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The COVID-19 pandemic is a serious threat to global health and the global economy. The ongoing race to develop
a safe and efficacious vaccine to prevent infection by SARS-CoV-2, the causative agent for COVID-19, highlights
the importance of vaccination to combat infectious pathogens. The highly accessible cutaneous microenviron-
ment is an ideal target for vaccination since the skin harbors a high density of antigen-presenting cells and im-
mune accessory cells with broad innate immune functions. Microarray patches (MAPs) are an attractive
intracutaneous biocargo delivery system that enables safe, reproducible, and controlled administration of vaccine
components (antigens,with orwithout adjuvants) to defined skinmicroenvironments. This reviewdescribes the
structure of the SARS-CoV-2 virus and relevant antigenic targets for vaccination, summarizes key concepts of skin
immunobiology in the context of prophylactic immunization, and presents an overview of MAP-mediated cuta-
neous vaccine delivery. Concluding remarks on MAP-based skin immunization are provided to contribute to the
rational development of safe and effective MAP-delivered vaccines against emerging infectious diseases, includ-
ing COVID-19.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has had
an unprecedented impact on global health and the global economy
[1–5]. Specifically, SARS-CoV-2 has spread globally, infecting approxi-
mately 105 million people with more than 2.3 million fatalities as of
February 7, 2021, as reported on the World Health Organization
(WHO) coronavirus disease (COVID-19) dashboard. Initial forecasts
suggested that global economic growth would decline substantially in
2020 because of COVID-19, and potential future waves of SARS-CoV-2
infection could further shrink the global economy [6,7]. Rapidly
expanding public health strategies help control the spread of COVID-
19; however, removal or relaxation of current interventions could result
in a considerable increase in the number of SARS-CoV-2 infections,
highlighting an urgent unmet need for the development of more effec-
tive and broadly applicable pandemic countermeasures [8–11].

The remarkable history of immunization against infectious patho-
gens underscores the importance of vaccination to combat emerging in-
fectious diseases [12–15]. Indeed, since the release of the genome
sequence of SARS-CoV-2 in mid-January 2020, there has been unprece-
dented progress toward the development of a safe and effective vaccine
against SARS-CoV-2 infection [16–18]. Prominent advances in biomedi-
cal science and technology have enabled rapid development of several
COVID-19 vaccine candidates using different biotechnology platforms,
such as recombinant protein, live attenuated or inactivated virus,
nucleic acid, and live viral vectored antigen strategies [18–23]. Although
most of these vaccine candidates are still in pre-clinical stages, some are
already in advanced clinical trials for safety and efficacy testing [23–30].
Importantly, a few SARS-CoV-2 vaccines, including Pfizer-BioNTech and
Moderna mRNA vaccines, and Oxford-AstraZeneca adenovirus (Ad)-
based vaccine, have already been approved for emergency use in
some countries, and approval is being sought for other vaccine candi-
dates, including Janssen’s Ad-based vaccine and Novavax’s nanoparticle
formulated and adjuvanted subunit vaccine. Ultimately, these vaccine
efforts and others are expected to enable effective global immunization
to combat the COVID-19 pandemic.

Efficacious and widespread immunization requires safe, reproduc-
ible, versatile, patient-friendly, cost-effective, and broadly deployable
vaccine delivery strategies. However, the vast majority of vaccines, in-
cluding the most advanced COVID-19 vaccine candidates, are currently
delivered via traditional parenteral routes (e.g., subcutaneous (SC) or
intramuscular (IM)) through hypodermic needle injection [31]. These
methods have established limitations. The effectiveness of many tradi-
tional vaccines is susceptible to variations in temperature that can
occur between production and injection, thereby necessitating a costly
cold-chain for distribution and storage [32,33]. Furthermore, several
165
require trained healthcare providers for proper administration, and
can be subject to high vaccination non-compliance due to pain, needle
phobia, and inconvenience [34–36]. These factors, combined with
other potentially complicating components, such as susceptibility to
needle stick injuries and disposal of biohazardous sharp waste, present
formidable obstacles for mass vaccination [32–36]. To obviate these
challenges, innovative vaccine delivery technologies are being devel-
oped, which may be particularly relevant for emerging pandemics
[37–41].Microarray patches (MAPs) are among themost attractive vac-
cine delivery systems and offer unique advantages that could improve
the safety, compliance, coverage, immunogenicity, and cost of immuni-
zation by targeting vaccine components to cutaneous microenviron-
ments [42]. Skin-targeted vaccines have the potential to be more
immunogenic due to the immune-responsive nature of the skin com-
pared to subcutaneous or intramuscular tissues targeted by prevailing
vaccination routes [42]. These advantages, and the potential to obviate
the cold-chain by stabilizing vaccine components in the delivery device,
could enable minimally invasive delivery, self-administration, and eco-
nomically advantageous refrigeration-free storage and distribution
[42–46]. As such, skin-targeted vaccination using MAPs has received
considerable attention, including recent efforts to develop MAP-
delivered coronaviruses vaccines.

Here, we present an overview of the rationale and current status of
MAP-based intracutaneous immunization against emerging infectious
diseases relevant to the development of safe and effective skin-
targeted vaccines capable of inducing potent and long-lived pathogen-
specific protective immunity. Specifically, we briefly discuss emerging
knowledge of the host-pathogen interaction of SARS-CoV-2 infection
relevant to vaccination strategies, key components of skin that make it
an active immune organ, and the basics of skin-targeted immunization
against infectious pathogens. We then provide a synopsis of existing
MAP types and associated designs, materials, and manufacturing as-
pects, and describe the known attributes of MAPs that could contribute
to their effectiveness in harnessing the immune-responsive skin micro-
environment to enable diverse immunization approaches against
emerging infectious diseases, including COVID-19. Finally, we discuss
our current perspective on the opportunities and challenges for future
development of MAP-directed vaccination strategies against COVID-19
and future pandemics.

2. Structural properties of SARS-CoV-2

Emergence of a new infectious disease demands urgent efforts to
gain a thorough understanding of the structure of the causative patho-
gen and host-pathogen interactions to better understand the disease
pathogenesis and to enable the rational design of safe and effective in-
tervention strategies. In this regard, significant efforts have been made
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to uncover the structural properties of the novel coronavirus and key
mechanisms of SARS-CoV-2 infection since COVID-19 initially emerged
in late 2019 [47–50]. The knowledge gained from the two preceding
coronaviruses (SARS-CoV and MERS-CoV) outbreaks and our emerging
understanding of the SARS-CoV-2 virus and infection have enabled the
identification of rational targets for COVID-19 vaccine development
[51–53]. These recent efforts, combined with advances in biotechnol-
ogy, have already facilitated the rapid production of several distinct
COVID-19 vaccine candidates.

ThestructuralpropertiesofSARS-CoV-2andits interactionswithhost
cells are illustrated in Fig. 1. SARS-CoV,MERS-CoV, and SARS-CoV-2 are
Betacoronaviruses (Beta-CoVs), which are enveloped, single-stranded
positive sense RNA viruses [54,55]. The nucleocapsid (N), envelope (E),
membrane (M), and spike (S) proteins are important structural compo-
nentsofBetaCoVs[55–57].TheEandMproteinsarecritical for theforma-
tionor assemblyof coronavirusparticles [58–60]. TheNprotein interacts
withtheRNAgenomeofcoronavirusesandparticipates inviraltranscrip-
tion and assembly of BetaCoVs [61]. The S protein of SARS-CoV-2 is a
major player in the infection of host cells, and in turn, replication of
SARS-CoV-2 [62]. Therefore, the S protein has received significant atten-
tion as a potential target for safe and effective intervention strategies
[63–65]. Specifically, the SARS-CoV-2 spike glycoprotein consists of S1
and S2 subunits that mediate viral entry to host cells. The S1 subunit
binds to the angiotensin-converting enzyme 2 (ACE2) receptor of host
cells through its receptor-binding domain (RBD), and the S2 subunit en-
ables viral fusion with the target cell membrane [66–68]. The SARS-
CoV-2 S glycoprotein is cleaved by host proteases at the boundary be-
tween the S1 and S2 subunits, separating S1 from S2. This furin cleavage
site is unique to SARS-CoV-2 and is not found in SARS-CoV. SARS-CoV-2
and other CoVs undergo further cleavage at a second site foundwithin
the S2 subunit, through a process that activates the S protein to promote
membrane fusion [48].TheSprotein is aknowntargetofneutralizingan-
tibodies generated in coronavirus infections, which can block the virus
from binding to the ACE2 receptor [69–71]. Ultimately, this emerging
knowledgeaboutcoronavirusessuggeststhattheSproteinoftheviralen-
velope is an attractive target for the rational design and development of
COVID-19 vaccines [72–74]. This is further supported byprevious efforts
demonstrating the immunogenicity of the S protein of SARS-CoV and
MERS-CoV [75–77]. To date, several vaccine candidates targeting the S
protein of SARS-CoV-2 (e.g., either full S protein, S1 subunit, or RBD
domain)havebeendevelopedusingdifferent antigen formats, including
nucleicacid(DNAorRNA),attenuatedliveviralvectors(e.g.,adenovirus),
and recombinant protein [78–84]. More recently, other structural com-
ponents of coronaviruses, such as the N andM proteins, have also been
suggested as potential vaccine targets due to their ability to elicit virus-
specificcellular immuneresponsesthatmaybeimportant forthebreadth
and durability of the immune response [20,85]. Thus, progressive scien-
tific efforts on elucidation of the structure of BetaCoVs are identifying
many vaccine targets against COVID-19.
Fig. 1. Structural properties of the enveloped, positive-sense, single-stranded RNA virus SARS-C
Envelope (E), Membrane (M), Nucleocapsid (N), and Spike (S) proteins. The S protein consis
receptor-binding domain (RBD) of the S protein binds to the angiotensin-converting enzyme 2
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3. The skin as an immune-responsive organ

The skin is a multifunctional organ that constitutes the first line of
host defense against external stressors [86–88]. Although the role of
skin as a protective physical barrier has been broadly recognized, its
unique ability to serve as an immune-responsive organ has more re-
cently been appreciated due to advances in our understanding of skin
immunemechanisms that initiate and regulate innate and adaptive im-
mune responses against invading pathogens [89–92]. Emerging knowl-
edge has revealed that there is both a high density of professional
antigen-presenting cells (APCs) and immune-accessory cells that form
a tightly regulated immune networkwithin the skin microenvironment
[42,91–96]. Our increasing understanding of the mechanisms underly-
ing immune regulation in the skin provides novel opportunities to ratio-
nally develop effective skin-targeted vaccines based on localized
immune engineering. Here, we briefly describe relevant skin-resident
cells (Fig. 2) that are integral to immune regulation in the skin, and in
turn, important contributors to pathogen-specific protective immune
responses induced by skin-targeted vaccines.
3.1. Keratinocytes

Keratinocytes are the most numerous cell population in the epi-
dermis and play critical roles in the mechanical barrier function of
the skin [97–99]. In addition to their structural role, keratinocytes
are key innate immune cells in the skin microenvironment, where
they sense injuries and pathogens, and secrete several immune me-
diators in response to these threats [99–102]. Keratinocytes express
pattern recognition receptors (PRRs), such as Toll-like receptors
(TLRs), which recognize pathogen- or damage-associated molecular
patterns (PAMPs or DAMPs), and signaling through these receptors
ultimately promotes production of a myriad of immune mediators,
including cytokines, chemokines, and antimicrobial peptides, to reg-
ulate immune mechanisms in the injured or infected skin [100–103].
The immunomodulatory factors produced by keratinocytes facilitate
cross-talk with other epithelial cells and cutaneous immune cells to
control a wide range of immunological processes, including initiation
of dendritic cell (DC) migration to the skin draining lymph nodes, ac-
tivation of mast cells and innate lymphoid cells (ILCs), and recruit-
ment of different immune cells (e.g., neutrophils, basophils, and
eosinophils) to sites of infection or injury. Interestingly, a recent
study demonstrated that human keratinocytes also express ACE2 at
relatively higher levels than other skin cells [104], and the signifi-
cance of this finding for COVID-19 infection and vaccination has yet
to be determined. Similarly, another recent study showed high ex-
pression of ACE2 on epithelial cells of oral mucosa [105], which
could constitute a potential route for COVID-19 infection and needs
to be further studied in that context.
oV-2 andmechanism of SARS-CoV-2 entry into host cells. Critical viral components include
ts of two subunits (S1 and S2) and plays a major role in the infection of host cells, as the
(ACE2) receptor on host cells.



Fig. 2. The skin is a vital protective barrier against environmental threats, and an active immunological site that harbors professional antigen-presenting cells and diverse immune
accessory cells that regulate cutaneous immune mechanisms and initiate and modulate adaptive immune responses to invading pathogens and skin-delivered vaccine components.
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3.2. Fibroblasts

Fibroblasts reside in the dermis and synthesize collagen,which is es-
sential for the formation of the connective tissue of skin, or extracellular
matrix (ECM) [106,107]. Thus, fibroblasts provide mechanical support
for the epidermis and contribute to the elastic nature of the skin. Like
keratinocytes, fibroblasts communicate with other skin cells, express
PRRs, and produce a broad range of cytokines and chemokines in re-
sponse to environmental threats [91,108–110].

3.3. Melanocytes

Melanocytes are found in thebasal layer of the epidermis andproduce
melanin toprotect theskinagainst thedeleteriouseffectsofultraviolet ra-
diation (UVR) [111,112].Melanocytes communicatewith other skin cells
to respond to invading pathogens, or tomaintain cutaneous homeostasis
[113]. For instance,melanocytesmodulate skin immunity in response to
UVR. To control innate and adaptive immune responses in the cutaneous
microenvironment,melanocytesexpressseveralTLRsandsecretenumer-
ous chemokines and cytokines, such as IL-1β, IL-6, and TNF-α [113–116].

3.4. Innate lymphoid cells

Innate lymphoid cells (ILCs) are skin-resident cells that can be clas-
sified into three major populations (ILC1, ILC2, and ILC3) based on the
expression of different transcription factors (T-bet, GATA3, or RORγt, re-
spectively) and different cytokines [117–119]. Specifically, ILCs imprint
cytokine patterns similar to those of T helper cells [120–122]. For in-
stance, ILC1s secrete type 1 cytokines (e.g., IFN-γ and TNF-α), while
ILC2s produce different cytokines, such as IL-4, IL-5, IL-9, and IL-13,
and ILC3s have sub-populations that secrete IL-17 and IL-22
[117–119]. ILCs are capable of responding to environmental threats to
trigger innate immune mechanisms that facilitate the induction of
adaptive immune responses [120,122]. Importantly, ILCs communicate
with other skin cells, including keratinocytes, dendritic cells, and mast
cells, and these interactions play critical roles in ILC survival and stimu-
lation, as well as innate immune responses.

3.5. Mast cells

Mast cells are typically located in the dermal layer of the skin in close
proximity to microvessels, nerves, and fibroblasts, and they release
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several immune mediators in response to external stimuli, including
physical damage or invading foreign pathogens [123–126]. In addition
to their established roles in allergic diseases, mast cells are critical
players in the regulation of innate and adaptive immune responses
against infectious agents [127–130]. While the activation of mast cells
typically results in the production of pro-inflammatory TNF-α and Th2
cytokines (e.g., IL-4 and IL-13), mast cells also secrete neuropeptides
and other cytokines, such as IL-25, IL-33, and TSLP [125,131]. Mast
cell-derived signals can mobilize skin DCs toward the draining lymph
nodes [132,133]. Further, under certain conditions, mast cells can func-
tion as APCs and migrate to the skin draining lymph nodes to present
antigens to T and B lymphocytes [128,130,132].Mast cells are also capa-
ble of eliciting antigen-specific CD8+ T-cell responses through MHC-I-
restricted presentation of antigens [128,134]. Collectively, these fea-
tures suggest that cutaneousmast cells could be strategically harnessed
to improve the efficacy of skin-targeted vaccines.

3.6. Dendritic cells

The epidermal and dermal layers of human skin are rich in dendritic
cells (DCs), which are professional APCs and key players in intracutane-
ous vaccination due to their remarkable capacity to induce adaptive
immune responses [135–138]. Cutaneous dendritic cells, such as epider-
malDCs (knownas Langerhans cells) and functionally distinct subsets of
dermal DCs, collectively possess high plasticity, functionally adapting to
microenvironmentalchangesintheskinandservingasimportantregula-
tors of cutaneous immunity [138–140]. Specifically, these professional
APCs, sometimes referred to as sentinel cells and named for their den-
drites, can actively and efficiently sample the skin microenvironment
and respondto injuryor invasionbysecretinga rangeof functionally dis-
tinct cytokines and chemokines depending on the nature of stimuli
[138–140]. Cutaneous DCs efficiently phagocytose and process antigens,
migrate to the skin draining lymph nodes, and stimulate naïve lympho-
cytes, and their dendritic structure helps them interact broadly with
lymphnode-residentcells [138–140].Toenableeffectiveantigenpresen-
tation, skin DCs express MHC-I, MHC-II, T-cell adhesion, and co-
stimulatorymolecules essential for T-cell activation. They sense immu-
nological cues released by other skin cells, and modulate their
immunostimulatoryactivitiesbasedonpathogen-specificmicroenviron-
mental signals [93,138]. Skin-derived DCs have been shown to bemore
potent than lymph node-resident DCs in inducing antigen-specific
CD8+ T-cell responses [141]. Ultimately, these unique features of skin
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DCs, including high functional plasticity, diversity, and ability to interact
with other cells, offer exploitable and specific opportunities for vaccine
development. Our emerging understanding of the roles of individual DC
subsets and their communication with other skin- and lymph node-
resident cells will facilitate the rational design and development of skin-
targeted vaccination strategies against emerging infectious diseases.

3.7. Neurons

Theskinisequippedwithasophisticatedneuronalnetworkthatiscapa-
ble of responding to a range of external stimuli [142–144]. Recent studies
demonstrated that nerves in the skin regulate skin immunity through
cross-talkwiththecutaneousimmunesystem[142,145,146].Skinneurons
expressPRRs, includingTLR3,TLR4,TLR7,andTLR9,communicatewithcu-
taneous cells to recognize pathogens and injuries, and secrete cytokines
and chemokines to modulate cutaneous immune cells [125,142,145].
Skin DCs and other cutaneous cells, such as keratinocytes andmast cells,
producemediators that stimulate the cutaneousnervous system, andacti-
vated neurons release neuropeptides that further regulate cutaneous im-
munity and promote adaptive immune responses to fight against
environmental threats[125,146].Assuch,multi-dimensionalrelationships
exist between skinnervous, immune, andepithelial systems to control cu-
taneous immunity and regulate systemic immune responses. These sys-
tems can be harnessed using adjuvants to induce transient neurogenic
inflammation to improve the immunogenicity of antigens targeted to the
skin and/or to strategicallymodify systemic immune responses [147].

3.8. Macrophages

Skin-resident macrophages, found in the dermis, execute a broad
range of immunological functions [148–150]. The vital functions ofmac-
rophages include serving as danger or pathogen sensors and presenting
antigento lymphocytes[148–150].Thus,skinmacrophagesareequipped
to recognizeharmfulenvironmentalagents andtosecretedifferent types
of chemokines andcytokines,which induceapro-inflammatory skinmi-
croenvironment and recruit different types of immune cells to the infec-
tion or injury site to eliminate pathogens, repair physical damage, and
modulateadaptive immuneresponses[150,151]. Interestingly, skinmac-
rophages are less potent than DCswith respect to induction of adaptive
immune responses [151].

3.9. Skin-resident T cells

Cutaneous T cells play critical roles in immune responses against
invading pathogens, recognizing specific foreign antigens, targeting in-
fected cells, and producing immune mediators, such as IFN-γ and IL-
17 [152–155]. Specifically, pathogen-specific resident memory T cells
(Trm), established through natural infection or vaccination, confer
long-term protection. CD4+ Trm in the dermis or CD8+ Trm in the epi-
dermis lack homing molecules and are retained in the skin [156]. Trm
are poised to rapidly respond against pathogens through different
mechanisms [157–161]. For instance, upon microbial invasion, cutane-
ous DCs can present antigen to skin-resident Trm for rapid protection,
and skin-resident Trm can directly kill pathogens or infected cells
[153,157]. Interestingly, skin vaccination is capable of generating Trm
in distal organs (e.g., lungs), which also contribute to protective im-
mune responses against pathogens (e.g., respiratory viruses) [162]. Ulti-
mately, a thorough understanding of the mechanisms of induction of
tissue-resident T cells via intracutaneous vaccination, as well as diverse
functions of these Trm could support rational development of innova-
tive skin-targeted immunization strategies.

3.10. Endothelial cells

Skin has a complex microvascular network that participates in
controlling cutaneous immunity [91,163]. Specifically, cutaneous
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microvascular endothelial cells that recognize pathogens through TLR-
signaling can secrete several chemokines and cytokines to regulate pro-
tective immune responses [109,163]. Further, pro-inflammatorymedia-
tors produced by other skin cells, such as IL-1β, TNF-α, CCL2, and CCL5,
leadtotheactivationofskinendothelialcells,whichincreasestheperme-
abilityof skincapillariesandextravasationof leukocytes fromcirculation
into the skin [164].

3.11. Infiltrating granulocytes

The complex skin immunemechanisms are further regulated by the
ingress of granulocytes (e.g., neutrophils, basophils, and eosinophils) in
response to invading microbial agents [165]. Multiple immune media-
tors, released by the aforementioned cutaneous cells (e.g., mast cells),
control the recruitment of granulocytes to the site of infection [166].

In addition tomodulating innate immune responses to eliminate invad-
ing pathogens, granulocytes contribute to adaptive immune responses
by regulating DC function [165]. For instance, neutrophils, the most nu-
merous granulocytes in the circulation, quickly accumulate at sites of in-
fection for rapid initiation of innate immune defense through different
mechanisms, such as phagocytosis and production of neutrophil extra-
cellular traps and antimicrobial peptides [132,165]. Furthermore, neu-
trophils influence DC function via either direct contact or secretion of
cytokines and chemokines, and in turn, manipulate the magnitude
and quality of ensuing pathogen-specific adaptive immune responses
[165]. Thus, transient accumulation of neutrophils in the skin could be
exploited to improve the efficacy of skin-targeted vaccines. Basophils
and eosinophils constitute a small percentage of leukocytes in the
blood and are associated with induction of Th2 immune responses
[165]. Besides their critical roles in altering innate immune responses
and regulating DC migration and function, granulocytes have also
been reported to function as non-conventional APCs [132]. Ultimately,
the influx of granulocytes to a vaccine delivery site and their impact
on local immune mechanisms and adaptive immune responses should
be considered for the development of safe and effective skin-targeted
vaccines.

Together, it is becoming increasingly evident that the sophisticated
cutaneous immunenetwork enables the skin to respondtoenvironmen-
tal threats through intricate, interdependentmechanisms. An improved
understanding of how local skin immune mechanisms modulate sys-
temic immunitywill facilitate a paradigm-shift from empirical vaccina-
tion strategies to rationally designed intracutaneous vaccination
approaches. Importantly,most of our current understanding of skin im-
mune mechanisms is based on studies using murine models. It is well
established that there are significant differences between mice and
humans in terms of both skin anatomy and skin immunity, and under-
standingthesefundamentaldifferenceswillbecritical forclinical transla-
tion. Moreover, in the sameway that the plasticity of the skin immune
system enables remarkable adaptability, it also creates somewhat of a
‘movingtarget’. Palpably, skin immunity is affectedbyavarietyof factors,
including age, UVR exposure, and the microbiome, and the impact of
these and other variables on cutaneous immunemechanismswill need
to be better understood to develop safer and more effective skin-
targeted human vaccination strategies. Efforts to address these knowl-
edge gaps should beprioritized, andwill be essential to complement un-
precedented ongoing vaccine development efforts.

4. Skin vaccination

The readily accessible, immunologically active skin microenviron-
ment has long been considered an attractive target tissue for vaccina-
tion [167,168]. Specifically, the immunization campaign against
smallpox that utilized intracutaneous vaccination with vaccinia virus
was the first successful demonstration of a large-scale effective vaccine
that induced protective immunity in human populations, and this ap-
proach depended on harnessing the skin immune network [167,168].
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Since then, progress in developing skin-targeted vaccines has been rel-
atively slow, partly because of inaccessibility created by the outermost
skin barrier, the stratum corneum, and the lack of technologies capable
of reproducibly introducing antigen into the skin microenvironment
[169,170]. Interestingly, intramuscular (IM) and subcutaneous (SC) vac-
cination routes have been empirically used for the majority of vaccines
without strong mechanistic evidence supporting their rationale other
than reproducible delivery. Recently, there has been a substantial in-
crease in hypothesis driven efforts to gain a fundamental understanding
of the effect of immunization routes on vaccine efficacy [37,171–173].
Advances in skin science, coupled with evidence of successful induction
of sustained humoral and cellular immune responses, even at distant or-
gans (e.g., lungs), through skin-targeted vaccination are providing the
much-needed mechanistic underpinnings for rationally designed skin
vaccination strategies [162,174–179]. A growing body of evidence sug-
gests that intracutaneous immunization is mechanistically superior to
traditional vaccination methods due to the more immune-responsive
microenvironment present in the skin compared to subcutaneous and
muscle tissues [172,180–182]. Further, greater efficiencies seen with
skin immunization could offer dose-sparing (i.e., requiring less vaccine
doses to induce protective immune responses) for both antigens and
adjuvants, reducing cost and in the later instance increasing safety. Al-
though these advantages need to be confirmed for each antigen and ad-
juvant candidate, they could translate into more effective global
immunization programs against infectious pathogens.

Intracutaneous vaccination utilizes innate immune mechanisms to
provide environmental context (e.g., danger signals) to tune skin APC
functions to promote internalization and processing of skin-delivered
antigens, migration to the skin-draining lymph nodes, and presentation
to adaptive immune cells [173,183]. Skin APCs can interact with lymph
node-resident T cells directly, or indirectly by transferring antigens and
activation signals to lymph node-resident APCs, both of which result in
priming and amplification of adaptive immunity [184,185]. Further, in
addition to delivering antigen to skin-resident APCs, skin-targeting
could result in direct delivery of antigen to lymph node-resident APCs
by way of passive diffusion through the draining lymphatics [184,186].
This rich population of APCs in the cutaneous microenvironment, their
capacity to adapt their function based on environmental conditions,
and their effective communication with cells in the skin-draining
Fig. 3. Skin vaccination induces antigen-specific cellular and humoral immune responses. Intro
and functional skewing of skin-resident APCs capable of directly or indirectly inducing CD4+

longevity of these responses are influenced by vaccine dose, spatiotemporal vaccine release
skin cells.
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lymph nodes, together uniquely enable efficient priming of antigen-
specific T and B cells. In turn, these regionally primed and expanded
antigen-specific T and B cells can take up residence in the skin and
other distal epithelial tissues to provide systemic protection. Together,
these mechanisms enable skin targeted vaccines to induce efficacious
systemic immunity that is both antigen specific and durable (Fig. 3).

Several key factors contribute to antigen presentation function of
skin APCs, which impact the magnitude, quality, and longevity of
vaccine-induced protective immunity. In addition to the structure and
dose of antigen, spatiotemporal presence of antigen plays an important
role in shaping the ensuing antigen-specific immune responses
[173,187]. Importantly, microenvironmental signals (e.g., chemokines
and cytokines), which are secreted by skin-resident cells and influenced
by the antigen delivery method (e.g., disruption of the skin barrier), as
well as antigen type, dose, and kinetics, regulate local immune mecha-
nisms to elicit systemic protective immunity [173,188–190]. As such, a
comprehensive understanding of these factors for different types of an-
tigens and delivery methods is pivotal for the rational development of
skin-targeted immunization strategies. Further, a thorough investiga-
tion of the correlation between local cutaneous mechanisms and
resulting antigen-specific systemic adaptive immune responses is nec-
essary for more predictable skin-targeted vaccines.

To harness the processes and mechanisms involved in generating
pathogen-specific protective immune responses, immune potentiators
(also known as adjuvants) that influence the quality and durability of
antigen-specific adaptive immune responses induced by vaccination
are being developed to induce optimal protective immunity [191,192].
Specifically, development of molecules (e.g., TLR and NLR ligands) that
can activate innate immune mechanisms and/or biomaterials assisted
strategies that enable spatiotemporally controlled delivery of antigens,
with or without adjuvants, are two popular strategies being used to im-
prove immunogenicity [191–193]. Physical disruption of the superficial
skin layers has also been explored to boost immunogenicity [188,193].
Notably, despite several emerging adjuvant candidates, few adjuvants
(e.g., cholera toxin, imiquimod, resiquimod, and aqueous formulation
of glucopyranosyl lipid (GLA-AF)) have reached the stage of clinical tri-
als for skin vaccination [193–195]. This translates into a need for sub-
stantial research to identify ideal adjuvants for skin vaccination that
could function either by selective activation of accessory skin cells, or
duction of vaccine components into the skin microenvironment results in antigen loading
and CD8+ T-cell responses in the draining lymph nodes. The magnitude, breadth, and

kinetics, and immunoregulatory signals delivered with the antigen or released by other
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by direct action on skin APCs. Moreover, certain existing adjuvant can-
didates, whichmay be toxic with systemic exposure resulting from tra-
ditional needle injection, could be feasible via skin delivery. The
identification of skin-specific adjuvants, as well as targeted delivery
systems specific to different antigen formats and used as immune-
potentiators, will contribute significantly to next-generation skin-
targeted vaccination strategies.

Despite the theoretical advantages of the skin microenvironment
targeting, there are currently only a few clinically approved skin-
targeted vaccines. This is also reflected in current COVID-19 vaccine ef-
forts in which there are only a few skin-targeted SARS-CoV-2 vaccines
to date (e.g., an intradermal plasmid DNA vaccine, an intradermal
mRNA vaccine, and a MAP-delivered subunit vaccine) [196–198]. On
the other hand, the vastmajority of vaccine candidates being developed
againstCOVID-19aredeliveredvia traditional routes. Severalknowledge
gapsare nowbeingaddressed to enable the rational developmentof safe
and effective skin-targeted vaccines against COVID-19 andother emerg-
ing infectious diseases. Local skin immunemechanisms elicited by vac-
cine delivery need to be elucidated, and their relationship to the nature
and durability of the induced systemic adaptive immune responses
must be defined. This understandingwill be critical for rational selection
of adjuvants and other immunemodifiers tomodulate skin immune cir-
cuits to control the quality and longevity of pathogen-specific systemic
immune responses. For instance, antibody-dependent enhancement of
natural infection and cell-mediated immunopathology resulting from
sub-optimal humoral or cellular immune responses is an important
safety concern for coronavirus vaccines [199–201]. Manipulating skin
immune mechanisms to drive B-cell maturation and antigen-specific
neutralizing antibody production, and skew T-cell responses toward
Th1-type immunity could improve both the safety and efficacy of viral
vaccines. Further, comprehensive studies are needed to compare the ef-
fectsofvarious antigenplatforms (e.g., viral vector, recombinantprotein,
or nucleic acid) with different antigens (e.g., S protein, N protein, or S1
subunit) and adjuvants on skin immune circuits. Finally,models capable
ofbridgingfindings frommurinestudiestohumanswillneedtobedevel-
oped further and deployed to reduce the empiricism of translation. Col-
lectively, the skin offers an attractive target for the development of
more effective immunization approaches against SARS-CoV-2 and other
infectious pathogens. However, critical knowledge and technology gaps
remainandmustbe addressed to realize the full potentialof intracutane-
ous vaccination. Thus, the coming years are likely to bring an increasing
number of academic and/or industrial efforts to address these gaps for
the rational development of skin-targeted vaccines against a broad
range of infectious diseases.

5. Microarray patches

Microarray patches (MAPs) are among the most promising skin-
targeted vaccine delivery systems [42,44,202]. One of the major road-
blocks to the success of intracutaneous immunization has been the lack
of safe, effective, convenient, patient-friendly, and inexpensive delivery
technologies that can reliably administer vaccines to targeted skinmicro-
environments[167,170,203].Preciseandreproducibledeploymentofvac-
cine components (e.g., antigensandadjuvants) to immunologically active
skin layers (viable epidermis and dermis), which harbor APCs and other
cellswith diverse innate immune functions, is challenging due to the pro-
tective physical barrier, imparted by the outermost layer of skin, the stra-
tum corneum [167,203,204]. The hydrophobic stratum corneum,which
consists of several layers of deadkeratinocytes embedded in anorganized
lipid structure, is amajor obstacle to reliable delivery of hydrophilic anti-
gens and structurally complex immunomodulators [203–206]. Therefore,
macromolecule antigens andadjuvants applied to the skin topically or via
traditional transdermal patches are typically unable topenetrate the stra-
tum corneum, as required for effective immunization. Conversely, injec-
tions with conventional hypodermic needles pierce the superficial skin
layers, but delivery into the skinmicroenvironment is inconsistent, and
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they are painful and less suitable for global vaccination programs due to
the need for medical expertise for proper administration, supply chain
challenges,andnon-complianceduetotrypanophobiaandinconvenience
[33–36]. Combining the simplicity of topical application or conventional
transdermal patcheswith the delivery benefits of traditional hypodermic
needle injections, while considerably improving the precision and repro-
ducibility of the skin-targeted biocargo delivery, MAPs are a rapidly
emerging technology platform for convenient, painless, and controlled
vaccine delivery to the skin [207–209]. Over the past decade,MAPs have
shown incredible promise for intracutaneous vaccination using different
typesof antigens,withorwithout adjuvants, providinganattractivealter-
native for the development of effective skin-targeted vaccines against
SARS-CoV-2[29,207–210].ThissectionpresentsanoverviewofMAPtech-
nologyandMAP-mediated immunization to contribute to the rational de-
velopment ofMAP-based skin-targeted vaccines.

Microarray patches typically contain several micron-scale pro-
trusions attached to a backing substrate, and these sharp-tipped
microprotrusions, designed and fabricated with diverse geometries
using various materials, mechanically penetrate the skin (the stratum
corneum) todeliver biocargos (e.g., vaccine components) [211,212].Un-
like prevailinghypodermicneedle injections,MAPsdeliver vaccine com-
ponents intoviableskin layers thatareconsideredmoresuitable immune
targets for vaccination, thereby resulting in improved antigen-specific
immune responses (Fig. 4). In addition to this mechanistic advantage,
MAPs offer advantages in terms of practicality and convenience (simple
and painless application and the potential for self-application), logistics
(thermostable and no need for reconstitution for certainMAPs), safety
(no biohazardous sharp waste generation for certain MAPs, avoiding
thepotential riskofdisease transmission), andcost(inexpensive toman-
ufacture and distribute or dose-sparing), which, combinedwith consis-
tent skin-targeted delivery and immunogenicity benefits, renderMAPs
attractive for global vaccination programs [42–44,213–215]. Due to
these advantages, there has been great interest in the development of
several types of MAPs, and in functional testing of MAPs for numerous
vaccine candidates [207–209]. Collectively, the design, biomaterials,
manufacturing,skindeliverymechanismsandefficiency,storage,accept-
ability,andcostofMAPsystemsarekeyfactorscontributingtothesuccess
ofMAP-based vaccination.

5.1. MAP types and materials

Several MAP concepts with various geometries have been designed
and engineered from a broad range of materials to enable effective
skin-targeted cargo delivery [216–218]. In addition to commonly inves-
tigated MAP types (solid without biocargo, coated, hollow, and dissolv-
ing/biodegradable), hydrogel-forming, porous, and hybrid MAPs have
been explored (Fig. 5) [216–227]. Besides the prevailing pyramid and
conical geometries, other microarray shapes, including square and cir-
cular obelisk, negative bevel obelisk, undercut, and snake fang, have
been fabricated using different materials [218,228–232]. Ultimately,
each MAP design possesses different manufacturability, mechanical
strength, skin insertion reliability, painlessness, vaccinedosage capacity,
delivery mechanisms, and delivery efficiencies. All of these factors con-
tribute to the convenience, efficacy, reproducibility, and cost of MAP-
based skin-targeted immunization efforts.

5.1.1. Solid MAPs (Fig. 5a)
Solid MAPs without biocargo are one of the earliest types of MAPs

enabled by traditional microfabrication techniques and are used to en-
hance the skin permeability prior to topical application of a biocargo so-
lution or biocargo integrating patch [216–218]. This concept is known
as the ‘poke and patch’ strategy, as topically applied vaccine components
passively diffuse through microchannels created by the application and
removal of MAPs [216–218]. Although solid MAPs were initially created
mainly from silicon due to early availability of microfabrication pro-
cesses, they have been also manufactured from other materials,



Fig. 4. Microarray patches (MAPs) enable precise, consistent, and minimally invasive administration of vaccine formulations (antigen ± adjuvant) to immunologically rich cutaneous
microenvironments, whereas conventional intramuscular (IM) immunization bypasses the skin immune system, results in systemic exposure to vaccine ingredients, and causes pain.

Fig. 5. Representative images of differentMAP concepts presented in the literature. a. SolidMAPsmanufactured from polylactic acid (PLA). Adaptedwith permission from [220]. Copyright
2010, Elsevier. b. CoatedMAPs fabricated from PLA. Adapted with permission from [221] under terms of the CC-BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). Copyright
2020, the Authors. c. Polymer hollowMAPs. Adaptedwith permission from [222] under terms of the CC-BY 4.0 license. Copyright 2019, the Authors. d. DissolvableMAPs produced from a
mixture of carboxymethylcellulose and trehalose. Adapted with permission from [223]. Copyright 2011, Wiley-VCH. e. Hydrogel-forming MAPs created from a blend of poly
(methylvinylether-co-maleic acid), poly(ethylene glycol), and sodium carbonate. Adapted with permission from [224]. Copyright 2018, American Chemical Society. f. Porous MAPs fab-
ricated fromPLA. Adaptedwith permission from [225]. Copyright 2007, SpringerNature. g. HybridMAPswith stainless steel stems and dissolving poly(vinyl alcohol)/sucrose tips. Adapted
with permission from [226]. Copyright 2011, Elsevier. h. Hybrid MAPs with SU-8microtube stems and dissolvingmaltose tips after 3 min skin application. Adaptedwith permission from
[227]. Copyright 2013, American Institute of Physics. Unless otherwise indicated, scale bars = 500 μm.
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including ceramics, different metals (e.g., titanium, nickel, and stainless
steel), and polymers, such as poly(methyl methacrylate) (PMMA),
polyglycolic acid (PGA), polycarbonate, and polylactic acid (PLA)
[216–218,220,233]. The ‘poke and patch’ approach increases the perme-
ability of skin to vaccine components, presenting proof-of-concept for
MAP-based cutaneous vaccination; however, limitations including con-
cerns related to reliability and reproducibility of delivery, poor patient
adherence due to the complex application process, the need for prepa-
ration of topical vaccine formulations with different vaccine compo-
nents, combined with recent advances in biomaterials science and
engineering, have motivated development of other MAP types.

5.1.2. Coated MAPs (Fig. 5b)
Biocargo (vaccine) coated MAPs have been developed by

complementing solid MAPs described above with favorable aqueous
formulations that typically include a thickening agent or viscosity en-
hancer, surfactant, stabilizer, and target cargo, andwith suitable coating
methods [216,221,234]. This MAP concept is known as the ‘coat and
poke’ approach and combines the multiple steps of the ‘poke and patch’
method into a single-unit, single-step drug/vaccine dosage form [219].
The materials used for solid MAPs have also been utilized to fabricate
coated MAPs, and coating formulations containing thickening agents
(e.g., carboxymethylcellulose (CMC), sodium alginate, polyethylene
glycol (PEG), hyaluronic acid (HA)), surfactants (e.g., poloxamer Lutrol
F68, Tween 20, and Quil-A) and stabilizers (e.g., trehalose and sucrose)
facilitate reliable and reproducible coating with retained bioactivity and
adhesion to the microarray surface, rapid dissolution upon skin inser-
tion, and long-term stability of coated vaccine components [216,234].
The coating formulations can include components with adjuvant activ-
ities (e.g., Quil-A) or can be tailored for temporal release of vaccine com-
ponents [234–236]. Although vaccine-coated MAPs have been broadly
tested for skin-targeted immunization, they still pose challenges, in-
cluding potential limitations on achievable vaccine doses, reductions
in skin delivery efficiencies due to decreased tip sharpness because of
biocargo coating, and complications associated with the coating formu-
lations and process, which may lead to losses in the quantity of vaccine
components and bioactivity of antigen. Moreover, coated MAPs could
generate biohazardous sharp waste and bear the risk of disease trans-
mission due to unsafe disposal practices. For both coated and solid
MAPs fabricated with non-biodegradable materials, unwanted skin ef-
fects (e.g., granulomas or scarring) remain a potential concern due to
accidental breakage of non-degradable microarrays in the skin during
application. These challenges have inspired new MAP types with
manufacturing, design, vaccine dose, biomaterials, safety, and applica-
tion advantages.

5.1.3. Hollow MAPs (Fig. 5c)
HollowMAPs employ the ‘poke and flow’ approach inwhich a liquid

formulation of biocargo (e.g., vaccine) is administered through
microchannels created across skin layers bymicroarrays [216–218,237].
The basic version is a single needle with micron-scale dimensions
(e.g., aminiaturized hypodermic needle). HollowMAPs have been used
toeitherdirectlyinjectliquidcargointotheskin,orprovidepathsorchan-
nelsforcargoinareservoirtopassivelydiffuseintotheskin[216,217].Un-
like solidMAPs that transiently improve skinpermeability, hollowMAPs
facilitate continuousdelivery of thebiocargo through their openings and
can administer relatively higher doses of biocargo compared to other
MAPtypes.Notably,hollowMAPscandeliver liquidcargosolutionswith-
out theneed fordryvaccineordrug formulations, yet the formulationas-
pect must still be investigated to achieve effective skin concentrations
with the relatively lower volume of solutions that can be delivered to
the cutaneous microenvironment. Several different materials, such as
metals, polymers, silicon, and glass, have been used to fabricate hollow
MAPs with diverse designs [222,232,237,238]. Although hollowMAPs
have been used to deliver vaccine components to skin microenviron-
ments, the design, fabrication, and application aspects of hollowMAPs
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still requireextraattentionduetotheirrelativelycomplexshapes, thepo-
tential of leakage of vaccine components, the risk of mechanical failure
during skin insertion because of their weaker structure, the complicated
manufacturing steps required to create hollowMAPs, and the possibility
of clogging ofmicroarray openings.

5.1.4. Dissolvable/biodegradable MAPs (Fig. 5d)
Biodissolvable/biodegradable MAPs have been widely investigated

[218,223,239]. These MAPs integrating biocargos (e.g., vaccine compo-
nents) are fabricated from biocompatible natural or synthetic polymers
that either rapidly dissolve, or slowly degrade after skin application,
thereby releasing antigens and adjuvants into the cutaneousmicroenvi-
ronment [218,240]. The skin residence of vaccine depends on the
polymer choice, and several different polymers and sugars, such as poly-
vinylpyrrolidone (PVP), CMC, HA, sodium dextran, maltose, polyvinyl
alcohol (PVA), PLA, cyclic-olefin copolymer, chitosan, silk, PGA, and
poly(lactic-co-glycolic acid) (PLGA), have been utilized to create
biodissolvable or biodegradable MAP systems [218,239–241]. Besides
release kinetics, these materials control the manufacturability, strength
and failure-free insertion ability, retention of vaccine bioactivity, skin
delivery efficiency, and long-term stability of MAP-embedded vaccines.
Thus, the choice of biomaterials should be considered for optimal design
and production of biodissolvable/biodegradableMAPs. Similar to coated
MAPs, these MAPs are single-unit, single-step, dry vaccine dosage sys-
tems that actively administer vaccine components to the skin microen-
vironment, but leave no biohazardous sharp waste after removal,
eliminating the risk of disease transmission, since microarrays dissolve
within the skin. In addition to these advantages, other benefits of dis-
solvable MAPs, such as simple and low-cost fabrication, convenience
of storage and application, precise and consistent dosing, relatively
higher vaccine dose capacity, controlled drug delivery, and ease of dis-
posal, make them a promising alternative for effective skin-targeted
vaccination. Despite these attractive attributes, the maximum vaccine
doses possible without compromising the strength/reliability of skin in-
sertion, the effect of biodissolvable/biodegradable materials on the me-
chanical strength of microarrays, skin delivery efficiency and residence
of MAP-delivered vaccine components, the long-term stability of
MAP-embedded vaccines, and the impact of implanted microarray ma-
terials on skin-resident cells and cutaneous immune mechanisms
should still be thoroughly studied.

5.1.5. Hydrogel-forming MAPs (Fig. 5e)
Hydrogel-forming MAPs are a rapidly emerging MAP type for skin-

targeted biomolecule delivery, and employ a ‘poke and release’ approach
without depositing themicroarraymaterial to the skin [218,224,241–243].
These MAPs are manufactured from swellable polymers (e.g., PVA
crosslinkedwith gelatin or poly(methylvinylether-co-maleic acid) cross-
linkedwith PEG) that possess sufficient mechanical strength in their dry
state to pierce the superficial cutaneous layers and swell upon penetrating
the skin. Unlike dissolvable MAPs, hydrogel-forming microarrays re-
main intactwithin the skinmicroenvironment, either allowing the re-
lease of cargo embedded in the swellable polymer, or forming a
membrane that adjusts the release profile based on the degree of
cross-linking of the swellable polymer for controlled delivery of
biocargo from the reservoir attached to microarrays [241]. Thus,
hydrogel-forming MAPs could deliver relatively higher doses of
biocargo compared to other dry MAP dosage forms, and theoretically
leave no polymer residue within the skin microenvironment
[241–243]. However, theseMAPs must be applied for a longer period
of time to deliver larger doses of biocargo. Although hydrogel-
forming MAPs have gained attention for skin-targeted delivery of
therapeutics, there is a limited number of vaccination studies utilizing
hydrogel-forming MAPs. The effects of swellable biomaterials and
cross-linking processes and agents on the bioactivity and longevity
ofvaccinecomponentsandtheireffectsontheskinmicroenvironment
will need to be investigated.
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5.1.6. Porous MAPs (Fig. 5f)
PorousMAPswith a range of pore sizes and density are anotherMAP

type that has been explored [225,244–248]. Porous MAPs are loaded
with a biocargo solution that is dried into the microarray pores, and
upon application, these microarrays penetrate the stratum corneum
and the incorporated biocargo diffuses from the pores into the skin
[217]. Porous MAPs have been created from numerous materials, such
as stainless steel, titanium, ceramics, and polymers, and used for skin-
targeted delivery of different biocargos [225,247–249]. Yet, studies
with porous MAPs for vaccination are scarce. In addition, porous micro-
arrays are typicallyweaker than solidmicroarrays due to their structure,
and the risk of accidental breakage of MAPs in the skin demands biode-
gradablematerials to be used for porousMAPs. In the future,more com-
prehensive studies evaluating the design, biomaterials, fabrication, and
application (skin insertion ability and delivery efficiency) aspects of po-
rous MAPs will be necessary to better understand their potential for
skin-targeted vaccination.

5.1.7. Hybrid MAPs (Fig. 5g,h)
In addition to the aforementioned MAP concepts, hybrid

MAPs, which assemble dissolvable or biodegradable sharp pyramid or
conical regions onto non-dissolvable stems, have been proposed for
skin-targeted biocargo delivery [226,227,250,251]. Rapidly separable
dissolving or biodegradable polymer tips have been employed with
the hybrid MAP concept to facilitate relatively shorter application
times and enable bolus or sustained release of biocargos (vaccine com-
ponents) embedded in the polymer [226,250,251]. Hollow MAPs with
dissolvable tips have also been developed for skin penetration, followed
by rapid dissolution of polymer tips to facilitate the flow of the biocargo
from the openings of the microarrays [227]. Hybrid MAP systems have
received less attention due to challenges associated with their scalable
fabrication, as well as with reliable and user-friendly application with-
out mechanical failure, leakage, or clogging. Thus, future efforts will be
needed to develop scalable, patient-friendly, easy-to-use, and cost-
effective hybrid MAPs for skin vaccination.

Together, several different MAP concepts with a wide range of
designs (e.g., geometries andmaterials) have been developed for skin-
targeteddeliveryof amyriadofbiomolecules (e.g., vaccinecomponents),
providinganattractivealternative for intracutaneousvaccinationagainst
infectious diseases. Despite promising results obtainedwith theseMAP
systems, there are still key components ofMAP-mediated skin-targeted
immunizationmissing,whichareneededtoenableeffectiveglobalvacci-
nation programs for emerging infectious pathogens. A systematic com-
parison of MAP types for manufacturability, safety, skin insertion
reliability, delivery efficiency, pharmacokinetics ofMAP-delivered vac-
cine components, convenience, acceptability, cost, user-friendliness,
and immunization efficacy will need to be performed using standard
models and established performance evaluationmetrics to identify and
further support advancement of themost favorableMAP candidates. In-
deed, theCOVID-19pandemichighlights theneed for rapiddevelopment
of effective vaccines, and in turn, the demand for simple, easy-to-
manufacture/-store/-distribute/-apply, cost-effective, and convenient
vaccine delivery systems. A growing body of evidence suggests that
MAPs represent a promising intracutaneous vaccine deliverymethod to
exploit the skin immune system,while providing additional advantages
for mass vaccination. Thus, optimal MAPs could enable efficacious and
widespread immunization against COVID-19 and other potential future
outbreaks.

5.2. MAP fabrication techniques

Global clinical deployment ofMAP-based vaccinationwill depend on
the establishment of infrastructure for large-scale fabrication of
MAPs. Thus, it is imperative to devise high-throughput, cost-effective
manufacturing strategies that can enable simple, rapid, accurate, and re-
producible production of MAPs. Over the past decades, numerous
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approaches have been developed to manufacture the aforementioned
MAP types with various designs [36,216,241,252–255]. MostMAP con-
cepts require the creation of high-quality, solid microarray structures
using inexpensive methods. These solid MAPs are either used directly
for the ‘poke and patch’ approach, or coatedwithbiocargo using different
processes (e.g., dipping, spraying, gas-jet drying, layer-by-layer coating,
or inkjet printing) [216,219,234,235]. Solidmicroarrays are also utilized
as master molds to fabricate inverse or negative molds (also known as
productionmolds) for themanufacturingofotherMAPtypes, suchasdis-
solvable, porous, and hybrid MAPs [216,226,245,256]. Traditional
microfabrication techniques (e.g., etching and photolithography) have
been broadly used to create solid MAPs; however, new approaches,
such asmicromachining, diamondmicromilling, andmost recently 3D
printing, have emerged to address the material, geometry, ramp-up
time,andcostlimitationsofcleanroom-basedmicrofabricationstrategies
[216,228,229,257]. Notably, 3D printing, or additivemanufacturing, ap-
proaches have drawn considerable recent attention due to their unprec-
edented designflexibility, which enables fabrication ofmore innovative
microarraygeometries [230,231,258,259]. For instance,3Dprintingfacil-
itated the simple preparation of hollow and undercutMAPs,which typi-
cally necessitate relatively complex, lengthy, and expensive fabrication
approaches [230,231,260,261]. Thus, severalmanufacturing techniques
have been devised to produce high-quality, solidmicroarray structures
to enable the development of variousMAP concepts, aswell as to create
hollowMAPs.

Additional processing steps have been integrated intoMAP fabrica-
tion strategies to exploit the high-quality solidmicroarray structures as
mastermolds to develop otherMAP concepts. Tomanufacture produc-
tion molds, soft-lithography using polydimethylsiloxane (PDMS) has
been themostwidely used approach due to its simplicity, aswell as bio-
compatibility, flexibility, and low-cost of PDMS [229,231,241,252,256].
PDMS production molds have also been directly prepared by laser
micromachining [262]. Such laser-based material removal processes
pose challenges in fabricating complex microarray geometries with
high-quality surfaces and sharp tips. To identify idealmaterials for pro-
ductionmolds, it is stillnecessary to investigate the interactionof vaccine
componentswithPDMSandtoexploreotherbiocompatiblematerials for
cost-effective and reliable replication of finalMAPs integrating vaccine
components.Tocreatebiocargo-loadedMAPs,micromoldingwithdiffer-
entdrying/curingmechanisms(e.g., vacuumcasting, spin-castingusinga
centrifuge, photopolymerization, or a combination of the aforemen-
tioned) is typicallyused,andcanbe followedbytheloadingofcargosolu-
tion and precision assembly of stem regions for porous or hybridMAPs,
respectively [216,226,229,248,255,256]. Recently, micromolding was
also utilized to replicate high-fidelity MAP master molds, which then
can be used to prepare production molds for more scalable and cost-
effectiveMAP fabrication strategies [228,231]. In addition to commonly
used approaches described above, hot embossing, injection molding,
droplet-born air blowing, centrifugal lithography, and different drawing
methods(e.g., thermalandmagnetorheological)havebeenusedto fabri-
cateMAPs [261,263–268]. Rapidly expanding advancedmanufacturing
researcheffortsoverthepastdecadeshave ledtothedevelopmentofsev-
eral promisingMAP fabricationmethods, and someof these approaches,
such as dry etching and injectionmolding followed by a coatingmethod
for vaccine-coated MAPs, and solvent-based micromolding or casting
for dissolvableMAPs integrating vaccine components, are already being
used tomanufactureMAPs for early-stage clinical trials.

The urgent need for rapid and effective global immunization pro-
grams against the COVID-19 pandemic clearly demonstrates the de-
mand for inexpensive and large-scale fabrication of vaccine-loaded
MAPs that can provide the aforementioned advantages by exploiting
the skin immune system. Global-scale manufacturing of vaccine-
loaded MAPs with regulated geometric accuracy and integrity, repro-
ducibility, dosage uniformity, and retained bioactivity necessitates the
establishment of manufacturing facilities with the ideal fabrication
strategies that will follow established procedures for MAP production,
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quality control, and batch release. These procedures should be cost-
effective and compatible with high-throughput production using
industry-grade equipment and automation to enable global-scale fabri-
cation of high-quality, sterile, vaccine-loaded MAPs. Thus, establishing
themanufacturing capacity for vaccine-loadedMAPs and defining stan-
dard fabrication, quality control, packaging, and sterilization procedures
will be necessary to enable MAP-based global vaccination programs for
COVID-19 and future emerging infectious diseases.

5.3. Pre-clinical studies of MAP-based antiviral vaccines

Microarray patches have been used to administer skin-targeted vac-
cines, including recombinant live viral vector, DNA, protein, peptide,
virus-like particles (VLPs), and attenuated or inactivated viruses, with
or without adjuvants, and have been extensively tested in various ani-
mal models [207–209,213,239,269]. Here, we focus on MAP-based
pre-clinical immunization efforts for combatting viral infectious dis-
eases. MAPs have been most extensively investigated for immunization
against influenza in mice [208,209]. Furthermore, MAP-based vaccines
for other viral infections, including hepatitis B, hepatitis C, measles, ru-
bella, Japanese encephalitis, human immunodeficiency virus (HIV), her-
pes simplex virus (HSV), human papillomavirus (HPV), rabies, Zika,
rotavirus, polio, chikungunya, respiratory syncytial virus (RSV), West
Nile fever, dengue, Ebola, MERS, and COVID-19, have also been tested
in mice and in numerous other animals, such as rats, dogs, guinea
pigs, non-humanprimates, andpigs [198,207–209,239,269,270]. Collec-
tively, these pre-clinical studies suggest that MAPs are promising skin-
targeted vaccine delivery systems that enable precise and reproducible
administration of vaccine components to cutaneous microenviron-
ments in different species and generally induce efficacious virus-
specific humoral and cellular immune responses that are either superior
or comparable to those elicited by hypodermic needle-based vaccina-
tion. Together with the simplicity of fabrication, storage, application,
and disposal, specificity of delivery, and ease of integrating various vac-
cine components, promising pre-clinical results support further devel-
opment of optimal MAP types for effective intracutaneous vaccination
against emerging infectious pathogens, including respiratory viruses.

The ‘poke and patch’ approach, one of the first MAP concepts, has
been tested with different vaccine types, including influenza subunit,
hepatitis B DNA, and hepatitis B surface antigen (HBsAg) vaccines,
using mouse models, as well as live attenuated virus vaccine against
Japanese encephalitis using non-human primates [271–274]. While
skin vaccination against influenza using solidMAPs failed to elicit signif-
icant immune responses, solid MAP-based immunization against hepa-
titis B elicited improved antigen-specific immune responses compared
to traditional hypodermic needle injection vaccination and MAP-
mediated vaccination against Japanese encephalitis induced antibody
responses. Although these promising results demonstrated the poten-
tial of MAP-directed skin vaccination, researchers sought alternative
MAP concepts due to the aforementioned limitations of the ‘poke and
patch’ approach, especially to enable more consistent and convenient
delivery of vaccines to targeted skin microenvironments.

Coated MAPs have been evaluated with several different vaccine
types (e.g., live attenuated, viral vector, inactivated virus, subunit,
DNA, and VLPs) for numerous viral infections, such as influenza, hepati-
tis B, rotavirus, RSV, Ebola, dengue, measles, polio, HIV, HPV, West Nile
virus, chikungunya, HSV, and hepatitis C [270,275–303]. Vaccines deliv-
ered by coated MAPs have been mainly tested in mice, but there also
have been a limited number of studies in rat, guinea pig, porcine, and
non-human primate models [221,291,294,296,304,305]. These studies
suggest that coated MAPs are a promising platform for effective
skin-targeted vaccination to induce antigen-specific protective immune
responses. Although coated MAPs enable more consistent and reliable
cutaneous vaccine delivery compared to the ‘poke and patch’ approach,
optimal coatingmaterial andprocess requirements, vaccine dose limita-
tions, risks associated with biohazardous sharp waste, along with the
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need for enhanced skin-targeted delivery efficiencies, have motivated
researchers to continue improving coatedMAPs and to develop alterna-
tive MAP types.

Hollow MAPs have been used for skin-targeted delivery of different
types of vaccines, such as peptide, DNA, live attenuated virus, and
inactivated virus vaccines, and have been evaluated for several viral in-
fectious diseases, including influenza, mumps, varicella, polio, and HPV,
and tested in mouse, rat, and guinea pig models [232,306–310]. Collec-
tively, these pre-clinical studies suggest that skin vaccination using hol-
low MAPs is capable of eliciting robust antigen-specific adaptive
immune responses. In addition to promising pre-clinical immunogenic-
ity results, the traditional ‘medical device’ classification of hollow
MAPs by regulatory agencies as opposed to the ‘combination product’
(i.e., biologic/device or drug/device) status of vaccine-loaded MAPs
has facilitated the clinical development of hollowMAPs for intracutane-
ous immunization. However, the aforementioned complications
(e.g., mechanical failure, leakage, and clogging) related to application
of hollow MAPs, and remaining challenges associated with their scal-
able fabrication, still present barriers towidespreadutilization of hollow
MAPs for skin vaccination. Moreover, the long-term stability of liquid
vaccine solutions used with hollow MAPs, and the possibility of self-
applicationwith hollowMAPswithout theneed for trainedmedical per-
sonnel, have yet to be addressed.

Dissolvable/biodegradable MAP types have been tested pre-
clinically for intracutaneous vaccination against a wide range of viral in-
fections, such as influenza, hepatitis B, HIV, measles, rubella, rabies,
polio, dengue, Ebola, Zika, hepatitis C, rotavirus, MERS, and COVID-19,
with several types of antigen platforms, including subunit, nucleic
acid, VLPs, recombinant viral vector, live attenuated viruses, and
inactivated viruses [198,311–336]. These studies have utilized various
animal models, such as mouse, rhesus macaque, dog, pig, and guinea
pig [316,321,328,333,337]. Ultimately, these pre-clinical studies
indicate that dissolvable or biodegradable MAPs are an attractive
skin-targeted vaccine delivery system that can administer vaccine com-
ponents to immunologically rich skin microenvironments to elicit
pathogen-specific humoral and cellular immune responses. Moreover,
these MAPs offer several manufacturing, storage, and application ad-
vantages, such as low-cost fabrication, rapid scale-up potential, easy dis-
posal, high vaccine-dose capacity, thermostability without expensive
refrigeration requirement, no biohazardous sharp waste, and no risk
of disease transmission. Toward optimal skin-targeted vaccination
strategies using this MAP type, the effects of dissolvable/biodegradable
materials on bioactivity and long-term stability of MAP-embedded vac-
cine components, failure-free skin insertion reliability, and skin resi-
dence of MAP-delivered vaccines, as well as pro-inflammatory or
adjuvant activities of MAP materials and immunogenicity of MAP-
administered antigens are currently being investigated.

As outlined above, many studies report promising immunogenicity
of viral antigens when delivered using dissolvable/biodegradable MAP
systems. For instance, a comprehensive study demonstrated that
MAPs can be effectively manufactured using a dissolvable polymer
(PVP) to integrate an inactivated influenza virus vaccine, and the fabri-
cated MAPs can successfully pierce the skin and dissolve upon penetra-
tion [316]. In mice, intracutaneous vaccination with these MAPs
generated potent pathogen-specific immune responses thatwere either
superior or comparable to those obtained by IM immunization. Specifi-
cally, immunization via skin usingMAPs resulted in similar humoral re-
sponses, improved durable or long-lasting responses, and increased
lung viral clearance compared to vaccination via IM injection. Most im-
portantly, a single, low-dose influenza vaccine-loaded MAP was able to
protect mice against intranasal lethal viral challenge. This study sug-
gests that MAPs can provide an attractive approach for improved global
vaccination programs against influenza and other infectious diseases.
Indeed, driven by several published reports supporting the develop-
ment of biodissolvable MAPs for increased global vaccination coverage,
biodissolvable MAPs were the first MAP type exploited for pre-clinical
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COVID-19 vaccination [198]. In the future, more comprehensive mech-
anistic studies with dissolvable MAPs are expected for safer and more
effective skin vaccination strategies against SARS-CoV-2 and other
novel infectious pathogens.

Other types of MAPs, such as hydrogel-forming, porous, and hybrid
MAPs, are relatively newer concepts and thus, they have yet to be com-
prehensively evaluated in animal models for skin-targeted vaccination
against infectious diseases. For instance, hydrogel-forming MAPs have
been evaluated for skin-targeted vaccination using amodel antigen, ov-
albumin (OVA) [224]. Interestingly, comparison of dissolvable and
hydrogel-forming MAPs integrating OVA for skin-targeted vaccination
of mice showed that both MAP types are capable of inducing antigen-
specific antibody responses, but those induced by dissolvable MAPs
were substantially more potent [224]. Similarly, there are a limited
number of reports demonstrating intracutaneous immunization of
mice with porous MAPs using OVA or influenza, which provided effec-
tive protection against viral challenge [244,246]. Hybrid MAPs have
been used to implant biodegradable polymer (e.g., chitosan)microarray
tips into animal skin through their rapid separation from the stems to
achieve controlled release of vaccine components in the cutaneous mi-
croenvironment [250,338]. Consistent with studies demonstrating im-
proved immunogenicity of antigens delivered in a sustained manner
by daily or repeated injections, extended release of vaccine components
from hybrid or otherMAP types resulted in improved adaptive immune
responses [250,339–344]. Ultimately, hydrogel-forming, porous, and
hybrid MAPs represent alternatives for skin-targeted immunization
against emerging infectious diseases. However, these MAP types have
yet to be fully investigated with different viral vaccine candidates and
animal models to understand their mechanisms, efficacy, and safety.
Importantly, whether sustained release of vaccine components via
MAP-based immunization bears the risk of tolerance induction or
other adverse outcomes will need to be further studied to enable
more widespread utilization of sustained-release MAPs for skin
vaccination.

To further improve the quality of MAP-based skin-targeted
vaccination, several chemical and biological adjuvants (also known as
immune-enhancers) have also been evaluated in pre-clinical studies
[195,270,289,290,319,320,322,345–352].For instance,onestudyinvesti-
gatedtheeffectsoftwodifferentTLRagonists(imiquimod,aTLR7agonist,
and polyinosinic:polycytidylic acid (poly(I:C)), a TLR3 agonist) on hu-
moral and cell-mediated immune responses in mice immunized with
coated MAPs loaded with influenza antigen [351]. While the effect of
poly(I:C) on influenza-specific adaptive immune responseswas negligi-
ble, imiquimod improved antigen-specific Th1 immunity, as evidenced
byenhancedIgG2aantibodiesandIFN-γproducingTcells,whichprovide
protection against viral infectious diseases. On the other hand, a recent
study evaluated the effect of poly(I:C) on immune responses elicited by
skinvaccinationofmicewithdissolvableMAPs incorporating liveadeno-
viral vectored antigen (OVA) and showed that poly(I:C), when co-
deliveredwith adenovirus in the sameMAP, improved antigen-specific
cellular immunity [352]. Another adjuvant, monophosphoryl lipid A
(MPLA), a TLR4 agonist, has been tested with coated and dissolvable
MAPs against RSV andHIV, respectively, inmice [270,322]. Specifically,
skin delivery of the FI-RSV vaccine by coated stainless-steel MAPs
resulted in increased lung viral clearance compared to traditional IM im-
munization, and co-delivery ofMPLAwith antigen improved the immu-
nogenicity of FI-RSV vaccine and induced protective immunity.
Importantly, inclusion ofMPLA decreased expression of Th2-associated
cytokines and infiltrating innate inflammatory cells, while increasing
Th1-type immunity in the lungs, thereby avoiding vaccine-induced im-
munopathology. Although themechanisms of action of adjuvants, espe-
cially when administered via skin, have yet to be fully elucidated with
differentantigentypes,doses,andkinetics, thesestudiesultimatelydem-
onstrate that adjuvants canbeusedeffectively inMAP-basedvaccination
to strategically improve themagnitude and quality of pathogen-specific
protective immune responses. To this end, previous efforts with
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adjuvanted coronaviruses vaccines could enable rational selection of
ideal adjuvants to be incorporated intoMAPswith optimal SARS-CoV-2
antigens formore effective COVID-19 vaccination [353].

In addition to chemical and biological adjuvants, disruption of the
skin barrier and biomaterials-based nanoparticles (NPs) have been ex-
plored in pre-clinical studies as potentially safer adjuvants for MAP-
delivered antigens. For instance, a comprehensive study demonstrated
that application of high-density MAPs (e.g., 21,000 microprotrusions
per cm2) coated with a split virion, inactivated influenza vaccine to
mouse skin using a spring-based applicator device significantly in-
creased local cell death in the skin, compared to traditional intradermal
injection, and the amount of cell death was correlated with the density
of microprotrusions [354]. Importantly, this local cell death increased
the immunogenicity of the vaccine, as evidenced by increasing humoral
responses, up to a certain level of cell death [354]. Collectively, these
pre-clinical studies suggest that optimal MAP designs and application
conditions can generate transient mechanical stress to induce con-
trolled cell death and a pro-inflammatory skinmicroenvironment to en-
hance antigen-specific humoral immune responses [354,355]. However,
the effects of skin cell death generated by diverseMAP designs on cuta-
neous immune mechanisms and adaptive immune responses have yet
to be elucidated with diverse vaccine candidates. Furthermore, it will
be important to determine the effect of skin cell death on cellular im-
mune responses and whether local cell death could skew immune re-
sponses to MAP-delivered antigens. For example, Th1 immunity is
deemed favorable when targeting intracellular pathogens and is rela-
tively challenging to achievewith extracellular antigen vaccines. Impor-
tantly, these mechanisms have yet to be rationally translated to
humans, in part due to differences in skin anatomy and mechanical
properties, aswell as differences in cutaneous immunemechanisms be-
tween murine and human skin.

Biomaterials-based NPs or nanostructures encapsulating vaccine
components have been investigated pre-clinically in MAP-mediated
skin immunization, and have the potential to improve immune re-
sponses by controlling spatial and temporal release of vaccine compo-
nents [356–364]. Nanoparticles offer broad advantages, including
enhanced stability, improved spatial targeting, better innate immunity
triggering, and timed-release [365–367]. To exploit these advantages
of NPs for intracutaneous vaccination, it is possible to use MAPs for
rapid, reproducible, convenient, and effective skin-targeted delivery of
vaccine-loaded NPs. Improved targeting of skin DCs or prolonged vac-
cine exposure to either cutaneous cells or lymph node resident DCs by
NPs could enhance the strength and breadth of antigen-specific adap-
tive immune responses [357,360,363]. Despite promising initial results
obtained with vaccine loaded NPs delivered to the skin microenviron-
ments using MAPs, these combination systems are still in their infancy
with respect to widespread use in global immunization programs. Scal-
able manufacturing of sterile NPs integrating vaccine components and
NP-loaded MAPs with optimal vaccine loading and encapsulation effi-
ciencies, identification of optimal MAP systems for reliable and consis-
tent skin-targeted delivery of vaccine-loaded NPs with optimal
delivery efficiencies, as well as a comprehensive mechanistic under-
standing of skin immunization by NP-loaded MAP systems are still
needed to enable safe, inexpensive, more predictable and effective
skin-targeted vaccination using these innovative systems.

Together, accumulating pre-clinical data supports the bright future
of MAP-based skin immunization against emerging infectious patho-
gens, including SARS-CoV-2. Rationally selected MAPs can be used for
various antigen formats, though specific antigen platforms can intro-
duce unique challenges. For example, for solidMAP-assisted immuniza-
tion that relies on topical application of antigen, nucleases present on
the surface of the skin could potentially degrade certain types of antigen
platforms, such as mRNA or plasmid DNA vaccines. On the other hand,
commonly used coated, dissolvable, or hollow MAPs have been shown
to be compatible with different antigen platforms, including DNA and
viral vectored vaccines. Emerging hydrogel-forming, porous, and hybrid
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MAPs are now being evaluated with diverse antigen formats. Despite
promising pre-clinical results with MAPs, there is still substantial
work needed to identify and further support favorable MAP platforms
to increase global immunization coverage and to more effectively re-
spond to COVID-19 and future outbreaks. Specifically, the heterogeneity
of pre-clinical studies without standard animal models, protocols, and
efficacy measures makes the identification of preferred MAP concepts,
designs, and materials for different vaccine candidates challenging.
The lack of comprehensive understanding of local skin immunemecha-
nisms induced by MAP-delivered antigens, with or without adjuvants,
and of theprecise relationship between thesemechanisms and systemic
adaptive responses is still an important obstacle to the shift from empir-
ical methods to rational and predictable skin-targeted immunization
strategies. Furthermore, there is still a considerable knowledge gap re-
garding the safety and efficacy of MAP-directed skin immunization in
pre-clinical models representing higher-risk populations, such as im-
munocompromised and/or aged individuals. To address these knowl-
edge gaps and to better predict the clinical safety and efficacy of
vaccines delivered byMAPs, including current COVID-19 vaccine candi-
dates, animal models with standard correlates of safety, immunogenic-
ity, and protection must be established. Evaluating the safety and
immunogenicity of MAP-delivered vaccines (e.g., SARS-CoV-2 vac-
cines), with or without adjuvants, in appropriate animal models and
elucidating the local cutaneous immune mechanisms imparted by
MAP-delivered vaccines in human skin models could provide much-
needed information to drive the clinical success of MAP-mediated im-
munization efforts.

5.4. MAP-directed clinical vaccine trials

Well-designed clinical trials will be essential for both the mechanis-
tic development and clinical application of MAP vaccines. Driven by the
aforementioned scientific and technological progress, clinical evalua-
tion of MAP-based skin vaccination is beginning to emerge. In line
with the abundance of animal studies of MAP-directed immunization
against influenza, early-phase clinical trials with MAPs have also fo-
cused on influenza vaccines. Influenza vaccines using coated, hollow,
and dissolvable MAPs have been evaluated in clinical trials with prom-
ising safety, acceptability, and efficacy results [263,368–371]. Additional
clinical trials with MAP vaccines for other viral infectious diseases, such
as rabies, polio, hepatitis B, and varicella-zoster virus, have also pre-
sented promising findings with regard to the safety and immunogenic-
ity [369,372–375]. Together, these early-phase clinical trials support
advanced human clinical studies with MAP-mediated skin-targeted
vaccination against a broad range of infectious diseases.

High-density MAPs coated with influenza vaccine have been evalu-
ated in human studies with promising results [263,368]. For instance,
one study reported the results of a randomized, partly-blinded,
placebo-controlled, phase I trial using high-density siliconMAPs, coated
with monovalent, split inactivated influenza virus vaccine and applied
with a spring-loaded applicator, that suggested that MAP vaccination
was safe and acceptable with no significant local or systemic adverse
events [368]. Importantly, skin immunization using these influenza
vaccine-coated MAPs resulted in antigen-specific humoral immune re-
sponses similar to those obtained by IM injection. A more recent study
presented additional promising findings with influenza vaccine coated
MAPs from a randomized, controlled phase I clinical trial with high-
density polymer MAPs, coated with monovalent, split inactivated influ-
enza virus vaccine and applied using a spring-based applicator [263].
This study concluded that the vaccine was well tolerated without any
serious untoward effects, and induced antigen-specific humoral and cel-
lular immune responses. Further, this study demonstrated potential
dose-sparing advantages of MAPs over traditional IM vaccination in
humans, as well as the thermostability of vaccine components at 40°C
for at least 1 year [263]. Unlike earlier high-densityMAPs thatwere pro-
duced from silicon using microfabrication techniques, these high-
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density polymer MAPs were manufactured using injection molding to
improve the scale-up potential and reduce cost.

Hollow MAPs have also been tested in clinical vaccine trials with
promising findings in terms of safety, acceptability, and immuno-
genicity [195,369,372–376]. For instance, the MicronJet600 has been
evaluatedwith diverse vaccines, such as influenza, polio, and varicella-
zoster virus vaccines, in human studies.MicronJet600, or its predecessor
MicronJet, have also been tested in diverse populations (e.g., young and
older adults, or HIV-infected individuals) [369]. Together, these vaccine
trials concluded that MicronJet600 or MicronJet hollow MAPs were
safe and effective for intradermal immunization of human subjects and
could offer patient-adherence, dose-sparing, and immunogenicity
advantages compared to traditional vaccination strategies [369].
MicronJet600 has also been evaluated in human trials for safe and effec-
tive skin-targeted delivery of an adjuvanted influenza vaccine [195]. An-
other hollowMAP, DebioJect, has been investigated in a phase I clinical
trial for rabies vaccination, with promising findings in terms of safety,
without serious adverse events, and antibody responses [372]. Driven
by these findings fromhuman clinical studieswith hollowMAPs, future
late-phaseclinical trialswithhollowMAPsareexpected to further evalu-
ate the safety and immunogenicity of hollowMAP-delivered vaccines in
larger andmore diverse subject populations.

DissolvableMAPs, which have emerged to simultaneously eliminate
the need for dependency on the cold chain, trainedmedical personnel,
andbiohazardoussharpswaste,whileofferingadditional immunogenic-
ity,manufacturing, cost, and disposal advantages, have also been evalu-
ated in human studies [370,371]. One clinical study demonstrated the
safety and immunogenicity of a trivalent seasonal influenza subunit vac-
cine delivered by hyaluronic acidMAPswith no serious side effects and
with antigen-specific adaptive immune responses equivalent to, or
more effective than those induced by SChypodermic needle vaccination
[370]. For this trial, MAPswere applied using a spring-based applicator
device, andparticipants receivedprimeandboost vaccinations. Interest-
ingly, this trial lacked a placebo control, data frommore than half of the
subjectswereexcludedduetofailures inreliable intracutaneousdelivery,
and theMAP-integrated influenza vaccine lost bioactivityduring storage
at elevated temperatures (e.g., at 25 °C and40 °C), suggesting the impor-
tance of MAP formulations for reproducible skin delivery and long-
term stability. Another study reported comprehensive findings from a
randomized, partly blinded, placebo-controlled, phase I trialwithdissol-
vable MAPs incorporating the licensed 2014–2015 seasonal trivalent
inactivated influenza vaccine (TIV, Fluvirin) [371]. This trial included a
placebo control, healthcare worker-applied MAP, self-administered
MAP, and IM vaccination groups with a single immunization, and con-
cluded that dissolvableMAPswere safe for skin-targeted vaccination of
human trial subjects without any serious untoward events, without
generation of biohazardous sharpwaste, and offering high potential for
self-administration [371]. Further, the MAP-integrated vaccine was
thermostable for at least 1 yearwithout the need for refrigerationwhen
stored in desiccated packaging. In this trial, pain was a more common
reactogenicity event in the IMvaccination groups compared to theMAP
vaccination groups, whereasMAP vaccination resulted inmore frequent
local skin reactogenicity events (e.g., mild and transient pruritus,
erythema, and swelling). Importantly, theMAP-delivered vaccine was
capable of generating antibody responses, withmean titers for all virus
strains comparable to those elicited by IM immunization at day 28.
Remarkably, vaccine delivery efficiencies and vaccine-induced humoral
immune responses were comparable for MAPs that were either self-
administered or applied by healthcareworkers, thereby supporting the
self-administration potential of MAP-based vaccines, whichmay offer
an important advantage for global vaccination programs during pan-
demics. Moreover, trial subjects and healthcare workers preferred
MAP-directed vaccination over IM immunization, indicating better
acceptability ofMAPs for immunization. These promising clinical safety,
immunogenicity, and acceptabilityfindingswith dissolvableMAP influ-
enza vaccines support further development of dissolving MAPs with



E. Korkmaz, S.C. Balmert, T.L. Sumpter et al. Advanced Drug Delivery Reviews 171 (2021) 164–186
advanced human studies powered or designed to reliably evaluate the
immunogenicity of MAP-delivered vaccines and clinical testing of dis-
solvableMAP vaccines for other emerging infectious pathogens. Indeed,
with encouraging data from comprehensive pre-clinical evaluation of
measles and rubella (MR) vaccine-loaded dissolvable MAPs, an early-
phaseclinicaltrialwithanMAPMRvaccineisexpectedtostartsoon[214].

Table 1 summarizes the published MAP-based human studies with
antiviral vaccines. In addition, a commercially available microinjection
system from Beckton Dickinson (BD) has been extensively evaluated
for intradermal immunization and it is currently being tested in a
Phase IV clinical trial to compare the efficacy of four different influenza
vaccines in older adults (ClinicalTrials.gov Identifier: NCT01368796).
Together, these clinical trials with MAP vaccines suggest that MAPs
are safe, well-tolerated, and effective for skin-targeted vaccination,
supporting further testing of MAP-based vaccines in advanced human
studies and pursuit of regulatory approval and commercialization. To-
ward widespread use of MAP vaccines, future late-phase clinical studies
will enable more comprehensive evaluation of MAP-based vaccines in
diverse populations, such as those who are deemed relatively high-
risk patients (e.g., elderly or immunocompromised individuals). Since
the initial human studies with MAPs were designed primarily to evalu-
ate safety and acceptability, a more thorough immunogenicity testing
will be necessary to evaluate the magnitude, quality, breadth, and lon-
gevity of MAP vaccine-induced protective antibody and cellular im-
mune responses. The self-application potential of certain MAP types,
without the need formedical expertise for proper application, andwith-
out an applicator device, will need to be more extensively tested in
larger and diverse populations. The lack of reliable feedback for the
skin insertion ofMAPs and vaccine delivery, aswell as the scarcity of de-
tailed information on vaccine delivery efficiencies of MAPs in humans
must be addressed to assure consistent immunogenicity and efficacy.
Based on the results from initial human clinical trials, the development
of next-generation MAP concepts could be pursued to improve the skin
penetration and delivery efficiencies of MAPs without compromising
safety, simplicity, and convenience.
5.5. Additional considerations for MAP-based vaccines

Toenable thewidespreadutilizationofMAPswithCOVID-19vaccines
and other compatible vaccine components, manufacturing sites for scal-
able fabrication of standardMAP vaccines with dosage uniformity and
highqualitymustbeestablished. Further, safety, sterilization,packaging,
thermostability, reliable skin application and delivery, supply chain, ac-
ceptability, disposal, regulatory approval, cost, commercialization, and
Table 1
Summary of published clinical studieswithMAP-directed antiviral vaccines. (IIV: Inactivated infl
virus, HBV: Hepatitis B virus, Physical adjuvant: High-densityMAPs appliedwith an applicator d
studies, -: Not studied).

MAP Type Antigen

Coated MAP [Polymer] IIV
Coated MAP [Silicon] IIV
Hollow MAP [DebioJect™] IRV
Hollow MAP [MicronJet™] IIV
Hollow MAP [MicronJet™] IIV
Hollow MAP [MicronJet600™] IPV
Hollow MAP [MicronJet600™] Live, attenuated VZV
Hollow MAP [MicronJet600™] IPV
Hollow MAP [MicronJet600™] IIV
Hollow MAP [MicronJet600™] Influenza hemagglutinin virus-like particle
Hollow MAP [VAX-ID™] Recombinant HBV surface protein
Hollow MAP [MicronJet™] Influenza hemagglutinins
Hollow MAP [MicronJet600™] Influenza hemagglutinins
Dissolvable MAP [Hyaluronic acid] Influenza hemagglutinins
Dissolvable MAP [Gelatin+sucrose] IIV
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returnoninvestmentwillneedtobefullyevaluatedforeachMAPvaccine
formulation.

The safety of MAPs is of utmost importance for widespread utiliza-
tion. To this end, it will be important to elucidate the local responses in-
duced by application ofMAPs and their correlationwith the level of skin
barrier disruption and recovery to better understand the risk of infec-
tion throughMAP-treated skin in diverse populations, including elderly
and immunocompromised individuals. Due to protective abilities of the
skin, the occurrence of infections atMAP-application sites is unlikely. In-
deed, using in vitromodels, it has been shown that the risk of cutaneous
penetration ofmicrobial agents is higher in barrier defects caused by hy-
podermic needle injection compared to those generated by MAP appli-
cations [382].

Microarray patches (MAPs), which will be used for skin-targeted
vaccination, must be sterile to ensure that they will deliver only
the intended vaccine components, without microbial agents or
bioburden. MAPs could be fabricated under aseptic conditions with
good manufacturing practices (GMP); however, aseptic manufacturing
is complex and expensive. Alternatively, low bioburden processes and
environment can be used to manufacture MAPs, followed by terminal
sterilization to satisfy the requirements of regulatory authorities. Stan-
dard sterilization procedures (e.g., gamma irradiation) can be employed
for MAPs when coupled with rigorous post-sterilization validation pro-
cesses. For vaccine components that are incompatible with current ster-
ilization methods, it may be necessary to create MAPs under aseptic
conditions, which would considerably increase the cost of MAP vac-
cines. Recently, to obviate the challenges associated with sterilization
of biocargo-loadedMAPs, self-sterilizing dissolvingMAPs have been in-
troduced [383]. Specifically, self-sterilizing MAPs have been prepared
by integrating silver nanoparticles into CMC MAPs to prevent bacteria
growth at the delivery site, and these MAPs could be an alternative to
relatively complex MAP sterilization processes. Ultimately, cost-
effective fabrication of sterile, high-qualityMAPs,without significant ef-
fect on vaccine components and structural materials of MAPs, will be
important for global vaccination programs.

The packaging, labeling, and refrigeration-free storage and transpor-
tation of MAP-based vaccines may require additional considerations for
standardization and longevity. In addition to identifying ideal water-
soluble biomaterials to serve as stabilizers to enable long-term viability
of MAP-integrated vaccines without the need for the expensive cold-
chain, utilization of desiccants and sealing methods may be required
to assure long-term shelf life, which may increase the cost of MAP-
vaccines. Collectively, identifying favorable MAP materials for COVID-
19 vaccines and other vaccines, as well as determining the preferred
packaging methods to retain the potency of vaccine components
uenza virus, IPV: Inactivated poliovirus, VZV:Varicella-zoster virus, IRV: Inactivated rabies
evice. AAHS: Amorphous aluminumhydroxyphosphate sulfate,MLoS:Maximum length of

Adjuvant Stability (MLoS) Publication

Physical adjuvant 1 year at 40 °C [263]
Physical adjuvant – [368]
No – [372]
No – [376]
No – [377]
No – [374]
No – [375]
No – [378]
No – [379]

s GLA-AF (TLR4 agonist) – [195]
AAHS – [373]
Virosomes – [380]
Virosomes – [381]
No 6 months at 4 °C [370]
No 1 year at 40 °C [371]
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without refrigeration for an extended period of time, are important
goals for effective global vaccination programs.

Reliable and consistent skin penetration and vaccine delivery is par-
amount to the success of MAP-based intracutaneous immunization. De-
pending on their design and type, MAPs could be applied either by
trained healthcare personnel, or self-administered by individuals, with
or without an applicator device. The variability of both applicator-
assisted and applicator-free application of MAPs, with or without med-
ical expertise, has yet to be tested in larger human studies with diverse
populations. Self-administration without an applicator device would be
ideal for effective global vaccination programs; however, it would be
critical to confirm MAP insertion into the skin and vaccine delivery for
successful immunization. To this end, feedback systems, such as simple
snap-based devices and pressure-indicating films, have been incorpo-
rated into MAP systems to inform the end-users about the sufficient
levels of application force required for effective skin penetration
[384,385]. However, these systems still provide indirect feedback with-
out direct validation of skin penetration and vaccine delivery, and thus,
development of additional feedback mechanisms could further assure
reproducible MAP application and vaccine delivery. After addressing
the reproducible skin penetration and vaccine delivery concerns,
MAP-mediated vaccination is expected to be preferred by the general
public and healthcare workers over traditional hypodermic needle in-
jection, which could improve patient adherence and global immuniza-
tion coverage [371,386,387]. Ultimately, self-administration, without
the need for medical expertise, is expected to bring many acceptability,
convenience, and cost advantages, whichwould be especially beneficial
for global vaccination efforts during pandemics.

To successfully bring MAP vaccines to market, detailed cost and re-
turn on investment analyses of MAP vaccines must be undertaken,
with consideration of costs related to development and implementation
of standard large-scale fabrication, quality control, sterilization, batch
release, storage, distribution, application, and disposal processes. Initial
cost analysis with MAP vaccines indicates that certain types of MAP-
based vaccines, without the need for an applicator device, would be
more cost-effective than existing vaccines, especially when the cost re-
ductions resulting from self-application without the need for medical
expertise, shelf-stability without refrigeration, no generation of biohaz-
ardous sharpwaste, andmore efficient usage of vaccine components are
considered [214,388].

Many vaccines, including most of the current SARS-CoV-2 vaccine
candidates, require booster doses to induce robust immune responses
that confer durable protection, which poses substantial logistics
and compliance challenges, especially in developing countries. To ad-
dress these challenges, development of thermostable, single-dose,
timed-release vaccines are under development [389]. Specifically,
PLGA microspheres encapsulating vaccine components have been
widely investigated as controlled release vaccine delivery systems via
conventional hypodermic needle injection [390–392]. However, PLGA
microparticles (MPs) encapsulating vaccines have been mainly fabri-
cated using traditional mechanical homogenization-based emulsifica-
tion solvent evaporation approaches that pose vaccine stability
challenges due to the use of organic solvents and harsh stresses experi-
enced during the process. To address these challenges, newer methods
(e.g., active self-healing encapsulation (ASE) and StampEd Assembly
of polymer Layers (SEAL)) have been devised to create controlled re-
lease PLGA microstructures with improved vaccine stability [393,394].
However, even these newer controlled release vaccine platforms have
been administered mainly via traditional IM injections. More recently,
vaccine-loaded biodegradable MPs synthesized using the ASE method
have been delivered using MAPs to enable user-friendly, controlled re-
lease of vaccine components toward eliminating the need for multiple
injections, a feature of considerable value particularly in developing
countries [395]. To eliminate the need for return visits to healthcare
providers, and in turn, to improve global vaccination coverage, compos-
ite MAPs have also been developed to enable both rapid and sustained
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release of vaccine components in a single dose to improve antigen-
specific protective immune responses [396,397]. These innovative vac-
cine delivery systems, combined with potential self-application of
MAPs, are expected to increase patient compliance, especially in devel-
oping countries.

6. Summary and perspective

The COVID-19 pandemic clearly demonstrates that emerging in-
fectious pathogens pose a major global public health problem. Vacci-
nation is the most effective strategy for reducing the burden of
infectious disease, preventing millions of deaths each year, as esti-
mated by the World Health Organization. Realizing the true potential
of immunization against a novel pathogen will require: 1. identifica-
tion of a rational vaccine target and production of a safe and effective
vaccine, 2. determination of an ideal vaccine administration route, and
3. development of an easy-to-use, cost-effective, patient-friendly, and
broadly deployable vaccine delivery system. The expanding knowl-
edge of skin immunobiology suggests that targeting vaccines to the
skin microenvironment is an attractive alternative to prevailing im-
munization routes (e.g., intramuscular injection) and is more suitable
for mass vaccination. Advances in skin science and vaccine delivery
technologies are facilitating the rational selection of safe and potent
adjuvants for intracutaneous immunization, and enabling reproduc-
ible and controlled delivery of vaccine components to the skin micro-
environment. MAPs are rapidly emerging skin-targeted vaccine
delivery systems with several unique advantages. Their compatibility
with a wide range of antigen platforms (e.g., DNA, live viral vector,
subunit, and inactivated virus) and adjuvant types, as well as emerg-
ing evidence supporting their broad acceptability by general public
and healthcare workers, will allow MAPs to challenge the established
paradigm of hypodermic needle injections for immunization, with im-
portant implications for safer, more effective, and user-friendly vacci-
nation against emerging infectious diseases. Evaluating effects of
traditional adjuvants in MAP vaccines will be important, as both
reactogenicity and beneficial immunological effects of adjuvants
may depend on the route of administration. Indeed, some adjuvants
deemed to be too toxic or ineffective when delivered via traditional
parenteral injections, may be safe and efficacious when delivered to
the targeted skin microenvironment.

Current leading SARS-CoV-2 vaccine candidates pose significant
challenges for effective global immunization programs since they use
traditional parenteral routes and needle injections for delivery, and re-
quire cold-chain dependent storage and distribution. Thus, effective,
safe, inexpensive, needle-free, thermostable, self-administered, and
broadly deployable immunization strategies are urgently needed to
combat the COVID-19 pandemic and to prevent future emerging patho-
gen pandemics. To this end, MAP-directed skin-targeted vaccination
provides an attractive solution. Rapid, focused, and collaborative efforts
to better understand the mechanisms underlying MAP-mediated skin
vaccination against COVID-19 using the most promising SARS-CoV-2
vaccine candidates and MAP systems will accelerate the development
of effective and broadly deployable skin-targeted COVID-19 vaccines.
These studies could synergize with accelerated MAP-based COVID-19
vaccine clinical trials that employ adaptive trial designs to assure safety,
while enabling rapid regulatory approval. These efforts could occur si-
multaneouslywith the expansion ofMAPmanufacturing capacity to en-
able scalable fabrication of MAP vaccines in strict compliance with
clinical standards. Ultimately, immunogenicity, simplicity, safety, com-
pliance, thermostability, cost, versatility, and supply chain advantages
of MAP-based vaccinesmake them an exciting alternative for global im-
munization programs. As such, we encourage scale-up of pre-clinical
and clinical efforts to address current knowledge gaps and to expand ca-
pabilities through synergistic collaborations between academia, indus-
try, and governments to effectively actualize MAP vaccine technology
platforms for rapid deployment in global immunization programs.
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