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Abstract

Transdermal drug delivery systems (TDDS) have many advantages and represent an excellent alternative to oral delivery
and hypodermic injections. TDDS are more convenient and less invasive tools for disease and viral infection treatment,
prevention, detection, and surveillance. The emerging development of microneedles for TDDS has facilitated improved skin
barrier penetration for the delivery of macromolecules or hydrophilic drugs. Microneedle TDDS patches can be fabricated
to deliver virus vaccines and potentially provide a viable alternative vaccine modality that offers improved immunogenicity,
thermostability, simplicity, safety, and compliance as well as sharp-waste reduction, increased cost-effectiveness, and the
capacity for self-administration, which could improve vaccine distribution. These advantages make TDDS-based vaccine
delivery an especially well-suited option for treatment of widespread viral infectious diseases including pandemics. Because
microneedle-based bioassays employ transdermal extraction of interstitial fluid or blood, they can be used as a minimally
invasive approach for surveying disease markers and providing point-of-care (POC) diagnostics. For cutaneous viral infec-
tions, TDDS can provide localized treatment with high specificity and less systemic toxicity. In summary, TDDS, especially
those that employ microneedles, possess special attributes that can be leveraged to reduce morbidity and mortality from viral
infectious diseases. In this regard, they may have considerable positive impact as a modality for improving global health.
In this article, we introduce the possible role and summarize the current literature regarding TDDS applications for fight-
ing common cutaneous or systemic viral infectious diseases, including herpes simplex, varicella or herpes zoster, warts,
influenza, measles, and COVID-19.
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Skin as a route for drug delivery: strengths
and weaknesses

The three anatomical layers of skin are the epidermis, der-
mis, and subcutis. The outermost epidermal layer is com-
posed of four or five layers from superficial to deep, includ-
ing the stratum corneum, stratum lucidum (only in palms
and soles), stratum granulosum, stratum spinosum, and the
stratum basale. The stratum corneum, the outermost layer of
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from water loss, infection, chemical or mechanical irritation,
and drug absorption. The stratum corneum allows primarily
passive diffusion by drugs with specific physicochemical
properties (molecular weight < 500 Da, high lipophilicity,
and low melting point) [1, 2].
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Transdermal drug delivery systems (TDDS) are an excel-
lent alternative to oral delivery and hypodermic injections.
Because of the delivery route, they naturally avoid poten-
tially detrimental digestive/metabolic effects associated
with oral drug delivery including the effluence of enzymatic
digestion, gastric emptying time, gastrointestinal tract pH,
and the first-pass effect, which occurs in the liver [1, 3].
They are also superior to oral delivery because they can
be administered on unconscious or nauseated patients [4].
Compared to injection delivery, TDDS avoid pain, bruis-
ing, and bleeding, which improves patient acceptance and
compliance. They also eliminate the risk of needle-associated
disease transmission and accidental needle injury, and
reduce the generation of dangerous medical waste sharps
[5]. The advantages of TDDS are not just safety-based;
they have been shown to reduce overall healthcare treat-
ment costs [6]. Furthermore, TDDS can provide prolonged
and controlled drug release [7], minimize the peak of drug
concentration, and reduce associated systemic toxicity [4].
They have unique administrative flexibility—they are easy
to apply and to remove, which not only means that drug
delivery can be easily terminated if it causes localized or
systemic side effects, but also means that they are well suited
for self-administration. TDDS are especially well suited for
treatment of dermatological diseases. Direct application of
a drug to a target skin site can maximize drug efficacy and
minimize side effects (Table 1).

The disadvantages of most concern regarding TDDS
are possible skin irritation and sensitization (Table 1).
Drugs, adhesives, or patch formulations might cause skin

irritation or allergic contact dermatitis. Although skin tests
are performed for all TDDS products before marketing,
skin reaction differs from person to person. Skin irritant
contact dermatitis (ICD) may be caused by chemical or
physical irritants and manifested as itchy or painful ery-
thematous patches or plaques. ICD activates the innate
immune response by inducing proinflammatory mediators
that directly recruit and activate T lymphocytes, without
induction of antigen-specific memory T cells. In contrast
to ICD, allergic contact dermatitis (ACD) is a response of
the adaptive immune system, in which there is a delayed
T-cell-mediated (type 4) allergic reaction. The delayed
hypersensitivity reaction follows a two-step mechanism,
comprising an induction phase and an elicitation phase.
This results in a delayed appearance of skin rashes follow-
ing continuous allergen contact. In some instances, both
ICD and ACD may be present [8].

As mentioned previously, the stratum corneum allows
primarily passive diffusion by drugs with low molecular
weight (< 500 Da) and high lipophilicity[1, 2]. Without
special techniques or drug modification for improving skin
penetration, drugs with a hydrophilic structure or ionic
drugs are not able to adequately penetrate skin and achieve
high drug levels in systemic circulation. Because of the
impermeable nature of skin, potent drugs must usually
be used with traditional patches to achieve penetration.
However, because the skin barrier function varies by body
site and age, pharmacokinetics can be unpredictable. Addi-
tionally, patches may not adhere well to all types of skin,
so adhesion performance is another concern [9] (Table 1).

Table 1 Advantages and disadvantages of TDDS for controlling viral infectious diseases

TDDS in controlling viral infectious diseases

Advantages [1, 3, 4, 5, 7, 26, 27, 31]

Disadvantages [1, 2, 8, 24]

Avoid first pass effect of liver and the effluence of enzyme digestion, gastric emptying time, and pH

of gastrointestinal tract
Possibility of applying to unconscious or nauseated patients
Avoid pain, bruising, and bleeding

Better patient acceptance and compliance for vaccination or treatment

Improved immunogenicity of vaccination

Less needle-related disease transmission and more safety

Less sharp medical waste and more cost-effectiveness

Possible self-administration for increasing vaccination coverage
Direct drug application to the cutaneous infected sites

Reduce associated systemic toxicity or side effects

Prolonged and controlled drug release

Flexibility of termination

Irritant contact dermatitis

Allergic contact dermatitis
Relative low drug level in blood

Limited penetration of large sized, hydro-
philic structure or ionic drugs

Variable adhesion performance of patches
Variable skin barrier function (sites, age)

Transdermal extraction for examination, especially for direct sampling of cutaneous viral infections
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What are the classifications of TDDS?

TDDS have primarily been used for topical formulations,
transdermal patches, and integration with microneedles [1,
10]. To improve the penetration of drugs through the skin via
TDDS, a wide range of physical and chemical techniques have
been developed including chemical enhancers [11] or prod-
rugs [12], biochemical enhancers such as some cell-penetrating
peptides [13], iontophoresis [14], non-cavitational or cavita-
tional ultrasound [15, 16], electroporation[17], thermal abla-
tion [18], and microdermabrasion [19]. Recently, nanocarriers
have been developed that increase drug penetration and pro-
vide controlled and targeted drug release [20, 21].

Transdermal patches can employ reservoir systems,
matrix systems, and micro-reservoir systems to delivery
drugs [22]. During development, transdermal patches are
tested to examine and optimize adhesion properties, physico-
chemical properties, in vitro drug release delivery, in vitro
skin permeation, stability, and reduce skin irritation. Various
drug-delivery transdermal patches are commercially avail-
able that have been optimized in accordance with therapy
duration [22].

More recently, microneedles have become increas-
ingly popular for incorporation into transdermal drug
delivery systems, especially for macromolecules or
hydrophilic substance. Microneedles can penetrate
through the stratum corneum, the primary skin barrier,
and into the deeper levels of epidermis. This dramatically
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Fig. 1 Different types of microneedles and their characteristics.
(A) The structures of solid, hollow, coated, polymer, and hydro-
gel microneedles. (B) Each of these microneedles has different drug
delivery properties. Solid microneedles are well suited for penetra-
tion and increasing drug permeability. Hollow microneedles create
pathways for drug infusion. Coated microneedles contain drugs on

improves skin permeability. Unlike hypodermic injec-
tions, microneedles are small enough to avoid contact
with nerve fibers and blood vessels in the dermis [2].
Different types of microneedles with unique properties
have been fabricated for a variety of drug delivery appli-
cations. These include solid, hollow, coated, polymer,
and hydrogel microneedles (Fig. 1) [23, 24]. As illus-
trated in Fig. 1, solid microneedles are well suited for
penetration, and can be used to increase permeability
before drug application. Hollow microneedles are used
to create pathways for drug infusion into the skin. Coated
microneedles have a drug coating on their surface that
dissolves after insertion into the skin. Biocompatible and
biodegradable polymer microneedles have been created
to contain encapsulated drugs that fully dissolve in the
skin to release their encapsulated reagents. There are also
microneedles made of non-dissolving, liquid-absorbing
hydrogels that can be used for fluid and materials dif-
fusion [23, 24]. So, microneedles can be used for both
drug delivery and fluid extraction, which is an intriguing
prospect in terms of integration with patch-embedded bio-
marker systems that might be used for diagnostic purposes
[25]. Hollow and hydrogel microneedles can be fabricated
to an array and molded into a patch. Such a patch could
then be pressed directly onto the skin to extract interstitial
fluid via osmotic pressure difference or negative pressure.
Patches could subsequently be removed and processed to
collect sampled fluid [23].
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their surface that dissolve after insertion into the skin. Microneedles
made with biocompatible and biodegradable polymers contain drugs
that fully dissolve in the skin to release their encapsulated reagents.
Hydrogel microneedles made with non-dissolving, liquid-absorbing
materials can be used for fluid and materials diffusion
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How is TDDS advantageous in fighting viral
infection?

There were many advantages and possible applications
of TDDS for viral infectious diseases (Table 1). TDDS
is a more convenient and less invasive method for drug
delivery, and a better choice for those afraid of hypoder-
mal injections. They are especially well suited for treat-
ing cutaneous viral infection because they can be applied
directly and specifically to diseased skin, where they
would decrease the systemic absorption and associated
side effects. For example, buccal mucoadhesive or mois-
ture-activated patches of acyclovir and acyclovir-loaded
dissolving microneedle arrays have been used to treat her-
pes labialis while avoiding the side effects associated with
systemic acyclovir treatment [36, 38, 39].

Regarding disease prevention, TDDS, especially in
combination with microneedles, can be developed for vac-
cine distribution. The advantages of TDDS make the new-
form microneedle vaccines an excellent, even superior
alternative to conventional needle-and-syringe immuni-
zation. Dissolving microneedles have already been used to
vaccinate against a variety of viruses including influenza
[26], measles, and COVID-19 [27]. In fact, studies have
demonstrated that microneedle-based vaccines provide
improved immunity compared to subcutaneous injection
[28], especially for those microneedles with antigen coat-
ing on the tips, which can be leveraged to target Langer-
hans cells that reside in the suprabasal layers of the epi-
dermis [29]. Langerhans cells, the major dendritic cells of
the skin for antigen-presenting, are capable of cross-priming
antigen-specific CD8+ T cells. In terms of priming
CD4+T cells, Langerhans cells are largely responsible for
orchestrating the differentiation of CD4+ IFN-y- and IL-
17-producing effectors [30]. By providing antigen delivery
directly to dendritic cells in the skin, immunogenicity is
more efficient compared to conventional delivery route
methods [30]. In conclusion, microneedle vaccines may
improve immunogenicity, delivery simplicity, acceptabil-
ity, safety, cost-effectiveness, and most important of all,
the capacity for at-home, self-administration [26]. These
technological advances reduce cost, increase patient
access, and increase vaccination coverage, thus improv-
ing morbidity and mortality rates from highly prevalent
viral infections.

Not limited to drug and vaccine delivery, TDDS, espe-
cially when combined with microneedles, can be used for
transdermal sampling to extract molecules of interstitial
fluid, saliva, sweat, or blood [25]. These microneedle-based
bioassays have been used to measure and monitor glucose,
cholesterol, electrolytes, medicine concentrations, alcohol,
cytokines, tumor makers, oligonucleotides, antibodies or
other small proteins, and even T cells [31]. They can also
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be used for detecting viral infectious disease by sampling
for and detecting viral antigens or antibodies, and more
importantly, they do so in a less painful and more con-
venient way that facilitates at-home, self-examination.
When microneedle devices were examined as alternative
approaches for extracting disease markers for dengue virus
NS1 protein, and surface-modified microneedle arrays were
used to capture influenza antigen-specific IgG from the
skin, the conclusions were that they demonstrated great
promise for single-array, point-of-care (POC) diagnostics
[32]. The most important prospective application for TDDS
sampling is for diagnosing cutaneous diseases. For some
cutaneous viral infections, viral antigens or antibodies
may be detected locally at the skin lesion level via TDDS/
microneedle extraction that may not present in blood. In
such situations, TDDS are the most powerful approach for
examining cutaneous diseases. For example, microneedle-
based bioassays could be used for virus antigen capture in
order to facilitate herpes simplex, or varicella/herpes zoster
diagnosis and differentiation (methods in development). In
this article, we introduce the possible role and summarize
the current literature regarding TDDS application for fight-
ing common cutaneous or systemic viral infectious dis-
eases, including herpes simplex, varicella/herpes zoster,
warts, influenza, measles, and COVID-19 (Table 2).

Herpes simplex

Herpes simplex is a viral infection caused by the herpes
simplex virus (HSV). Categorized by infection site, the most
common types are herpes labialis and genital herpes. Herpes
labialis, also called cold sores, present with vesicles, ulcers,
and burning pain on the lips or peri-oral area. It is usually
caused by herpes simplex virus type 1 (HSV-1), and occa-
sionally herpes simplex virus type 2 (HSV-2). In contrast,
genital herpes, which occurs in or around the genital area,
is usually caused by HSV-2, and less frequently by HSV-1
[33]. After the initial attack, HSV is transported by retro-
grade flow along axons that connect the point of entry into
the body to nuclei of sensory neurons[34], and the virus may
periodically reactivate to create another outbreak of pain-
ful vesicles or ulcers [35]. The standard therapy for HSV
infection is the small-molecule drug, acyclovir. Acyclovir
is a synthetic acyclic purine-nucleoside analogue [33]; it
can inhibit HSV DNA replication at the stratum basale [36].
Systemic acyclovir has possible side effects including
nausea, vomiting, diarrhea, headaches, malaise, nephro-
toxicity, and neurotoxicity including agitation, hallucina-
tions, disorientation, tremors, and myoclonus [33, 37, 38].
However, topical acyclovir requires frequent application to
achieve only moderate efficacy, primarily because of its high
hydrophilicity and poor skin permeation [39].
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Table2 Summary of transdermal drug delivery systems in common viral infectious diseases

Diseases Virus The type of TDDS The role of TDDS Reference

Herpes simplex HSV Buccal mucoadhesive patches Drug delivery of acyclovir [40-42]
Moisture-activated patches Drug delivery of acyclovir [43]
Dissolving polymeric microneedles  Drug delivery of acyclovir [44]

Varicella; Herpes zoster VZV Transdermal patches

Coated microneedles with recombi-

nant gE of VZV

Microneedle-based bioassays

Drug delivery of lidocaine for post-  [46]
herpetic neuralgia

VZV vaccine [47]

Virus antigen detection for diagnosis In developing
of varicella and herpes zoster

Warts HPV Transdermal karaya gum patches Drug delivery of salicylic acid [49]
Solid microneedles Facilitated penetration of topical [51]
bleomycin
Solid microneedles Facilitated penetration of topical [52]
5-FU
Microneedle patches Drug delivery of bleomycin [49, 51-53, 55]
Microneedle arrays with HPV HPYV vaccine [55]
pseudovirus-encapsidated plasmids
Influenza Influenza virus Coated microneedles with inacti- Influenza vaccine [24, 60] [26, 61, 62, 64]

vated influenza virus

Coated microneedles with VLPs Influenza vaccine [24, 65, 66]

Microneedles with trimeric influenza Influenza vaccine [28]
hemagglutinin protein

Tip-coated (selective antigen) Influenza vaccine [29]

microneedles

Surface-modified microneedle arrays Capture circulating influenza

[24, 32, 62-64]
antigen-specific IgG

Measles Measles virus  Coated microneedles with live-atten- Measles vaccine [75]
uated measles virus

Polymeric microneedles with stand- Measles vaccine [76]
ard measles vaccine

Dissolving microneedle patches Measles vaccine [77]

COVID-19 SARS-CoV-2  Microneedle-based oropharyngeal Reduce false negative rates of [80]

swabs with integrated virus-spe-

cific antibody

Dissolving microneedles contain-

COVID-19 testing

COVID-19 vaccines [27]

ing embedded SARS-CoV-2-S1

subunits

A TDDS-based buccal mucoadhesive system has been
designed for systemic delivery of acyclovir. These patches
can release drug into the oral cavity at a predetermined
rate and present distinct advantages over traditional dos-
age forms [40]. This trans-buccal delivery system, which
uses a mucoadhesive, copolymers of acrylic acid, and
poly(ethylene glycol), has demonstrated feasibility for con-
trolled oral mucosal acyclovir delivery according to in vitro
permeation studies [41]. Anther buccal delivering film based
on chitosan hydrochloride and polyacrylic acid sodium salt
with a 1/1.3 weight ratio also represents a promising for-
mulation for buccal delivery of acyclovir [42]. Moisture-
activated patches, which are fabricated with gel intermediates
for film-type patches with mucoadhesive polymer, viscosity

builders, enhancers, and acyclovir, also demonstrated fea-
sibility for acyclovir delivery through the skin or gingival
mucosa [43].

To solve the limitations of poor skin permeation for topi-
cal acyclovir formulations, dissolving polymeric microneedle
arrays loaded with acyclovir have been developed that break
the skin barrier and improve acyclovir delivery to the stra-
tum basale, thus achieving enhanced site-specific acyclovir
delivery [44]. In vitro studies have shown that the percent-
age of total acyclovir loading inside the skin delivered by
microneedle arrays was 45 times higher than that of commer-
cially available acyclovir cream after 24 h. The accumulation
of acyclovir at the stratum basale was also 5 times greater
than the dose required for treating HSV infections. In one

@ Springer



Drug Delivery and Translational Research

in vivo study, intradermal acyclovir delivery via micronee-
dles arrays was also much higher than that for a commercially
available cream formulation [44]. These studies indicate that
acyclovir-loaded dissolving microneedle arrays are a promis-
ing approach for fighting topical HSV infections and they are
especially useful for circumventing serious drug-related side
effects associated with systemic drug delivery following oral
or intravenous drug administration.

Varicella and herpes zoster

Varicella and herpes zosters are caused by the varicella-zoster
virus (VZV). Primary VZV infection results in varicella, or
chickenpox, which presents with diffuse papules, vesicles,
pustules, and crusts. The endogenous reactivation of latent
VZV typically results in painful grouped vesicles distributed
along one or adjacent dermatomes, known as herpes zosters.
Disease complications can develop in immunocompromised
patients, including disseminated infection, myelitis, cranial
nerve palsies, meningitis, pneumonia, and hepatitis. The most
bothersome problem associated with herpes zosters is that the
VZV reactivation often causes a postherpetic neuralgia, and
some patients may suffer from long-term moderate to severe
pain. This chronic pain may be attributable to inflammation
from the viral infection and the death of primary neurons [45].
The site of pain is usually localized to the site of the her-
pes zosters. In addition to traditional oral systemic analgesic
drugs, which may generate intolerable side effects, localized
pain may be treated by transdermal lidocaine patches that have
been developed for postherpetic neuralgia. A double-blind,
randomized controlled study demonstrated that a 5% lidocaine
patch applied twice daily was well-tolerated and significantly
effective for relieving moderate to severe postherpetic neu-
ralgia due to the pharmacological action of lidocaine and the
physical barrier effect of the patch on sensitized skin [46].

Microneedles offer several benefits: they are painless,
easy to use, and they eliminate the risk for cross-contamination
associated with conventional needles. Further, microneedle-
based vaccination can provide comparable or even higher
immune response compared to conventional intramuscular
injection approaches.

A herpes zoster vaccine has been developing using a
microneedle coated with recombinant glycoprotein E (gE)
of VZV with some different adjuvants. GE is important for
VZV replication and cell-to-cell spread. The added adju-
vants increased overall gE-specific antibody titers compared
to results from non-adjuvant added tests, and different adju-
vants demonstrated various potential for inducing humoral
response or cell-mediated immune response. Generally
speaking, microneedle-based herpes zosters subunit vac-
cines may be useful for providing a potent immune response
against reactivation of VZV [47].
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Rapid virological diagnosis of varicella and herpes zoster
facilitates improved antiviral treatment. Polymerase chain
reaction (PCR) for detecting VZV DNA and immunofluores-
cent VZV-specific antigen staining are two best diagnostic
approaches in regard to sensitivity and specificity [48]. Also,
swabs from the base and clear vesicular fluid of early vesi-
cles provide the best sensitivity [48]. Recover from infec-
tious VZV and varicella lesions is achievable in 2 to 3 days
but can be isolated from herpes zoster lesions for a week
or longer [45]. Before varicella or herpes zoster vesicles
appear, there are earlier stages that present erythematous
papules or edematous erythematous plaques. Microneedles
may extract interstitial fluid with VZV from pre-vesicular
skin lesions for virus antigen detection, providing even ear-
lier diagnosis (methods in development).

Warts

Warts or verruca are cutaneous viral infections caused by
human papillomavirus (HPV). They present papules or
plaques of variable size, often with a rough scaly surface.
Local spread of skin lesions is often found. According to
anatomic location or morphology, warts are usually clas-
sified as common warts (verruca vulgaris), flat warts (ver-
ruca plana), plantar and palmar warts, and anogenital warts
(condyloma acuminatum). Treatment of warts often requires
physical or immune-mediated destruction of infected epithe-
lial cells. Cryotherapy, using liquid nitrogen to freeze and
destroy wart lesions, is the most often used method today.
However, cryotherapy is quite painful and some patients may
not tolerate the pain of repeated treatment.

Topical salicylic acid is also a common treatment for
warts. Salicylic acid has a chemical peeling effect on the
skin, and it can be used to partially remove epidermal tissue,
as well as the warts, over time. Early, transdermal delivery of
karaya gum patches containing salicylic acid have been used
to treat verruca vulgaris, and have demonstrated good wart
resolution rate. Karaya gum patches provide an occluded
environment, which is an additional therapeutic advantage.
This is a typical example of a simple TDDS application that
can significantly improve topical drug penetration [49].

Microneedle drug delivery can also be used to treat warts.
Intralesional bleomycin, a common off-label product for
warts treatment, has side effects including burning, severe
pain, and tissue necrosis. Additionally, the cure percentages
for intralesional bleomycin wart treatment vary from O to
100%, probably because of variable drug distribution and
poor drug infiltration into the wart lesion [50]. Micronee-
dles that create a penetration route have been used with
topical bleomycin to increase wart cure rates [51]. Intral-
esional 5-fluorouracin (5-FU) is also an off-label treatment
product for warts that can cause intense pain when used.
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Microneedles used in combination with topical 5-FU solu-
tion also demonstrated comparable results to intralesional
5-fluorouracin, but with significantly less pain, less sessions
required, and improved patient satisfaction [52].

Recently, a newly developed bleomycin microneedle
patch has been developed to treat warts. The efficacy of the
bleomycin microneedle patch was comparable to that of cry-
otherapy according to both physician’s and patient’s global
assessment scores. However, treatment with the bleomycin
microneedle patch was significantly less painful than cryo-
therapy as evidenced by reports of significantly lower visual
analogue scale pain from patients in the microneedle group.
A primary advantage of TDDS is decreased pain. Micronee-
dles for encapsulated drug delivery are effective, convenient,
and less painful than normal injection drug delivery, and it
is especially well suited for treating cutaneous lesions [53].

HPYV vaccine has recently drawn great public attention.
It can prevent HPV infection and subsequent HPV-related
diseases including genital warts, cervical dysplasia, and
invasive cancer. Although the recommended population for
HPV vaccine is women aged 9-26 years, women aged over
26 years can still benefit from HPV vaccination [54]. As
HPV vaccination is more and more prevalent, and the major
vaccine recipients are children and young women, a less
painful and convenient vaccination modality would be bene-
ficial. A recent in vivo study examined the use of a new-form
HPYV vaccine using HPV pseudovirus-encapsidated plas-
mids delivered by an microneedle array, and found that this
approach elicited robust HPV-specific immune responses in
mice [55]. This study suggested that microneedle HPV vac-
cine delivery demonstrated potential as a practical disease
prevention modality.

Influenza

Influenza is a contagious respiratory illness caused by
influenza viruses. People with influenza present variable
severity from typical symptoms such as fever, muscle
pain, headaches, cough, sore throat, and runny nose to
more severe symptoms such as pneumonia that can lead to
hospitalization or death. Immunocompromised or elderly
patients are at high risk for developing serious compli-
cations and have demonstrated a greater mortality rate.
Influenza vaccination is the most effective approach for
preventing influenza and for preventing its spread among
the population. In Taiwan, the government-funded sea-
sonal influenza vaccination launches before influenza sea-
son, usually starts from December, and peaks in January
to February of the following year [56]. A typical seasonal
vaccine contain several antigens, influenza A subtypes
HI1N1 and H3N2 with one or two antigens from influenza
type B, and is administered by intramuscular injection

traditionally [57]. However, some studies have suggested
that intradermal injection of a reduced, as low as one fifth,
dose of influenza vaccine induces comparable levels of
antibody compared with an intramuscular injection of full-
dose influenza vaccine [58, 59].

Compared to needle-based intradermal injection,
microneedle patch-based systems facilitate less painful and
more simplified vaccine administration. Influenza vaccina-
tion using inactivated virus-coated microneedles in a murine
model has been widely studied in recent 10 years [24, 60].
Microneedle vaccines incorporated with a stabilizer coat-
ing formulation, such as trehalose, prevent antigenicity loss
of the influenza vaccine [61, 62]. Multiple studies suggest
enhanced memory responses after microneedle vaccina-
tion compared to intramuscular injection or subcutaneous
injection.[24, 62—-64]. Microneedles coated with stabilized
vaccine induced virus-neutralizing antibodies, enhanced
humoral immunity, induced cellular recall responses, and
provided superior protection against a lethal challenge com-
pared to intramuscular injection, as evidenced by effective
virus clearance from the lungs [24, 63]. One study dem-
onstrated that microneedle influenza vaccine induced long-
lived high functional immunity capable of complete survival
against HIN1 lethal challenge even 6 months after a single
vaccination [64].

In addition to vaccines using inactivated influenza virus,
some microneedle coated vaccine using virus-like particle
(VLP) have been performed. Microneedles coated with
influenza VLPs using an unstabilized formulation demon-
strated decreased haemagglutinin activity, but the inclusion
of trehalose disaccharide was shown to preserve influenza
VLP vaccine haemagglutinin activity; therapeutic results
demonstrated stronger immunity compared to intramuscular
injection [24, 65, 66]. Recombinant subunit vaccine con-
sisting of trimeric influenza hemagglutinin protein has also
been administrated via microneedles, and showed improved
immunity compared to subcutaneous injection in mice [28].
Vaccines with selective antigen coating have been applied to
the tips of microneedles in order to improve vaccine delivery
to target Langerhans cells that are primarily in the suprabasal
layers of the epidermis [29], and efficiently prime antigen-
specific CD8+T cells and facilitate the differentiation of
CD4+cells [30]. This microneedle design targeting Langer-
hans cells thus significantly reduced the amount of vaccine
required for immunization. The results of this study revealed
that most of the coated vaccine material was released from
the tips of the microneedle projections to the target locations
within 2 min of skin application and that a strong immune
response against influenza was subsequently demonstrated
in a murine model [67].

Recently, a randomized, partly blinded, placebo-controlled,
phase 1 trial for an inactivated influenza microneedle vaccine
was conducted [26]. The microneedle patch in this trial was
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applied directly onto the wrist, and the microneedles coated
with inactivated influenza vaccine dissolved and released the
vaccine into the dermis. The residual patch was disposed of
as non-sharps waste. The microneedle vaccine was stable and
could be stored for at least one year at 40 °C. Results showed
that these dissolvable microneedle patches for influenza vac-
cination were well-tolerated, resulted in robust antibody
responses, and could be reliably self-administered. Micronee-
dle vaccination was preferred over conventional influenza vac-
cination using needles and syringes [26].

Surface-modified microneedle arrays have been devel-
oped to capture circulating influenza biomarkers from the
skin. Previous studies have investigated the capacity for
microneedle arrays to detect influenza antigen-specific IgG.
One animal-model study inserted microneedles covalently
linked with influenza antigens into laser-treated skin of ani-
mals previously treated for influence to increase circulat-
ing biomarkers in the upper dermis by increasing vascular
permeability. Results indicated that microneedle detection
provided comparable sensitivity, specificity, and accuracy
to results attained by standard blood sample immunoassays
[32].

Measles

Measles is a contagious disease caused by the measles virus.
It characteristically presents fever, cough, coryza, conjunc-
tivitis, and morbilliform skin rashes [68]. Measles is highly
infectious and transmitted by aerosol or respiratory droplet
aspirated into the respiratory route. It remains one of the
most devastating causes of worldwide morbidity and mor-
tality in children despite the availability of a safe and effica-
cious vaccine [69, 70]. Two vaccines have been developed
and licensed: a formalin-inactivated whole virus vaccine
and a live attenuated vaccine [69]. In Taiwan, nationwide
immunization programs evolved from 2-dose measles vac-
cine in 1978 to 2-dose measles-mumps-rubella (MMR) vac-
cine in 1992, and the coverage rate of MMR was over 95%
in 2001.[71, 72]. Following the rise in routine immunization
coverage for children, the global coverage for the first dose
of measles vaccine increased to 85% in 2017, and measles
incidence decreased significantly [73, 74].

Simplifying measles vaccination with a less invasive
approach that would be more acceptable among children
would provide greater coverage and impact. Vaccination
using a microneedle patch was first studied in 2013 [75].
Edens et al. fabricated microneedles coated with live-
attenuated measles vaccine that was stabilized by trehalose.
Vaccination using microneedles in a rat model generated a
considerable immune response, equivalent to that generated
by subcutaneous injection [75].

@ Springer

Later, a polymeric microneedle patch was formulated to
encapsulate the standard dose of measles vaccine and test
immunogenicity in rhesus macaques [76]. Compared with
subcutaneous injection, the microneedle vaccine gener-
ated equivalent neutralizing antibody titers. In addition, the
microneedle vaccines showed better thermostability com-
pared to standard lyophilized vaccine, which improved stor-
age and facilitated an increase in vaccination coverage [76].

A dissolving microneedle patch was developed for deliv-
ering both measles and rubella vaccine, and immunogenicity
was evaluated in rhesus macaques [77]. The results showed
that protective titers of measles neutralizing antibodies were
detected in 100% of macaques in the microneedle group,
compared to only 75% of macaques in the subcutaneous
injection groups [77]. Rubella-neutralizing antibody titers
were adequate for all groups. However, maternal antibod-
ies can interfere with infant immune response to the vac-
cination. Vaccination by both routes was unable to generate
protective immune responses to measles in infant macaques
pretreated with measles immunoglobulin to simulate mater-
nal antibody production [77].

For global elimination of measles, very high vaccination
coverage is required, especially for those in resource-limited
regions. Microneedle measles vaccines can simplify vaccine
delivery logistics, provide thermostability outside of the cold
chain, enable vaccination by minimally trained personnel,
leave no biohazardous sharps waste, reduce total cost, and
could, as a result, increase vaccination coverage. The devel-
opment of microneedle patch delivery systems for measles
vaccination has great potential benefit for eliminating measles.

COVID-19

Coronavirus disease 2019 (COVID-19), a newly emerged
contagious respiratory disease caused by severe acute respir-
atory syndrome coronavirus 2 (SARS-CoV-2), has become a
pandemic outbreak. Patients with COVID-19 mostly present
with mild to moderate symptoms. However, approximately
15% of patients progress to severe pneumonia, and about 5%
develop acute respiratory distress syndrome, septic shock,
or multiple organ failure finally [78, 79]. Although COVID-
19 is, fortunately, not especially prevalent in Taiwan, it has
had devastating impact globally and measures to combat
viral spread are still critically important. Herein, we summa-
rize the role of TDDS to help fight this international public
health emergency.

Early etiological diagnosis plays a critical role in control-
ling the COVID-19 pandemic. Early diagnosis of COVID-19
usually relies on viral nucleic acid testing from oropharyn-
geal swabs. Limited sampling efficiency associated with con-
ventional oropharyngeal swabs may lead to false-negative
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results. A study has been conducted using microneedle-
based oropharyngeal swabs to reduce false negative COVID-
19 testing rates [80]. This study used microneedles inte-
grated with virus-specific antibodies in the swab to provide
effective penetration and facilitate virus capture. This highly
effective newly designed microneedle sampling significantly
reduced false negative rates, and may contribute to the con-
tainment of the COVID-19 pandemic [80].

For preventing COVID-19 spread, safe vaccines that rap-
idly induce potent and long-lasting virus-specific immune
responses against coronavirus are urgently needed. The
coronavirus spike (S) protein, a characteristic structural
component of the viral envelope, is considered a key target
for vaccines. Microneedle arrays have been developed for
COVID-19 vaccines delivery. Novel vaccines with dissolv-
ing microneedle arrays containing embedded SARS-CoV-
2-S1 subunits have been fabricated [27]. This study demon-
strated that SARS-CoV-2 S1 subunit vaccines delivered with
microneedles provided effective immune responses observed
2 weeks after vaccination, and responses were significantly
stronger than those administered by traditional subcutaneous
needle injection, indicating the improved immunogenicity of
skin-targeted delivery. Microneedle vaccines are a promis-
ing immunization strategy to combat coronavirus infection.
They may even be more beneficial because they are easy to
use, they reduce pain, and are noninvasive by nature, and
the superior capacity for self-administration could increase
vaccine coverage and help eliminate the disease [27].

Conclusion

TDDS represent an excellent alternative to oral delivery
and hypodermic injections. To fight viral infections, TDDS,
especially microneedles, provide a more convenient and
less invasive way for disease treatment, prevention, and
surveying. Microneedles improve skin barrier penetration
to improve the delivery of macromolecules and hydrophilic
drugs. Microneedles may also provide a viable, alternative
approach for vaccination with improved immunogenicity,
tolerance, and ease of use. Further, microneedle vaccines are
thermostable and simplify storage needs, eliminate the need
for vaccine reconstitution, eliminate sharps waste, reduce
vaccine wastage, and are more cost-effective. The improved
patient compliance and possibility for self-administration
may increase vaccine coverage, which is especially desirable
for treating pandemic and other highly prevalent viral infec-
tions such as influenzas, measles, and COVID-19 (Table 2).
They could be an invaluable tool for eliminating infectious
diseases globally. On the other hand, microneedle-based bio-
assays employing transdermal extraction of interstitial fluid
or blood provide a minimally invasive approach for survey-
ing disease markers and possible point-of-care diagnostics.

And, for cutaneous viral infection, TDDS provide local-
ized treatment with high specificity and reduced systemic
toxicity. In summary, TDDS, especially those employing
microneedles, are well suited for reducing the morbidity and
mortality associated with viral infectious diseases, and could
be of great potential value to global health.
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