycoprotein

Emergency use authorisation in
2020 by FDA, MHRA & EMAmRNA-1273 Moderna

Shingrix® GlaxoSmithKline Herpes Zoster Liposomes Recombinant VZV
glycoprotein E

Approved in 2017 for patients
>50 years by FDA

Epaxal®

Crucell, Berna
Biotech (acquired by
Johnson & Johnson

in 2011)

Hepatitis A

Virosomes & VLPs

Formalin inactivated HAV
Approved in 1993 by EMA
Discontinued by Johnson &

Johnson in 2011

Recombivax HB Merk Hepatitis B Recombinant HBsAg Approved in 1986 by FDA
Engerix-B GlaxoSmithKline Approved in 2000 by EMA

Inflexal®V

Crucell, Berna
Biotech (acquired by
Johnson & Johnson

in 2011)

Influenza
H1N1,H3N2

and B

Hemagglutinin and
neuraminidase

Approved in 1997 in Switzerland.
National authorisation in UK and

EU countries
Discontinued by Johnson &

Johnson in 2011

Gardasil® Merck Sharp &
Dohme

Human
papillomavirus

types 6, 11, 16 and
18

Recombinant L1 proteins of
HPV types 6, 11, 16 and 18 Approved in 2006 by EMA

Gardasil-9®

Human
papillomavirus

types 6, 11, 16 18,
31, 33, 45, 52

and 58

Recombinant L1 proteins of
HPV types 6, 11, 16 18, 31, 33, 45,

52 and 58
Approved in 2015 by EMA

Cervarix® GlaxoSmithKline
Human

papillomavirus
types 16 and 18

Recombinant L1 proteins of
HPV types 16 and 18

Approved in 2007 for patient
≥9 years by EMA

1 Products passed phase 3 clinical trials and got marketing authorisation for use in general population.

In addition to the use of nanotechnological approaches in vaccines delivery, other
advanced techniques such as electroporation has been used for intracellular delivery
of the intra-dermally injected INO-4800 vaccine (Inovio Pharmaceuticals (San Diego,
CA, USA)/International Vaccine Institute (Seoul, Korea)/Advaccine Biopharmaceuticals
Suzhou Co., Ltd. (Suzhou, China), Phase 2/3 clinical trials) [328,332,333]. INO-4800 is a
DNA vaccine which contains the plasmid pGX9501 encoding SARS-CoV-2 full length Spike
glycoprotein. This vaccine utilises a small electric pulse generated from a hand-held smart
device to reversibly make small pores in the cell membrane, promoting plasmid cellular
transfection and activating immunotherapy. The vaccine was reported to be immunogenic,
generating robust humoral and cellular immune responses, and was shown to be safe
and well-tolerated [332,333]. Compared to other SARS-CoV-2 vaccines, INO-4800 was
reported being stable at room temperature for more than a year, not requiring special
freezing conditions during shipment and storage [333]. Other examples of electroporation-
based vaccines under clinical investigation include the VGX-3100 synthetic DNA vaccine
targeting HPV16/18 (Phase 2b trial) [334], a CMV DNA vaccine (Phase 2 trial) [335] and
few others in Phase 1 trial reviewed by Xu et al. [336].

Microneedle-based technologies for TD vaccination are also under clinical devel-
opment at the moment. For instance, a Phase 1/2 double-blind randomised trial spon-
sored by Micron Biomedical, Inc. (Atlanta, GA, USA) currently recruiting participants
(NCT04394689), in which the safety and immunogenicity of a measles-rubella dissolving
MN array vaccine will be evaluated in adults, toddlers and infants in comparison with SC
administration of a WHO prequalified vaccine [337]. Previous studies have also demon-
strated the efficacy of MN-based vaccines at the clinical level, particularly with an influenza
vaccine coated MN array developed at Georgia Institute of Technology by the Prausnitz
group [305].

The use of nanomaterials and other advanced technologies is indeed a potential
approach for the effective and safe delivery of vaccines based on viral genetic materials,
which is currently being rigorously tested for SARS-CoV-2, but could be generally applied
to other vaccines in the near future. However, there are emerging challenges for the
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regulatory clinical and marketing authorisation of nanomaterials-based vaccines that
need to be considered from early stages of development, which are discussed in the
following section.

6. Manufacturing Consideration and Regulatory Requirements for Pharmaceutical
Development of Nanovaccines

A vaccine product is often engineered with four main components: an immunogen
that can induce an immune response derived from the pathogen (proteins, peptides, lipids,
mRNA); adjuvants, which are stimulatory agents that potentiate the immune response
towards the delivered immunogen (independent or as a conjugate to the immunogen);
delivery strategy, which utilises nanocarriers to encapsulate or present the immunogen to
APCs in a stable and targeted manner (for instance, viral vectors, nanocarriers or hydrogels);
and finally, a device designed to physically administer the vaccines (syringes, implants,
microneedle patches) [29,329,338]. There are various quality, safety and efficacy regulatory
requirements for the development and production of these complex biopharmaceutical
products, from early stages of development, passing through the various stages of manufac-
turing, ending by storage and distribution. Here, we will shed the light on these regulatory
requirements, mainly for the upstream and downstream processing, highlighting special
considerations for nanovaccines formulation development.

6.1. Upstream Processing

The manufacturing process of nanovaccines can be considered identical to that of
conventional vaccines for upstream processing. Once the fabrication method of the im-
munogen has been selected (live-attenuated, Inactivated/killed, subunit, conjugation,
recombinant, recombinant vector or VLP), the Master Viral Seed (MVS) can be produced
and extensively characterised to ensure purity and safety [339]. Depending on the starting
material, primary cell lines, continuous cell lines or chicken eggs can be used as substrate
to grow the virus. These production platforms each have their own advantages and draw-
backs. Thus, during development and selection, the following points should be considered:
yields, effects of post-translational modifications, cost, contamination risks, scalability,
complexity, production timescale, glycosylation profiles and frameworks for regulatory
approval [340–344].

From this initial bank, Working Viral Seeds (WVS) are propagated for production
lots to ensure consistency and confidence in the quality of the final product. WVS can
be considered intermediate products, as multiple strains or different subunits can be
blended in the final bulk during formulation. The use of master and working seed lots
provides a method to limit the replication of the seed and to minimise the possibility of
genetic variation.

This is followed by the isolation of the immunogen from its environment, generally via
centrifugation and homogenisation [345]. Further manipulations of the material, including
encapsulation into a nanocarrier can be considered as downstream processing as the
immunogen is unaltered after this point.

6.2. Downstream Processing

Once the immunogen is in its free form, the material can be purified using one of
the following methods: sterile filtration [346], solvent extraction [347], alcohol precipita-
tion [348], ultrafiltration [349], gel permeation chromatography [350], zonal centrifuga-
tion [351], formaldehyde inactivation [352], diafiltration [353], detergent precipitation [354]
and various other methods of chromatography. Depending on the selected nanocarrier
delivery strategy an appropriate encapsulation method is utilised. For liposomal manufac-
turing, the three basic techniques include: (1) mechanical methods such as film hydration
and microfluidisation, (2) solvent displacement such as ethanol injection and reverse phase
evaporation and (3) detergent depletion methods [355]. Several other methods can be used
for the production and incorporation of the immunogen; however the following points
should be considered during the selection process:
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• Scalability—small scale laboratory research should have the capability to be easily
scaled to meet market requirements, taking into account technological limitations;

• Use of organic solvents—most recognised methods use organic solvents; however,
due to their detrimental effect on health, they need to be limited to minor amounts of
class II solvents such as chloroform and methanol to meet European and US pharma-
copeial requirements;

• Consistency—As the utilisation of nanocarriers increases the surface area this has an
effect on the biodistribution profile leading to unpredictable reactivity. To limit the
chances of any unwanted reactivity it would be important to characterise and control
the physicochemical properties (size distribution, charge, lamellarity, entrapment
efficacy, phase transition temperature, antigen release profile) between batches;

• Temperature—Most immunogens are only stable at lower temperatures; hence, any
methods that require higher temperatures cannot be utilised.

Once the immunogen has been loaded into its nanocarrier, size manipulation is often
carried out using homogenisation, which applies shear forces to achieve uniform size
distribution [356]. These factors are often controlled using the pore size of the filter and the
number or recirculation cycles.

At this point, intermediate products can be stored at low temperatures, depending on
the results from their stability testing. Hence, a point to consider during the validation and
qualification of the vaccine and the method of manufacture should be the stability of the
nanocarriers at different temperatures over various time points. For both the intermediates
and the final bulk, stability tests are required for physicochemical analysis and biological
assays. The implementation of a stability protocol should be based on detailed information
about the types of testing, including specifications, testing intervals and data analysis.

6.3. Formulation Considerations

Suitable controlled quantities of all ingredients are blended to uniformity to produce
the final bulk, this may include; buffers, bulking agents, stabilising excipients, adjuvants
and preservatives. As with the development of any pharmaceutical product, the addition
and concentration of each excipient needs to be meticulously justified to the regulators
and sufficient relevant data should be provided. If the intermediate production had a
sterile filtration step during downstream processing the bulk would need to be prepared
aseptically, otherwise a sterilisation step is required at the end of processing.

If the vaccine product is to be commercialised as multistrain, multiple intermediates
containing different WVS can be blended. However, before the blending process can begin,
the intermediate endotoxin and potency should be tested. The most commonly recognised
tests in industry are Limulus Amebocyte Lysate (LAL) for endotoxin evaluation [357] and
plaque formation assays, endpoint dilution assays (tissue culture infective dose TCID50)
virus neutralisation assays or quantitative polymerase chain reaction (PCR) assays for
potency [358]. The purpose of this evaluation before the blending process is that inter-
mediates with high potencies or endotoxin can be blended with intermediates with low
potencies or endotoxin to meet the specification set out in the license. The effect of the
nanocarriers should be considered during product development for these specifications,
as they may mask the accuracy of the result. Most nanocarriers exhibit the following
three-phased release profile: (1) burst release due to the desorption of molecules attached
to their surface; (2) an intermediate phase which is released as the matrix of the carrier
degrades; and (3) the final release of the encapsulated material [359]. Hence, the release
profile should be accurate characterised to precisely design a potency and endotoxin assay.

During formulation development the interactions of the components should also be
meticulously studied to design nanovaccines with optimum activity. These interactions in-
clude, but are not limited to, immunogen-nanocarrier interactions and adjuvant-nanocarrier
interactions. Immunogen-nanocarrier interactions could include the altered antigen presen-
tation to APCs which can either be enhanced or inhibited. For example, poly(vinylalcohol)-
coated iron oxide nanoparticles have been shown to inhibit the processing of OVA by DCs
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to stimulate CD4+ T-cells [360], whereas, poly(D,L-lactic-co-glycoside)-based polymeric
nanoparticles significantly improve antigen presentation and T cell activation by OVA in
DCs [361]. Adjuvant-nanocarrier interactions should also be extensively studied to avoid
any hyperactivation of the adjuvant in the presence of the nanocarrier. Several vaccines
have been known to be recalled from the market due to adjuvant toxicity resulting in the
stimulation of CD28 on T cells triggering hypercytokinemia [362].

Furthermore, as nanocarriers could have unpredictable biological activities in a host
per se, considerations should be taken to study their effect in clinical studies compared
to the bulk material. The major nanotoxicity pathways in cells could involve oxidative
stress [363–365], inflammation [366–368] and genotoxicity [369–371], which therefore re-
quires extensive preclinical and clinical toxicity assessment of nanocarriers used for vac-
cine formulations.

6.4. Quality Control and Release Testing

As with any other biopharmaceutical product, manufacturers of nanovaccines are
bound to perform appropriate tests for the licensed specification according to 21 CFR 610
for the US markets [372]. For nanotechnology enabled products these specifications are
assessed on a case-by-case basis due to the lack of uniformity between regulators. In general,
the release lots of the final product must meet the standards of safety, purity and potency
established for the particular vaccine product highlighted in ICH Q5C [373]. Examples
of these test include, but are not limited to potency assays, general safety (detection of
adventitious agents), sterility, bacterial endotoxin, purity, residual moisture, pyrogen,
identity and constituted materials. Samples should be taken throughout the manufacturing
process to maintain and document quality control of the processed batch. However, for
general safety and bioburden testing, the samples should be taken at the “dirtiest” step of
the manufacturing process to demonstrate the absence of contaminants in the product.

6.5. Regulatory Requirement and Challenges

Although it has been over 15 years since the first protein-based nanoparticle drug
Abraxane® (albumin-bound paclitaxel) was approved for use in 2005 by the FDA [374],
nanomedicines continue to challenge the regulatory authorities. The main role of the
regulator is to ensure quality, safety and efficacy of all medical products and devices
through existing, well-defined regulatory frameworks; however, as both the scientific
innovations and market expectations evolve, it is becoming increasingly difficult to set
specific guidelines.

A lack of guidelines and harmonisation from these regulatory bodies is causing a high
degree of uncertainty for product developers, hindering the development and marketing
of novel nanotechnology-enabled products. To ensure a smooth approval process, the
identification of, and a general agreement on, the regulatory requirements applicable for
the evaluated product/device are therefore prerequisites. Thus, nanotechnology enabled
products are often developed and scaled-up with involvement from the authorities.

Utilising current regulatory frameworks, the approval process involves the require-
ment of four principle elements outlined in Table 2. Generally, regulators require release
and stability data from pilot batches, which are prepared using the same process as that of
the intended product for the market. In addition, they also require excipient information,
detailed rationale of the manufacturing process (purification, sterilisation . . . etc.) and
validation methods for the release tests used including a justification for their use. A justifi-
cation should also be provided for the nanocarrier utilised in conjunction with preclinical
data established in an animal model characterising the immune response for each of the
component parts (adjuvants/nanocarriers) as well as the final vaccine composition. In ad-
dition, the toxicology results for the clinical trials would also be essential to establish safety.
These results should include data related to local tolerance and repeat dose toxicology
performed at preclinical settings.
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Table 2. The main elements of the regulatory approval process and their requirements.

Principle Elements Requirements

Preparation of preclinical materials
Proof of concept testing in animal models

Manufacture of clinical material in accordance with cGMP
Toxicology investigations in an applicable animal model

Investigational new drug submission Application for regulatory review
Safety and efficacy testing Clinical and nonclinical studies

Biologics license application to regulators for final
review and licensure Submission of clinical, nonclinical and manufacturing data

7. Conclusions and Future Perspective

In conclusion, a carefully designed delivery system for vaccines, together with the
choice of a pertinent administration route, are crucial for both enhancing of immunisation
effectiveness and improving vaccine stability, and can help managing dose frequency,
patient convenience and logistics for mass immunisation. In essence, viral vectors provide
a method to deliver genetic material encoding the pathogen’s antigen directly to the host
cell, which when produced in the host mounts an immune response. This capitalizes on the
vectors’ specificity in infection and can lead to the production of high concentrations of the
target antigen. Viral vectors therefore have the advantage of eliciting strong cellular and
humoral immune responses. Although pre-existing immunity to the vector may dampen
the response, and the safety of replication-competent vectors is questioned, the potential
for their use as vaccine delivery mechanisms is promising. Besides viral vectors, there has
been significant progress in developing nonviral vector platforms for vaccine delivery, in
recent years. Nanocarrier systems, such as liposomes, virosomes and VLPs have made their
way to the market. These systems have been shown to prevent premature antigen release
and to prolong antigen presentation for potent immunity against viral diseases. However,
the majority of other nanocarriers discussed here remain in the early development and
preclinical testing stage. Their ultrasmall size and large surface area can lead to aggregation,
and hence, concern over the toxicity and safety of these carriers for clinical use. Therefore,
better understanding and knowledge in this regard is essential for developing delivery
vehicles with clinical potential.

Advanced delivery systems, like hydrogels and microneedles, have also shown a
great potential for localised immunisation. The use of hydrogels, both polymeric and
peptide-based, has been shown to be successful strategy for the localised delivery of viral
antigens in preclinical studies, thanks to the highly viscous, shear thinning, thixotropic
and mucoadhesive properties of these material. These vehicle attributes enable the de-
velopment of injectable and sprayable formulations capable of forming a viral antigen
depot at the site of administration, leading to enhanced activation of APCs, and thus
improving both humoral and cellular immune responses over a prolonged duration of
action. Hydrogels can act both as vehicles for viral antigens and as immunogenic materials
when functionalised with adjuvants. Therefore, we expect to see hydrogel-based viral
vaccine formulations for both mucosal (IN) and parenteral (IM, SC and TD) immunisation
approved for clinical use in the near future. Microneedles have also been widely stud-
ied now, both at preclinical and clinical level, for vaccine delivery purposes. Promising
results have been obtained with these prototypes, with comparable efficacy, safety and
stability being achieved with MN arrays in comparison with IM vaccine administration.
The potential of these systems to facilitate mass vaccination programmes, particularly in
low-resource settings, and to promote self-administration of vaccines in contexts where it
is not desirable for people to physically go to a healthcare setting for this purpose, such as
a pandemic situation, is truly massive and could significantly impact vaccine distribution
and coverage in the next few years. Nevertheless, it is still necessary for the scientific and
regulatory experts to overcome certain hurdles concerning mass production, standardised
characterisation and reproducibility of these devices before they can reach the market and
have the expected impact.
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Despite significant recent advancements in nanomedicine and biotechnology, there
are still a limited number of fully approved nanovaccines against viruses at present. The
hybrid systems virosomes and VLPs, which are ‘liposome’ like structures decorated with
viral proteins, are by far the most clinically successful nanovaccine products; for example,
Epaxal® (HAV), Recombivax HB and Engerix-B (HBV) vaccines, as well as the influenza
vaccine Inflexal®V, have all been clinically approved and widely used since late-1990s.
More recently, the prophylactic HPV vaccines Gardasil®, Gardasil-9® and Cervarix®, also
based on virosome and VLP nanocarriers, were approved, Additionally, a closely related
liposome-based Herpes Zoster nanovaccine, Shingrix®, was fully approved by the FDA in
2017 for patients older than 50 years. In 2020, the first LNP-based nanovaccines against
SARS-CoV-2, BNT162b2 and mRNA-1273, have been granted emergency use authorisation
to contain the COVID-19 pandemic and are still under Phase 4 trials to assess the long-
term effects of these products. Development of nanovaccine products that can meet the
stringent quality, safety and efficacy requirements of regulators is indeed a challenging
process, which can be attributed to the complex nature of these multicomponent products.
Although nanocarriers have proven to enhance immunisation efficacy of vaccines, safety
and stability profiles for both nanocarriers and antigenic elements should be carefully
scrutinised in light of the relevant regulators’ guidelines. However, there is a lack of
harmonisation for regulations of nanotechnology-enabled products and related advanced
technologies/devices from these regulatory bodies, causing uncertainty for product devel-
opers and hindering the development and marketing of nanovaccine products. Therefore,
most clinically approved nanovaccines were developed with direct involvement of regula-
tors from early development stages to identify and agree on the regulatory requirements for
the developed product, which is case-by-case due to the very complex and unique nature
of individual nanovaccine products. However, agreement on general regulatory guide-
lines for the quality, safety and efficacy of nanovaccines, including nanospecific testing
considerations, will ensure a smooth approval process for safe and effective products.
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Devices Évid. Res. 2019, 12, 379–398. [CrossRef] [PubMed]

271. Turner, J.G.; White, L.R.; Estrela, P.; Leese, H.S. Hydrogel-Forming microneedles: Current advancements and future trends.
Macromol. Biosci. 2021, 21, e2000307. [CrossRef] [PubMed]

272. Martin, M.D.P.; Weldon, W.C.; Zarnitsyn, V.G.; Koutsonanos, D.G.; Akbari, H.; Skountzou, I.; Jacob, J.; Prausnitz, M.R.; Compans,
R.W. Local Response to Microneedle-Based Influenza Immunization in the Skin. mBio 2012, 3, e00012-12. [CrossRef]

http://doi.org/10.1002/app.50376
http://doi.org/10.3390/ijms21207577
http://www.ncbi.nlm.nih.gov/pubmed/33066439
http://doi.org/10.1021/cm202640w
http://doi.org/10.4172/2254-609x.100013
http://doi.org/10.1016/j.ijpharm.2014.02.039
http://www.ncbi.nlm.nih.gov/pubmed/24576596
http://doi.org/10.3390/ijms20235850
http://doi.org/10.1016/j.vaccine.2013.11.047
http://www.ncbi.nlm.nih.gov/pubmed/24308959
http://doi.org/10.1128/CVI.00714-14
http://doi.org/10.1016/j.vaccine.2016.09.044
http://www.ncbi.nlm.nih.gov/pubmed/27670075
http://doi.org/10.1021/nl404560v
http://www.ncbi.nlm.nih.gov/pubmed/24564254
http://doi.org/10.1039/c1sm05157a
http://doi.org/10.1016/j.vaccine.2013.07.080
http://doi.org/10.1021/acscentsci.0c00732
http://www.ncbi.nlm.nih.gov/pubmed/33145416
http://doi.org/10.1002/adma.202104362
http://doi.org/10.1038/srep02610
http://www.ncbi.nlm.nih.gov/pubmed/24018943
http://doi.org/10.3390/molecules25112505
http://www.ncbi.nlm.nih.gov/pubmed/32481518
http://doi.org/10.1016/j.biomaterials.2011.11.068
http://doi.org/10.1016/j.jconrel.2015.05.084
http://www.ncbi.nlm.nih.gov/pubmed/27005183
http://doi.org/10.1016/j.ejpb.2012.03.021
http://www.ncbi.nlm.nih.gov/pubmed/22507968
http://doi.org/10.4155/tde-2018-0054
http://www.ncbi.nlm.nih.gov/pubmed/30730825
http://doi.org/10.3390/pharmaceutics12060569
http://doi.org/10.1016/j.mser.2016.03.001
http://doi.org/10.1016/j.jconrel.2012.01.042
http://www.ncbi.nlm.nih.gov/pubmed/22342643
http://doi.org/10.1016/j.ijpharm.2021.120455
http://www.ncbi.nlm.nih.gov/pubmed/33676993
http://doi.org/10.2147/MDER.S198220
http://www.ncbi.nlm.nih.gov/pubmed/31572025
http://doi.org/10.1002/mabi.202000307
http://www.ncbi.nlm.nih.gov/pubmed/33241641
http://doi.org/10.1128/mbio.00012-12


Pharmaceutics 2021, 13, 2091 44 of 48

273. Kim, Y.-C.; Quan, F.-S.; Compans, R.W.; Kang, S.-M.; Prausnitz, M.R. Formulation and coating of microneedles with inactivated
influenza virus to improve vaccine stability and immunogenicity. J. Control. Release 2010, 142, 187–195. [CrossRef] [PubMed]

274. Kim, Y.; Quan, F.; Yoo, D.; Compans, R.W.; Kang, S.; Prausnitz, M.R. Enhanced Memory Responses to Seasonal H1N1 Influenza
Vaccination of the Skin with the Use of Vaccine-Coated Microneedles. J. Infect. Dis. 2010, 201, 190–198. [CrossRef]

275. Koutsonanos, D.G.; Martin, M.D.P.; Zarnitsyn, V.G.; Sullivan, S.P.; Compans, R.; Prausnitz, M.R.; Skountzou, I. Transdermal
Influenza Immunization with Vaccine-Coated Microneedle Arrays. PLoS ONE 2009, 4, e4773. [CrossRef] [PubMed]

276. Koutsonanos, D.G.; Vassilieva, E.V.; Stavropoulou, A.V.; Zarnitsyn, V.G.; Esser, E.S.; Taherbhai, M.T.; Prausnitz, M.R.; Compans,
R.; Skountzou, I. Delivery of subunit influenza vaccine to skin with microneedles improves immunogenicity and long-lived
protection. Sci. Rep. 2012, 2, 357. [CrossRef]

277. Gill, H.S.; Söderholm, J.; Prausnitz, M.R.; Sällberg, M. Cutaneous vaccination using microneedles coated with hepatitis C DNA
vaccine. Gene Ther. 2010, 17, 811–814. [CrossRef] [PubMed]

278. Seok, H.; Noh, J.Y.; Lee, D.Y.; Kim, S.J.; Song, C.S.; Kim, Y.C. Effective humoral immune response from a H1N1 DNA vaccine
delivered to the skin by microneedles coated with PLGA-based cationic nanoparticles. J. Control. Release 2017, 265, 66–74.
[CrossRef] [PubMed]

279. Fernando, G.; Chen, X.; Prow, T.; Crichton, M.; Fairmaid, E.J.; Roberts, M.; Frazer, I.; Brown, L.; Kendall, M.A.F. Potent Immunity
to Low Doses of Influenza Vaccine by Probabilistic Guided Micro-Targeted Skin Delivery in a Mouse Model. PLoS ONE 2010, 5,
e10266. [CrossRef] [PubMed]

280. Corbett, H.J.; Fernando, G.J.P.; Chen, X.; Frazer, I.H.; Kendall, M.A.F. Skin Vaccination against Cervical Cancer Associated Human
Papillomavirus with a Novel Micro-Projection Array in a Mouse Model. PLoS ONE 2010, 5, e13460. [CrossRef] [PubMed]

281. Prow, T.W.; Chen, X.; Prow, N.A.; Fernando, G.J.P.; Tan, C.S.E.; Raphael, A.P.; Chang, D.; Ruutu, M.P.; Jenkins, D.W.K.;
Pyke, A.; et al. Nanopatch-Targeted Skin Vaccination against West Nile Virus and Chikungunya Virus in Mice. Small 2010, 6,
1776–1784. [CrossRef] [PubMed]

282. Chen, X.; Kask, A.S.; Crichton, M.L.; McNeilly, C.; Yukiko, S.; Dong, L.; Marshak, J.O.; Jarrahian, C.; Fernando, G.J.; Chen, D.; et al.
Improved DNA vaccination by skin-targeted delivery using dry-coated densely-packed microprojection arrays. J. Control. Release
2010, 148, 327–333. [CrossRef] [PubMed]

283. Kask, A.S.; Chen, X.; Marshak, J.O.; Dong, L.; Saracino, M.; Chen, D.; Jarrahian, C.; Kendall, M.A.; Koelle, D.M. DNA vaccine
delivery by densely-packed and short microprojection arrays to skin protects against vaginal HSV-2 challenge. Vaccine 2010, 28,
7483–7491. [CrossRef]

284. Chen, X.; Corbett, H.J.; Yukiko, S.R.; Raphael, A.P.; Fairmaid, E.J.; Prow, T.W.; Brown, L.E.; Fernando, G.J.P.; Kendall, M.A.F.
Site-Selectively Coated, Densely-Packed Microprojection Array Patches for Targeted Delivery of Vaccines to Skin. Adv. Funct.
Mater. 2010, 21, 464–473. [CrossRef]

285. Fernando, G.J.; Chen, X.; Primiero, C.A.; Yukiko, S.R.; Fairmaid, E.J.; Corbett, H.J.; Frazer, I.H.; Brown, L.E.; Kendall, M.A.
Nanopatch targeted delivery of both antigen and adjuvant to skin synergistically drives enhanced antibody responses. J. Control.
Release 2012, 159, 215–221. [CrossRef] [PubMed]

286. Chen, X.; Fernando, G.J.; Raphael, A.P.; Yukiko, S.R.; Fairmaid, E.J.; Primiero, C.A.; Frazer, I.H.; Brown, L.E.; Kendall, M.A. Rapid
kinetics to peak serum antibodies is achieved following influenza vaccination by dry-coated densely packed microprojections to
skin. J. Control. Release 2012, 158, 78–84. [CrossRef]

287. Nguyen, T.T.; Choi, J.-A.; Kim, J.S.; Park, H.; Yang, E.; Lee, W.J.; Baek, S.-K.; Song, M.; Park, J.-H. Skin immunization with
third-generation hepatitis B surface antigen using microneedles. Vaccine 2019, 37, 5954–5961. [CrossRef]

288. Choi, I.-J.; Cha, H.-R.; Hwang, S.; Baek, S.-K.; Lee, J.; Choi, S.-O. Live Vaccinia Virus-Coated Microneedle Array Patches for
Smallpox Vaccination and Stockpiling. Pharmaceutics 2021, 13, 209. [CrossRef]

289. Uppu, D.S.; Turvey, M.E.; Sharif, A.R.M.; Bidet, K.; He, Y.; Ho, V.; Tambe, A.D.; Lescar, J.; Tan, E.Y.; Fink, K.; et al. Temporal
release of a three-component protein subunit vaccine from polymer multilayers. J. Control. Release 2019, 317, 130–141. [CrossRef]

290. Jeong, H.-R.; Bae, J.-Y.; Park, J.-H.; Baek, S.-K.; Kim, G.; Park, M.-S.; Park, J.-H. Preclinical study of influenza bivalent vaccine
delivered with a two compartmental microneedle array. J. Control. Release 2020, 324, 280–288. [CrossRef]

291. Rodgers, A.M.; Courtenay, A.J.; Donnelly, R.F. Dissolving microneedles for intradermal vaccination: Manufacture, formulation,
and stakeholder considerations. Expert Opin. Drug Deliv. 2018, 15, 1039–1043. [CrossRef]

292. Sullivan, S.P.; Koutsonanos, D.G.; Martin, M.D.P.; Lee, J.W.; Zarnitsyn, V.; Choi, S.-O.; Murthy, N.; Compans, R.; Skountzou, I.;
Prausnitz, M.R. Dissolving polymer microneedle patches for influenza vaccination. Nat. Med. 2010, 16, 915–920. [CrossRef]

293. Raphael, A.P.; Prow, T.W.; Crichton, M.L.; Chen, X.; Fernando, G.J.P.; Kendall, M.A.F. Targeted, Needle-Free Vaccinations in Skin
using Multilayered, Densely-Packed Dissolving Microprojection Arrays. Small 2010, 6, 1785–1793. [CrossRef] [PubMed]

294. Matsuo, K.; Hirobe, S.; Yokota, Y.; Ayabe, Y.; Seto, M.; Quan, Y.; Kamiyama, F.; Tougan, T.; Horii, T.; Mukai, Y.; et al. Transcutaneous
immunization using a dissolving microneedle array protects against tetanus, diphtheria, malaria, and influenza. J. Control. Release
2012, 160, 495–501. [CrossRef] [PubMed]

295. Kommareddy, S.; Baudner, B.C.; Oh, S.; Kwon, S.-Y.; Singh, M.; O’Hagan, D.T. Dissolvable Microneedle Patches for the Delivery
of Cell-Culture-Derived Influenza Vaccine Antigens. J. Pharm. Sci. 2012, 101, 1021–1027. [CrossRef] [PubMed]

296. Bonificio, A.; Ghartey-Tagoe, E.; Gallorini, S.; Baudner, B.; Chen, G.; Singh, P.; O’Hagan, D.T.; Kommareddy, S. Fabrication of cell
culture-derived influenza vaccine dissolvable microstructures and evaluation of immunogenicity in guinea pigs. Vaccine 2015, 33,
2930–2938. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jconrel.2009.10.013
http://www.ncbi.nlm.nih.gov/pubmed/19840825
http://doi.org/10.1086/649228
http://doi.org/10.1371/journal.pone.0004773
http://www.ncbi.nlm.nih.gov/pubmed/19274084
http://doi.org/10.1038/srep00357
http://doi.org/10.1038/gt.2010.22
http://www.ncbi.nlm.nih.gov/pubmed/20200562
http://doi.org/10.1016/j.jconrel.2017.04.027
http://www.ncbi.nlm.nih.gov/pubmed/28434892
http://doi.org/10.1371/journal.pone.0010266
http://www.ncbi.nlm.nih.gov/pubmed/20422002
http://doi.org/10.1371/journal.pone.0013460
http://www.ncbi.nlm.nih.gov/pubmed/20976136
http://doi.org/10.1002/smll.201000331
http://www.ncbi.nlm.nih.gov/pubmed/20665754
http://doi.org/10.1016/j.jconrel.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20850487
http://doi.org/10.1016/j.vaccine.2010.09.014
http://doi.org/10.1002/adfm.201000966
http://doi.org/10.1016/j.jconrel.2012.01.030
http://www.ncbi.nlm.nih.gov/pubmed/22306334
http://doi.org/10.1016/j.jconrel.2011.10.026
http://doi.org/10.1016/j.vaccine.2019.08.036
http://doi.org/10.3390/pharmaceutics13020209
http://doi.org/10.1016/j.jconrel.2019.11.022
http://doi.org/10.1016/j.jconrel.2020.05.024
http://doi.org/10.1080/17425247.2018.1522301
http://doi.org/10.1038/nm.2182
http://doi.org/10.1002/smll.201000326
http://www.ncbi.nlm.nih.gov/pubmed/20665628
http://doi.org/10.1016/j.jconrel.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22516091
http://doi.org/10.1002/jps.23019
http://www.ncbi.nlm.nih.gov/pubmed/22190403
http://doi.org/10.1016/j.vaccine.2015.04.059
http://www.ncbi.nlm.nih.gov/pubmed/25930118


Pharmaceutics 2021, 13, 2091 45 of 48

297. Vassilieva, E.V.; Kalluri, H.; McAllister, D.; Taherbhai, M.T.; Esser, E.S.; Pewin, W.P.; Pulit-Penaloza, J.A.; Prausnitz, M.R.;
Compans, R.W.; Skountzou, I. Improved immunogenicity of individual influenza vaccine components delivered with a novel
dissolving microneedle patch stable at room temperature. Drug Deliv. Transl. Res. 2015, 5, 360–371. [CrossRef] [PubMed]

298. Vrdoljak, A.; Allen, E.A.; Ferrara, F.; Temperton, N.; Crean, A.; Moore, A.C. Induction of broad immunity by thermostabilised
vaccines incorporated in dissolvable microneedles using novel fabrication methods. J. Control. Release 2016, 225, 192–204.
[CrossRef]

299. Nakatsukasa, A.; Kuruma, K.; Okamatsu, M.; Hiono, T.; Suzuki, M.; Matsuno, K.; Kida, H.; Oyamada, T.; Sakoda, Y. Potency of
whole virus particle and split virion vaccines using dissolving microneedle against challenges of H1N1 and H5N1 influenza
viruses in mice. Vaccine 2017, 35, 2855–2861. [CrossRef] [PubMed]

300. Zhu, W.; Pewin, W.; Wang, C.; Luo, Y.; Gonzalez, G.X.; Mohan, T.; Prausnitz, M.; Wang, B.-Z. A boosting skin vaccination with
dissolving microneedle patch encapsulating M2e vaccine broadens the protective efficacy of conventional influenza vaccines.
J. Control. Release 2017, 261, 1–9. [CrossRef]

301. Zhu, W.; Li, S.; Wang, C.; Yu, G.; Prausnitz, M.R.; Wang, B.-Z. Enhanced Immune Responses Conferring Cross-Protection by Skin
Vaccination with a Tri-Component Influenza Vaccine Using a Microneedle Patch. Front. Immunol. 2018, 9, 1705. [CrossRef]

302. Vassilieva, E.V.; Li, S.; Korniychuk, H.; Taylor, D.M.; Wang, S.; Prausnitz, M.R.; Compans, R.W. cGAMP/Saponin Adjuvant
Combination Improves Protective Response to Influenza Vaccination by Microneedle Patch in an Aged Mouse Model. Front.
Immunol. 2021, 11, 583251. [CrossRef] [PubMed]

303. Wang, Y.; Li, S.; Dong, C.; Ma, Y.; Song, Y.; Zhu, W.; Kim, J.; Deng, L.; Denning, T.L.; Kang, S.-M.; et al. Skin Vaccination with
Dissolvable Microneedle Patches Incorporating Influenza Neuraminidase and Flagellin Protein Nanoparticles Induces Broad
Immune Protection against Multiple Influenza Viruses. ACS Appl. Bio Mater. 2021, 4, 4953–4961. [CrossRef] [PubMed]

304. Hirobe, S.; Azukizawa, H.; Hanafusa, T.; Matsuo, K.; Quan, Y.-S.; Kamiyama, F.; Katayama, I.; Okada, N.; Nakagawa, S. Clinical
study and stability assessment of a novel transcutaneous influenza vaccination using a dissolving microneedle patch. Biomaterials
2015, 57, 50–58. [CrossRef]

305. Rouphael, N.G.; Paine, M.; Mosley, R.; Henry, S.; McAllister, D.V.; Kalluri, H.; Pewin, W.; Frew, P.M.; Yu, T.; Thornburg, N.J.; et al.
The safety, immunogenicity, and acceptability of inactivated influenza vaccine delivered by microneedle patch (TIV-MNP 2015):
A randomised, partly blinded, placebo-controlled, phase 1 trial. Lancet 2017, 390, 649–658. [CrossRef]

306. Rouphael, N.G.; Lai, L.; Tandon, S.; McCullough, M.P.; Kong, Y.; Kabbani, S.; Natrajan, M.S.; Xu, Y.; Zhu, Y.; Wang, D.; et al.
Immunologic mechanisms of seasonal influenza vaccination administered by microneedle patch from a randomized phase I trial.
NPJ Vaccines 2021, 6, 89. [CrossRef] [PubMed]

307. Arya, J.M.; Dewitt, K.; Scott-Garrard, M.; Chiang, Y.-W.; Prausnitz, M.R. Rabies vaccination in dogs using a dissolving microneedle
patch. J. Control. Release 2016, 239, 19–26. [CrossRef]

308. Beaver, J.T.; Mills, L.K.; Swieboda, D.; Lelutiu, N.; Esser, E.S.; Antao, O.Q.; Scountzou, E.; Williams, D.T.; Papaioannou, N.;
Littauer, E.Q.; et al. Cutaneous vaccination ameliorates Zika virus-induced neuro-ocular pathology via reduction of anti-
ganglioside antibodies. Hum. Vaccines Immunother. 2020, 16, 2072–2091. [CrossRef] [PubMed]

309. Donadei, A.; Kraan, H.; Ophorst, O.; Flynn, O.; O’Mahony, C.; Soema, P.C.; Moore, A.C. Skin delivery of trivalent Sabin inactivated
poliovirus vaccine using dissolvable microneedle patches induces neutralizing antibodies. J. Control. Release 2019, 311–312, 96–103.
[CrossRef]

310. Edens, C.; Dybdahl-Sissoko, N.C.; Weldon, W.C.; Oberste, M.S.; Prausnitz, M.R. Inactivated polio vaccination using a microneedle
patch is immunogenic in the rhesus macaque. Vaccine 2015, 33, 4683–4690. [CrossRef] [PubMed]

311. Edens, C.; Collins, M.L.; Goodson, J.L.; Rota, P.A.; Prausnitz, M.R. A microneedle patch containing measles vaccine is immuno-
genic in non-human primates. Vaccine 2015, 33, 4712–4718. [CrossRef] [PubMed]

312. Joyce, J.C.; Carroll, T.D.; Collins, M.L.; Chen, M.-H.; Fritts, L.; Dutra, J.C.; Rourke, T.L.; Goodson, J.L.; McChesney, M.B.;
Prausnitz, M.R.; et al. A Microneedle Patch for Measles and Rubella Vaccination Is Immunogenic and Protective in Infant Rhesus
Macaques. J. Infect. Dis. 2018, 218, 124–132. [CrossRef]

313. Zhu, Z.; Ye, X.; Ku, Z.; Liu, Q.; Shen, C.; Luo, H.; Luan, H.; Zhang, C.; Tian, S.; Lim, C.; et al. Transcutaneous immunization via
rapidly dissolvable microneedles protects against hand-foot-and-mouth disease caused by enterovirus 71. J. Control. Release 2016,
243, 291–302. [CrossRef] [PubMed]

314. Pattani, A.; McKay, P.; Garland, M.J.; Curran, R.M.; Migalska, K.; Cassidy, C.M.; Malcolm, K.; Shattock, R.J.; McCarthy, H.;
Donnelly, R.F. Microneedle mediated intradermal delivery of adjuvanted recombinant HIV-1 CN54gp140 effectively primes
mucosal boost inoculations. J. Control. Release 2012, 162, 529–537. [CrossRef] [PubMed]

315. Bachy, V.; Hervouet, C.; Becker, P.D.; Chorro, L.; Carlin, L.; Herath, S.; Papagatsias, T.; Barbaroux, J.-B.; Oh, S.-J.;
Benlahrech, A.; et al. Langerin negative dendritic cells promote potent CD8+ T-cell priming by skin delivery of live
adenovirus vaccine microneedle arrays. Proc. Natl. Acad. Sci. USA 2013, 110, 3041–3046. [CrossRef]

316. Becker, P.D.; Hervouet, C.; Mason, G.M.; Kwon, S.-Y.; Klavinskis, L.S. Skin vaccination with live virus vectored microneedle
arrays induce long lived CD8+ T cell memory. Vaccine 2015, 33, 4691–4698. [CrossRef]

317. Qiu, Y.; Guo, L.; Zhang, S.; Xu, B.; Gao, Y.; Hu, Y.; Hou, J.; Bai, B.; Shen, H.; Mao, P. DNA-based vaccination against hepatitis B
virus using dissolving microneedle arrays adjuvanted by cationic liposomes and CpG ODN. Drug Deliv. 2015, 23, 2391–2398.
[CrossRef]

http://doi.org/10.1007/s13346-015-0228-0
http://www.ncbi.nlm.nih.gov/pubmed/25895053
http://doi.org/10.1016/j.jconrel.2016.01.019
http://doi.org/10.1016/j.vaccine.2017.04.009
http://www.ncbi.nlm.nih.gov/pubmed/28431812
http://doi.org/10.1016/j.jconrel.2017.06.017
http://doi.org/10.3389/fimmu.2018.01705
http://doi.org/10.3389/fimmu.2020.583251
http://www.ncbi.nlm.nih.gov/pubmed/33603732
http://doi.org/10.1021/acsabm.1c00240
http://www.ncbi.nlm.nih.gov/pubmed/34179728
http://doi.org/10.1016/j.biomaterials.2015.04.007
http://doi.org/10.1016/S0140-6736(17)30575-5
http://doi.org/10.1038/s41541-021-00353-0
http://www.ncbi.nlm.nih.gov/pubmed/34262052
http://doi.org/10.1016/j.jconrel.2016.08.012
http://doi.org/10.1080/21645515.2020.1775460
http://www.ncbi.nlm.nih.gov/pubmed/32758106
http://doi.org/10.1016/j.jconrel.2019.08.039
http://doi.org/10.1016/j.vaccine.2015.01.089
http://www.ncbi.nlm.nih.gov/pubmed/25749246
http://doi.org/10.1016/j.vaccine.2015.02.074
http://www.ncbi.nlm.nih.gov/pubmed/25770786
http://doi.org/10.1093/infdis/jiy139
http://doi.org/10.1016/j.jconrel.2016.10.019
http://www.ncbi.nlm.nih.gov/pubmed/27793685
http://doi.org/10.1016/j.jconrel.2012.07.039
http://www.ncbi.nlm.nih.gov/pubmed/22960496
http://doi.org/10.1073/pnas.1214449110
http://doi.org/10.1016/j.vaccine.2015.04.046
http://doi.org/10.3109/10717544.2014.992497


Pharmaceutics 2021, 13, 2091 46 of 48

318. Cuevas, M.B.P.; Kodani, M.; Choi, Y.; Joyce, J.; O’Connor, S.M.; Kamili, S.; Prausnitz, M.R. Hepatitis B vaccination using a
dissolvable microneedle patch is immunogenic in mice and rhesus macaques. Bioeng. Transl. Med. 2018, 3, 186–196. [CrossRef]
[PubMed]

319. Kim, J.S.; Choi, J.; Kim, J.C.; Park, H.; Yang, E.; Park, J.S.; Song, M.; Park, J. Microneedles with dual release pattern for improved
immunological efficacy of hepatitis B vaccine. Int. J. Pharm. 2020, 591, 119928. [CrossRef] [PubMed]

320. Kim, E.; Erdos, G.; Huang, S.; Kenniston, T.W.; Balmert, S.; Carey, C.D.; Raj, V.S.; Epperly, M.W.; Klimstra, W.B.;
Haagmans, B.L.; et al. Microneedle array delivered recombinant coronavirus vaccines: Immunogenicity and rapid translational
development. EBioMedicine 2020, 55, 102743. [CrossRef] [PubMed]

321. Kuwentrai, C.; Yu, J.; Rong, L.; Zhang, B.; Hu, Y.; Gong, H.; Dou, Y.; Deng, J.; Huang, J.; Xu, C. Intradermal delivery of
receptor-binding domain of SARS-CoV-2 spike protein with dissolvable microneedles to induce humoral and cellular responses
in mice. Bioeng. Transl. Med. 2020, 6, e10202. [CrossRef] [PubMed]

322. Chen, Y.-H.; Lai, K.-Y.; Chiu, Y.-H.; Wu, Y.-W.; Shiau, A.-L.; Chen, M.-C. Implantable microneedles with an immune-boosting
function for effective intradermal influenza vaccination. Acta Biomater. 2019, 97, 230–238. [CrossRef] [PubMed]

323. Boopathy, A.V.; Mandal, A.; Kulp, D.W.; Menis, S.; Bennett, N.R.; Watkins, H.C.; Wang, W.; Martin, J.; Thai, N.T.; He, Y.; et al.
Enhancing humoral immunity via sustained-release implantable microneedle patch vaccination. Proc. Natl. Acad. Sci. USA 2019,
116, 16473–16478. [CrossRef]

324. Wedlock, P.; Mitgang, E.A.; Elsheikh, F.; Leonard, J.; Bakal, J.; Welling, J.; Crawford, J.; Assy, E.; Magadzire, B.P.; Bechtel, R.; et al.
The potential effects of introducing microneedle patch vaccines into routine vaccine supply chains. Vaccine 2018, 37, 645–651.
[CrossRef]

325. The U.S. Food and Drug Administration. Vaccine Development—101. Available online: https://www.fda.gov/vaccines-blood-
biologics/development-approval-process-cber/vaccine-development-101 (accessed on 30 November 2021).

326. World Health Organization. Update on Covid-19 Vaccine Development. Available online: https://www.who.int/docs/default-
source/coronaviruse/risk-comms-updates/update45-vaccines-developement.pdf?sfvrsn=13098bfc_5 (accessed on 30 Novem-
ber 2021).

327. World Health Organization. Emergency Use Designation of COVID-19 Candidate Vaccines: Ethical Considerations for Cur-
rent and Future Covid-19 Placebo-Controlled Vaccine Trials and Trial Unblinding. Available online: https://www.who.int/
publications/i/item/WHO-2019-nCoV-Policy_Brief-EUD_placebo-controlled_vaccine_trials-2020.1 (accessed on 30 Novem-
ber 2021).

328. OMS COVID-19 Vaccine Tracker and Landscape. Available online: https://www.who.int/publications/m/item/draft-landscape-
of-covid-19-candidate-vaccines (accessed on 30 November 2021).

329. Shin, M.D.; Shukla, S.; Chung, Y.H.; Beiss, V.; Chan, S.K.; Ortega-Rivera, O.A.; Wirth, D.M.; Chen, A.; Sack, M.; Pokorski, J.K.; et al.
COVID-19 vaccine development and a potential nanomaterial path forward. Nat. Nanotechnol. 2020, 15, 646–655. [CrossRef]

330. The U.S. Food and Drug Administration. Pfizer-BioNTech COVID-19 Vaccine EUA Fact Sheet for Healthcare Providers Adminis-
tering the Vaccine (Vaccination Providers). Available online: https://www.fda.gov/media/144413/download (accessed on 30
November 2021).

331. The U.S. Food and Drug Administration. Fact Sheet for Healthcare Providers Administering Vaccine. Moderna. 2020. Available
online: https://www.fda.gov/media/144637/download (accessed on 30 November 2021).

332. Tebas, P.; Yang, S.; Boyer, J.D.; Reuschel, E.L.; Patel, A.; Christensen-Quick, A.; Andrade, V.M.; Morrow, M.P.; Kraynyak, K.;
Agnes, J.; et al. Safety and immunogenicity of INO-4800 DNA vaccine against SARS-CoV-2: A preliminary report of an open-label,
phase 1 clinical trial. EClinicalMedicine 2021, 31, 100689. [CrossRef] [PubMed]

333. INOVIO. INOVIO’s COVID-19 Vaccine Candidate, INO-4800, Provides Broad Cross-Reactive Immune Responses in Humans
Against Variants of Concern. Available online: https://ir.inovio.com/news-releases/news-releases-details/2021/INOVIOs-
COVID-19-Vaccine-Candidate-INO-4800-Provides-Broad-Cross-reactive-Immune-Responses-In-Humans-Against-Variants-
of-Concern/default.aspx (accessed on 30 November 2021).

334. Trimble, C.L.; Morrow, M.P.; Kraynyak, K.A.; Shen, X.; Dallas, M.; Yan, J.; Edwards, L.; Parker, R.L.; Denny, L.; Giffear, M.; et al.
Safety, efficacy, and immunogenicity of VGX-3100, a therapeutic synthetic DNA vaccine targeting human papillomavirus 16 and
18 E6 and E7 proteins for cervical intraepithelial neoplasia 2/3: A randomised, double-blind, placebo-controlled phase 2b trial.
Lancet 2015, 386, 2078–2088. [CrossRef]

335. Kharfan-Dabaja, M.A.; Boeckh, M.; Wilck, M.B.; Langston, A.A.; Chu, A.H.; Wloch, M.K.; Guterwill, D.F.; Smith, L.R.; Rolland, A.P.;
Kenney, R.T. A novel therapeutic cytomegalovirus DNA vaccine in allogeneic haemopoietic stem-cell transplantation: A
randomised, double-blind, placebo-controlled, phase 2 trial. Lancet Infect. Dis. 2012, 12, 290–299. [CrossRef]

336. Xu, Z.; Patel, A.; Tursi, N.J.; Zhu, X.; Muthumani, K.; Kulp, D.W.; Weiner, D.B. Harnessing Recent Advances in Synthetic DNA
and Electroporation Technologies for Rapid Vaccine Development Against COVID-19 and Other Emerging Infectious Diseases.
Front. Med. Technol. 2020, 2, 5. [CrossRef]

337. NIH US Library of Medicine. Measles and Rubella Vaccine Microneedle Patch Phase 1-2 Age De-Escalation Trial. Available online:
https://clinicaltrials.gov/ct2/show/NCT04394689?cond=NCT04394689&draw=2&rank=1 (accessed on 30 November 2021).

338. Lim, M.; Badruddoza, A.Z.M.; Firdous, J.; Azad, M.; Mannan, A.; Al-Hilal, T.A.; Cho, C.-S.; Islam, M.A. Engineered Nanodelivery
Systems to Improve DNA Vaccine Technologies. Pharmaceutics 2020, 12, 30. [CrossRef] [PubMed]

339. Hume, H.C.; Lua, L.H. Platform technologies for modern vaccine manufacturing. Vaccine 2017, 35, 4480–4485. [CrossRef]

http://doi.org/10.1002/btm2.10098
http://www.ncbi.nlm.nih.gov/pubmed/30377659
http://doi.org/10.1016/j.ijpharm.2020.119928
http://www.ncbi.nlm.nih.gov/pubmed/33069897
http://doi.org/10.1016/j.ebiom.2020.102743
http://www.ncbi.nlm.nih.gov/pubmed/32249203
http://doi.org/10.1002/btm2.10202
http://www.ncbi.nlm.nih.gov/pubmed/33349797
http://doi.org/10.1016/j.actbio.2019.07.048
http://www.ncbi.nlm.nih.gov/pubmed/31362139
http://doi.org/10.1073/pnas.1902179116
http://doi.org/10.1016/j.vaccine.2018.12.008
https://www.fda.gov/vaccines-blood-biologics/development-approval-process-cber/vaccine-development-101
https://www.fda.gov/vaccines-blood-biologics/development-approval-process-cber/vaccine-development-101
https://www.who.int/docs/default-source/coronaviruse/risk-comms-updates/update45-vaccines-developement.pdf?sfvrsn=13098bfc_5
https://www.who.int/docs/default-source/coronaviruse/risk-comms-updates/update45-vaccines-developement.pdf?sfvrsn=13098bfc_5
https://www.who.int/publications/i/item/WHO-2019-nCoV-Policy_Brief-EUD_placebo-controlled_vaccine_trials-2020.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-Policy_Brief-EUD_placebo-controlled_vaccine_trials-2020.1
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
http://doi.org/10.1038/s41565-020-0737-y
https://www.fda.gov/media/144413/download
https://www.fda.gov/media/144637/download
http://doi.org/10.1016/j.eclinm.2020.100689
http://www.ncbi.nlm.nih.gov/pubmed/33392485
https://ir.inovio.com/news-releases/news-releases-details/2021/INOVIOs-COVID-19-Vaccine-Candidate-INO-4800-Provides-Broad-Cross-reactive-Immune-Responses-In-Humans-Against-Variants-of-Concern/default.aspx
https://ir.inovio.com/news-releases/news-releases-details/2021/INOVIOs-COVID-19-Vaccine-Candidate-INO-4800-Provides-Broad-Cross-reactive-Immune-Responses-In-Humans-Against-Variants-of-Concern/default.aspx
https://ir.inovio.com/news-releases/news-releases-details/2021/INOVIOs-COVID-19-Vaccine-Candidate-INO-4800-Provides-Broad-Cross-reactive-Immune-Responses-In-Humans-Against-Variants-of-Concern/default.aspx
http://doi.org/10.1016/S0140-6736(15)00239-1
http://doi.org/10.1016/S1473-3099(11)70344-9
http://doi.org/10.3389/fmedt.2020.571030
https://clinicaltrials.gov/ct2/show/NCT04394689?cond=NCT04394689&draw=2&rank=1
http://doi.org/10.3390/pharmaceutics12010030
http://www.ncbi.nlm.nih.gov/pubmed/31906277
http://doi.org/10.1016/j.vaccine.2017.02.069


Pharmaceutics 2021, 13, 2091 47 of 48

340. Shukla, S.; Jandzinski, M.; Wang, C.; Gong, X.; Bonk, K.W.; Keri, R.A.; Steinmetz, N.F. A Viral Nanoparticle Cancer Vaccine Delays
Tumor Progression and Prolongs Survival in a HER2 + Tumor Mouse Model. Adv. Ther. 2019, 2, 1800139. [CrossRef]

341. Nandi, S.; Kwong, A.; Holtz, B.R.; Erwin, R.L.; Marcel, S.; McDonald, K.A. Techno-economic analysis of a transient plant-based
platform for monoclonal antibody production. mAbs 2016, 8, 1456–1466. [CrossRef] [PubMed]

342. Donini, M.; Marusic, C. Current state-of-the-art in plant-based antibody production systems. Biotechnol. Lett. 2019, 41, 335–346.
[CrossRef]

343. Gomes, A.M.V.; Carmo, T.S.; Carvalho, L.S.; Bahia, F.M.; Parachin, N.S. Comparison of Yeasts as Hosts for Recombinant Protein
Production. Microorganisms 2018, 6, 38. [CrossRef]

344. Buyel, J.; Twyman, R.; Fischer, R. Very-large-scale production of antibodies in plants: The biologization of manufacturing.
Biotechnol. Adv. 2017, 35, 458–465. [CrossRef]

345. Smith, K.M. Purification of viruses. In Introduction to Virology; Springer: Dordrecht, The Netherlands, 1980; pp. 38–45. [CrossRef]
346. Taylor, N.; Ma, W.; Kristopeit, A.; Wang, S.; Zydney, A.L. Evaluation of a sterile filtration process for viral vaccines using a model

nanoparticle suspension. Biotechnol. Bioeng. 2020, 118, 106–115. [CrossRef]
347. Marchel, M.; Niewisiewicz, J.; Coroadinha, A.S.; Marrucho, I.M. Purification of virus-like particles using aqueous biphasic

systems composed of natural deep eutectic solvents. Sep. Purif. Technol. 2020, 252, 117480. [CrossRef]
348. Cox, H.R.; Van Der Scheer, J.; Aiston, S.; Bohnel, E. The Purification and Concentration of Influenza Virus by Means of Alcohol

Precipitation. Public Health Rep. 1946, 61, 1682. [CrossRef] [PubMed]
349. Wickramasinghe, S.; Kalbfuß, B.; Zimmermann, A.; Thom, V.; Reichl, U. Tangential flow microfiltration and ultrafiltration for

human influenza A virus concentration and purification. Biotechnol. Bioeng. 2005, 92, 199–208. [CrossRef]
350. Hosseini, P.; Mahravani, H.; Azimi, M.; Shahsavandi, S. Comparison of two gel filtration chromatography resins for the

purification of foot-and-mouth disease virus as a purified vaccine antigen. Vaccine Res. 2016, 3, 6–11. [CrossRef]
351. Sridhar, S.; Brokstad, K.A.; Cox, R.J. Influenza Vaccination Strategies: Comparing Inactivated and Live Attenuated Influenza

Vaccines. Vaccines 2015, 3, 373–389. [CrossRef] [PubMed]
352. Peetermans, J. Production, quality control and characterization of an inactivated hepatitis A vaccine. Vaccine 1992, 10, S99–S101.

[CrossRef]
353. Emami, P.; Motevalian, S.P.; Pepin, E.; Zydney, A.L. Purification of a conjugated polysaccharide vaccine using tangential flow

diafiltration. Biotechnol. Bioeng. 2018, 116, 591–597. [CrossRef]
354. Goerke, A.R.; To, B.C.; Lee, A.L.; Sagar, S.L.; Konz, J.O. Development of a novel adenovirus purification process utilizing selective

precipitation of cellular DNA. Biotechnol. Bioeng. 2005, 91, 12–21. [CrossRef] [PubMed]
355. Ostrosi, E.; Fougères, A.-J. Intelligent virtual manufacturing cell formation in cloud-based design and manufacturing. Eng. Appl.

Artif. Intell. 2018, 76, 80–95. [CrossRef]
356. Almeida, A.J.; Runge, S.; Müller, R.H. Peptide-loaded solid lipid nanoparticles (SLN): Influence of production parameters. Int. J.

Pharm. 1997, 149, 255–265. [CrossRef]
357. Dubczak, J.; Reid, N.; Tsuchiya, M. Evaluation of limulus amebocyte lysate and recombinant endotoxin alternative assays for an

assessment of endotoxin detection specificity. Eur. J. Pharm. Sci. 2021, 159, 105716. [CrossRef] [PubMed]
358. Verch, T.; Trausch, J.J.; Shank-Retzlaff, M. Principles of vaccine potency assays. Bioanalysis 2018, 10, 163–180. [CrossRef] [PubMed]
359. Fu, Y.; Kao, W.J. Drug release kinetics and transport mechanisms of non-degradable and degradable polymeric delivery systems.

Expert Opin. Drug Deliv. 2010, 7, 429–444. [CrossRef] [PubMed]
360. Blank, F.; Gerber, P.; Rothen-Rutishauser, B.; Sakulkhu, U.; Salaklang, J.; De Peyer, K.; Gehr, P.; Nicod, L.P.; Hofmann, H.;

Geiser, T.; et al. Biomedical nanoparticles modulate specific CD4+ T cell stimulation by inhibition of antigen processing in
dendritic cells. Nanotoxicology 2010, 5, 606–621. [CrossRef] [PubMed]

361. Shen, H.; Ackerman, A.L.; Cody, V.; Giodini, A.; Hinson, E.R.; Cresswell, P.; Edelson, R.L.; Saltzman, W.M.; Hanlon, D.J.
Enhanced and prolonged cross-presentation following endosomal escape of exogenous antigens encapsulated in biodegradable
nanoparticles. Immunology 2005, 117, 78–88. [CrossRef]

362. Kaempfer, R.; Arad, G.; Levy, R.; Hillman, D.; Nasie, I.; Rotfogel, Z. CD28: Direct and Critical Receptor for Superantigen Toxins.
Toxins 2013, 5, 1531–1542. [CrossRef]

363. Sarkar, A.; Ghosh, M.; Sil, P.C. Nanotoxicity: Oxidative Stress Mediated Toxicity of Metal and Metal Oxide Nanoparticles.
J. Nanosci. Nanotechnol. 2014, 14, 730–743. [CrossRef] [PubMed]

364. Zhao, L.; Xu, L.; Zhong, Z.; Zhai, Y.; Qiao, L.; Han, R. Charged Vesicles Potently Induce NLRP3 Inflammasome Activation.
Biophys. J. 2015, 108, 423a. [CrossRef]

365. Manke, A.; Wang, L.; Rojanasakul, Y. Mechanisms of Nanoparticle-Induced Oxidative Stress and Toxicity. BioMed Res. Int. 2013,
2013, 958510. [CrossRef]

366. Deng, Z.J.; Liang, M.; Monteiro, M.; Toth, I.; Minchin, R.F. Nanoparticle-induced unfolding of fibrinogen promotes Mac-1 receptor
activation and inflammation. Nat. Nanotechnol. 2010, 6, 39–44. [CrossRef] [PubMed]

367. Lin, Y.; Gao, Y.; Wang, Y.; Qiao, Z.; Fan, G.; Qiao, S.; Zhang, R.; Wang, L.; Wang, H. pH-sensitive polymeric nanoparticles with
gold(I) compound payloads synergistically induce cancer cell death through modulation of autophagy. Mol. Pharm. 2015, 12,
2869–2878. [CrossRef]

http://doi.org/10.1002/adtp.201800139
http://doi.org/10.1080/19420862.2016.1227901
http://www.ncbi.nlm.nih.gov/pubmed/27559626
http://doi.org/10.1007/s10529-019-02651-z
http://doi.org/10.3390/microorganisms6020038
http://doi.org/10.1016/j.biotechadv.2017.03.011
http://doi.org/10.1007/978-94-009-5876-0_3
http://doi.org/10.1002/bit.27554
http://doi.org/10.1016/j.seppur.2020.117480
http://doi.org/10.2307/4585914
http://www.ncbi.nlm.nih.gov/pubmed/20341098
http://doi.org/10.1002/bit.20599
http://doi.org/10.18869/acadpub.vacres.3.7.6
http://doi.org/10.3390/vaccines3020373
http://www.ncbi.nlm.nih.gov/pubmed/26343192
http://doi.org/10.1016/0264-410X(92)90557-Z
http://doi.org/10.1002/bit.26867
http://doi.org/10.1002/bit.20406
http://www.ncbi.nlm.nih.gov/pubmed/15889400
http://doi.org/10.1016/j.engappai.2018.08.012
http://doi.org/10.1016/S0378-5173(97)04885-0
http://doi.org/10.1016/j.ejps.2021.105716
http://www.ncbi.nlm.nih.gov/pubmed/33454378
http://doi.org/10.4155/bio-2017-0176
http://www.ncbi.nlm.nih.gov/pubmed/29333863
http://doi.org/10.1517/17425241003602259
http://www.ncbi.nlm.nih.gov/pubmed/20331353
http://doi.org/10.3109/17435390.2010.541293
http://www.ncbi.nlm.nih.gov/pubmed/21231795
http://doi.org/10.1111/j.1365-2567.2005.02268.x
http://doi.org/10.3390/toxins5091531
http://doi.org/10.1166/jnn.2014.8752
http://www.ncbi.nlm.nih.gov/pubmed/24730293
http://doi.org/10.1016/j.bpj.2014.11.2315
http://doi.org/10.1155/2013/942916
http://doi.org/10.1038/nnano.2010.250
http://www.ncbi.nlm.nih.gov/pubmed/21170037
http://doi.org/10.1021/acs.molpharmaceut.5b00060


Pharmaceutics 2021, 13, 2091 48 of 48

368. Sun, B.; Wang, X.; Ji, Z.; Wang, M.; Liao, Y.-P.; Chang, C.H.; Li, R.; Zhang, H.; Nel, A.E.; Xiang, W. NADPH Oxidase-Dependent
NLRP3 Inflammasome Activation and its Important Role in Lung Fibrosis by Multiwalled Carbon Nanotubes. Small 2015, 11,
2087–2097. [CrossRef] [PubMed]

369. Zhang, Q.; Xu, H.; Zheng, S.; Su, M.; Wang, J. Genotoxicity of mesoporous silica nanoparticles in human embryonic kidney
293 cells. Drug Test. Anal. 2015, 7, 787–796. [CrossRef]

370. Magdolenova, Z.; Collins, A.; Kumar, A.; Dhawan, A.; Stone, V.; Dusinska, M. Mechanisms of genotoxicity. A review of in vitro
and in vivo studies with engineered nanoparticles. Nanotoxicology 2014, 8, 233–278. [CrossRef]

371. Chen, T.; Yan, J.; Li, Y. Genotoxicity of titanium dioxide nanoparticles. J. Food Drug Anal. 2014, 22, 95–104. [CrossRef] [PubMed]
372. The U.S. Food and Drug Administration. Code of Federal Regulations Title 21. Available online: https://www.accessdata.fda.

gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=610 (accessed on 30 November 2021).
373. EMA. ICH Q5C Stability Testing of Biotechnological/Biological Products. Available online: https://www.ema.europa.eu/en/

ich-q5c-stability-testing-biotechnologicalbiological-products (accessed on 30 November 2021).
374. Hawkins, M.J.; Soon-Shiong, P.; Desai, N. Protein nanoparticles as drug carriers in clinical medicine. Adv. Drug Deliv. Rev. 2008,

60, 876–885. [CrossRef]

http://doi.org/10.1002/smll.201402859
http://www.ncbi.nlm.nih.gov/pubmed/25581126
http://doi.org/10.1002/dta.1773
http://doi.org/10.3109/17435390.2013.773464
http://doi.org/10.1016/j.jfda.2014.01.008
http://www.ncbi.nlm.nih.gov/pubmed/24673907
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=610
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=610
https://www.ema.europa.eu/en/ich-q5c-stability-testing-biotechnologicalbiological-products
https://www.ema.europa.eu/en/ich-q5c-stability-testing-biotechnologicalbiological-products
http://doi.org/10.1016/j.addr.2007.08.044

	Introduction 
	Challenges of Vaccine Delivery 
	Routes of Vaccines Administration 
	Delivery Systems of Vaccines 
	Viral Vectors 
	Adenoviruses 
	Poxviruses 
	Vesicular Stomatitis Virus 

	Nonviral Vectors 
	Polymer-Based Systems 
	Lipid-Based Systems 
	Inorganic Nanoparticles 

	Virosomes and Virus-Like Particles (VLPs) 
	Other Advanced Vaccine Delivery Systems 
	Hydrogels 
	Microneedles 


	Clinically Approved Nanovaccines against Viruses 
	Manufacturing Consideration and Regulatory Requirements for Pharmaceutical Development of Nanovaccines 
	Upstream Processing 
	Downstream Processing 
	Formulation Considerations 
	Quality Control and Release Testing 
	Regulatory Requirement and Challenges 

	Conclusions and Future Perspective 
	References

