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Parenteral sustained release drug formulations, acting as preferable platforms for long-
term exposure therapy, have been wildly used in clinical practice. However, most of
these delivery systems must be given by hypodermic injection. Therefore, issues including
needle-phobic, needle-stick injuries and inappropriate reuse of needles would hamper
the further applications of these delivery platforms. Microneedles (MNs) as a potential
alternative system for hypodermic needles can benefit from minimally invasive and
self-administration. Recently, polymeric microneedle-mediated sustained release systems
(MN@SRS) have opened up a new way for treatment of many diseases. Here, we reviewed
the recent researches in MN@SRS for transdermal delivery, and summed up its typical
design strategies and applications in various diseases therapy, particularly focusing on the
applications in contraception, infection, cancer, diabetes, and subcutaneous disease. An
overview of the present clinical translation difficulties and future outlook of MN@SRS was
also provided.
© 2021 Shenyang Pharmaceutical University. 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/)

1. Introduction

and avoidable hepatic first-pass elimination [1,2]. However,
the outermost layer of skin, stratum corneum (SC), known
as the main obstacle, limits the transport of drug molecule

Transdermal drug delivery (TDD), an important substitute
for oral administration and hypodermic injections, has
attracted great attention. It shows several advantages such as
convenient self-administration, reduced systemic side effects,
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and weakens its therapeutic efficacy [3]. Notably, marketed
TDD formulations can only effectively deliver drugs with low-
molecular-mass (< 400 Da) due to the SC barrier [4]. In the
past few decades, various ways have been employed in TDD
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to increase the permeability of SC, such as electroporation,
iontophoresis, and ultrasound [5-7|. However, even with
stimulation of external conditions, there are still challenges
for larger molecules delivery through the skin, including
proteins and genes [8].

Microneedles (MNs), an emerging versatile TDD system
to overcome the skin barrier that limits drug penetration
efficacy, knock the door of TDD to some extent. They are
used to painlessly pierce the SC to remarkably facilitate TDD
by generating microchannels for molecules which cannot
be delivered across the skin by passive diffusion alone
[9]. Since the first introduced of MNs in 1966, MNs have
been widely explored to improve the effect of TDD [10].
Until now, MNs can be divided into several categories:
solid and hollow MNs, which are used as tools to pierce
skin barrier to improve the drug delivery into dermal;
coated MNs, which can implant coated drug layers into
the skin; polymeric MNs, the cargos can be packaged and
transported by host MNs [11,12]. Among them, polymeric
MNs are coming to the fore as excellent biocompatibility,
outstanding biodegradability, and sufficient drug loading
capacity [13]. Nevertheless, initial studies of polymeric MNs
mostly focused on rapid drugs delivery [14,15]. There are
some drawbacks for rapid release polymeric MNs delivery
system: (1) Frequent use of MNs increases chemical burden
and irritation to patients; (2) Poor efficacy for therapeutics
that require long-term exposure; (3) The release profiles are
uncontrollable.

With the rapid development of formulation technology,
parenteral sustained release formulations are wildly used in
clinical practice, such as microparticles (MPs), implants and
drug depot [11]. There are some advantages of these drug
delivery system. They can reduce frequency of administration,
present good patient compliance and show fewer side
effects. Especially, taking advantages of sustained release
of therapeutics is benefit for diseases that require long-
term or repeated administration, such as contraceptives,
vaccines and other chronic diseases. Due to its stable drug
concentrations in blood and avoiding multiple doses can
improve therapeutic effects [16-18] and patient compliance
respectively. However, key issues still need to be solved.
Parenteral sustained release formulations usually inject
subcutaneously or intramuscularly. These injections lead to
problems including pain, generating sharp medical waste, and
needle abuse [19]. More importantly, they need professionals
to administration, limiting the drug accessibility to patients,
especially in developing countries, where suffer severe lack
of professional medical staff. In addition, organic solvents
for injection can lead to toxicity, such as Eligard, an in
situ-forming drug depot which was approved by the FDA
[20]. In particular, the uncontrollable shape and size of the
depots formed in vivo would further affect drug release [21].
An alternative delivery system to avoid these shortcomings
is reshaping the landscape of parenteral sustained release
formulations.

Polymeric microneedle-mediated sustained release
systems (MN@SRS) integrate the advantages of polymeric
MNs and sustained release technique, can address these
mentioned MN@SRS are minimally invasive,
significantly avoid the needle-stick injuries and pain caused

issues.

Fig. 1 - Design strategies of polymeric
microneedle-mediated sustained release system (A)
Long-acting coated MNs, (B) Long-acting encapsulated MNs,
(C) Polymeric-based sustained release MNs, (D)
Double-sustained release MNs, (E) Back layer-based depot
MNs.

by subcutaneously injections. MN@SRS are designed as
self-administration, that is, no requirement for skilled
medical personnel. More importantly, MN@SRS with different
release properties can be fabricated by polymers, which
have different degradation manners [9]. The purpose of
this review is to highlight the superiorities of MN@SRS in
terms of long-term and repeated administration diseases.
Specifically, several typical strategies for constructing
MN@SRS have been introduced. Furthermore, we summed
up the applications of MN@SRS on various diseases
therapy, particularly focusing on the applications in
contraception, infection, cancer, diabetes, and subcutaneous
disease. The clinical translation difficulties at present and
development prospect in the future of MN@SRS were also
discussed.

2. Design strategy and fabrication of MN@SRS

Four typical categories of MN@SRS have been developed
(Fig. 1). One is called long-acting encapsulated or coated
MNs. These MNs are only employed as tools to pierce
into skin and subsequently implant the pre-loaded cargos.
Their sustained release property is acquired by packaged
or coated drugs. Another is polymeric-based sustained
release MNs, which was fabricated with long-acting polymer
that acquire sustained release manner through host MN
polymer. Double-sustained release MNs is the third strategy
of MN@SRS. These MNs load long-acting packaged drugs in
sustained release MNs, in order to obtain a longer sustained
release period. Backing layer-based depot MNs is the fourth
strategy to realize sustained release of MNs. In this design,
drug was loaded in the backing layer as reservoir instead
of needles. The needles act as tools to create channels
for drug penetration as well as to provide a boost drug
loading.

2.1.  Long-acting encapsulated or coated MNs

MNs based on dissolving polymers such as dextran,
sodium chondroitin sulfate, hyaluronic acid (HA),
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polyvinylpyrrolidone (PVP) are usually combined with
nanoparticles (NPs) or MPs to achieve sustained release
manner [22-24]. These MNs dissolve within
seconds/minutes after being inserted into the skin [25,26],
following with rapid release of loaded cargos (NPs or MPs),
which functioned as drug depots for long-lasting release.
For example, Tekko et al. constructed a composite MN patch
based on water-soluble polymer to deliver methotrexate
(MTX), which played the role of drug reservoirs in the form of
nanocrystals (NC) in MNs. In vitro drug release profile showed
it could continuously release over 72 h [27]. In another study,
McCrudden et al. prepared the dissolving polymeric MNs
containing a long-acting NP loaded with rilpivirine (RPV),
to provide a more acceptable choice for treatment of HIV.
Based on the results of in vivo studies, approximately 28 cm?
of these MNs could maintain effective RPV plasma levels
over 7 d in humans by conservative estimate [28]. Another
form is long-acting coated MNs. In this design, drug reservoir
coated on the MNs surface. Once the MNs was inserted into
the skin, they could be taken out completely from skin after
successfully implant coating layer into skin as reservoir. For
example, DeMuth’s group constructed the polyelectrolyte
multilayers (PEMs) coated poly(l-lactide) (PLLA) MNs to deliver
DNA. By changing the composition of the coating film,
sustained release period of cargos last a few days to weeks
can be achieved [29].

several

2.2.  Polymeric-based sustained release MNs

Biodegradable polymers hardly dissolve or swell in the
skin interstitial fluid (SIF), but can slowly degrade over
months. Biodegradable polymers that are appropriate for
developing MNs can be divided into two categories: synthetic
biodegradable polymers and nature biodegradable polymers.
The synthetic ones include poly (lacticco-glycolic) acid
(PLGA) and poly (lactic acid) (PLA) [30,31]. The natural
biodegradable polymers include chitosan, silk firbroin, and
chitin [32-34]. Drug release rate and duration of this type
of polymers are primarily dominated by degradation rate of
the biodegradable polymers rather than drug diffusion [35].
Based on the attractive chemical and biological properties,
biodegradable polymers are employed to prepare sustained
release MNs for multiple drug delivery. Li et al. reported a
rapidly separable biodegradable polymeric MN patch with
PLGA/PLA needles used for the sustained release of a
contraceptive hormone, levonorgestrel (LNG). In rats, the MN
patch kept the plasma concentrations of LNG over the human
therapeutic level for one month [36]. Chen et al. prepared
MNs composed of vaccine-loaded chitosan needle tips and
a water-soluble supporting part that gave enough length to
insert into the skin. Vaccine-loaded chitosan needle tips can
be quickly and entirely implanted into the skin to serve as
a reservoir for durable release of vaccines over 16 weeks
[37].

2.3. Double-sustained release MNs
In order to obtain a longer sustained release period than

long-acting encapsulated MNs, the third strategy of MN@SRS
has been designed. These MNs superimposes the sustained

release ability of the host MNs and the long-acting packaged
cargos. For example, the sustained release biodegradable
polymers-based MNs loaded with long-acting NPs or MPs own
potential application value on therapeutics that require long-
term exposure for several months or years. Recently, Zhu et
al. fabricated a composite LNG-loaded silk MN patch. 100 d of
sustained drugrelease was achieved when the drug was freely
loaded into the MNs, while over one year of sustained drug
release was achieved when the drug was pre-encapsulated
in silk MPs prior to be encapsulated into the MN patches.
These long-acting MNs open up a new world for women
contraception [38].

2.4. Backing layer-based depot MNs

The limited drug loading of the MNs may not be able to meet
the drug amount required for long-term release. Fortunately,
encapsulating cargos into backing layer can greatly enhance
drug loading capacity in MNs [1]. In this approach, MNs
are usually prepared by swellable or dissolvable polymers.
Upon applied into the skin, they are swelled or dissolved
after absorb SIF and created channels between drug-loaded
backing layer and dermal microenvironment. These MNs act
as host to control drug release from baseplate, occasionally,
as well as increased drug dose and rapid drug delivery
parts [39,40]. Lee et al. firstly demonstrated the feasibility
of MNs backing layer as drug reservoirs to achieve durable
release based on water-soluble polymers. The MNs, function
as delivering initial drug and boosting dose, completely
dissolved within 1 h after administration, leaving channels
in the skin. Drug-loading backing layer swelled by absorbing
SIF, and then cargos diffused from the backing layer depot
via micropores produced by the dissolved MNs, exhibiting
continuous release of drugs for several hours to days
[41].

2.5.  Fabrication of MN@SRS

There are many methods for preparing polymer-MNs,
such as micromolding [42], droplet-born air blowing
(DAB) [43], drawing lithography [44], electro-drawing [45],
photolithography [46], continuous liquid interface production
(CLIP) [47] (Table 1). Among them, micromolding method
is the most wildly used in fabrication of MN@SRS due
to its easy production, cost-efficiency, and potential for
industrialization.

Micromolding method consists of six main steps: (1)
fabricating MNs male mold; (2) preparing a female MNs
mold; (3) casting polymers solution onto female molds and
forcing polymers solution into caves by centrifugation or
directly pumping polymers solution into caves of female
molds; (4) removing bubbles by centrifugation or vacuum,;
(5) Curing MNs by drying or photocrosslinking; (6) peeling
off the MNs from female molds. The most commonly used
material for preparing the MN female mold in the step 2 is
polydimethylsiloxane (PMDS) based on its excellent stability,
good copying ability and low adhesion (beneficial to peel off
the MNs from female mold). The drug can be loaded by mixing
drug or drug-loaded MPs and NPs with polymer solution, and
then forcing mixture into the mold.
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Table 1 - Different methods for fabrication of polymer-MN along with advantages and disadvantages of each method.

Method Description Advantageous Disadvantageous Ref.
Micromolding Uses cutting tools to Easy production, Time-consuming, [42]
fabricate microscale cost-efficiency, limits the use of
arrays potential for sensitive drugs
industrialization
Droplet-born air The 3D microneedles Mild preparation Not applicable in [43]
blowing (DAB) are shaped from condition, easy producing complex
polymer droplets control of drug shapes
through applying the loading
air blowing
Drawing lithography A strategy (thermal, Fabrication of Poor reproducibility, [44]
magnetorheological, ultrahigh-aspect ratio limits the use of
or UV) for the (UHAR), sensitive drugs
fabrication of a MN stepwise controlling
directly from 2D
planar polymers
Electro-drawing MN is fabricated by MN with complex The preparation device [45]
applying electrical shapes can be is complicated,
discharges manufactured requires conductive
without deformation materials, the cost is
high
Photolithography A fabrication strategy Cost effective, Increased cost for new [46]
based on the pattern production of smaller technology,
parts of a thin film of feature complexity, concern
an agent size about the reliability
Continuous liquid A continuous, rather The preparation method Need light curing, not [47]

interface
production (CLIP)

than layer-by-layer,
approach to
manufacture MN

is simple and fast,
various shapes of MN
can be prepared

suitable for some
sensitive drugs

3. The biomedical application of MN@SRS

3.1. The application of MN@SRS for contraception

Voluntary family planning has made a great progress in
public health and contraceptive methods allow women to
make decisions about the timing and spacing of pregnancies
[48,49]. Although great progresses in contraceptive methods,
85 million pregnancies were unintended in 2012, accounting
for 40% of all pregnancies worldwide [50]. Many unintended
pregnancies are terminated, bringing about 56 million
abortions every year [51]. The high incidence of accidental
pregnancy leads to serious economic and emotional burden to
women and society. Increasing contraceptive options, which
better meet the needs of women at diverse stages of their
reproductive life cycle, is the key to women’s safety and well-
being.

Long-acting contraceptives can provide women with
flexible contraceptive protection. To date, there are many
long-acting contraceptives on the market, including injectable
long-lasting hormonal contraceptives and implantable long-
acting contraceptives. Injectable long-lasting hormonal
contraceptives require trained professionals who are limited
in developing counties, and invasive administration, therefore
limiting patient access and reducing patient compliance
[52,53]. Implantable long-acting hormonal contraceptives can
last for years, such as subcutaneous implants and intrauterine
devices (IUDs). However, they need administration by even

greater trained health care professionals and are even more
invasive compared to other methods. Therefore, options for
self-administration long-acting contraceptives are limited
[54,55].

To response these issues, MN@SRS have been employed
to supply a novel option for women contraception. MN@SRS
can be self-administrated and maintain long-acting to
reduce frequent administration, which greatly increase
patient acceptance and compliance. Moreover, MN@SRS are
minimally invasive and biodegradable, avoiding needle-stick
injury and generating no biohazardous sharps waste. These
properties are particularly important in developing countries.

He et al. prepared a long-acting MN patch based PLGA for
sustained release of etonogestrel (ENG), the third-generation
progesterone. A novel preparation method called controllable
casting mold technique was introduced to fabricate PLGA
MNs and ENG crystals were evenly distributed in the needle
tip. By optimization of MN formulations, this MN@SRS can
successfully pierce the skin and deliver the entrapped drug,
with a drug loading up to 153.0 + 13.5 xg, achieving sustained
release of cargos more than two weeks [18]. In another design,
Zhu et al. fabricated a composite LNG-loaded MN@SRS. In
this approach, changing the properties of silk protein or
formulation of loaded LNG enabled to modify the extended-
release time of MNs. Specifically, sustained release of LNG
maintained 100 d when the drug was directly encapsulated
into silk MNs, while release reach up more than a year when
the drug was pre-encapsulated in silk MPs prior to load into
the MN patches [38].
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interface of the microneedles and patch backing, (C) Cumulative release profile of encapsulated LNG [36]. Copyright 2019,

Springer Nature.

Despite the MN@SRS described above studies provided
new options for long-acting contraception, there are still
shortcomings. Obviously, these MNs need to be worn
throughout the whole drug release period for several days,
months or even years. Prolonged contact of MNs patch with
skin may cause irritation, or MNs drop from skin by accident
could lead to contraception failure [56,57]. To address these
problems, Li and coworkers described a rapidly separable MN
platform for long-term delivery of LNG (Fig. 2). These MNs
were made of biodegradable polymers, PLGA, which controlled
the release of LNG, and polymer PLA, which increased the
mechanical strength of MNs. An air bubble structure was
designed between the MN and patch backing, which allowed
MNss to efficiently penetrate skin and snap off in five seconds,
and successfully relized the rapid separation of MN from
backing. Results showed that the MNs implanted into the
dermis function as depots for the long-term and systemic
delivery of LNG for more than one month [36]. Li and
coworkers also developed another rapid separation MN@SRS
for long-acting contraception. In this study, rapid separation
feature was achieved by an effervescent backing that designed
between the MN and adhesive paper. Sodium bicarbonate and
citric acid were introduced to the effervescent backing, which
would generate carbon dioxide bubbles upon contacting with
the SIF after MNs were inserted in the skin. The connection
between MNs and backing layer was broken by carbon dioxide
bubbles and separation occurred within 1 min. In vivo release
result showed that cargos released into medium, which
simulated the environment in the body, over 30 d [58].

3.2.  The application of MN@SRS for cancer therapy
According to the report published by the Global Cancer

Statistics, about 313 million people suffer from superficial
cancer. Among them, 0.3 million and over 209 million

patients are suffering from melanoma and breast cancer
in 2018, respectively [59]. Obviously, superficial tumors have
seriously endangered human health, causing psychological
burden on patients. Unfortunately, topical administration of
drug faces limited drug delivery efficiency while systemic
treatments are always accompanied by side effects, and
monotherapies remains suboptimal clinical efficacy [60-66].
Notably, superficial cancers are aggressive and recurrent,
repeated treatments are necessary, as a result, chemical
burden and the risk of toxicity were increased [67,68].

In terms of superficial tumor therapy, MN@SRS provide
unique advantages. MN@SRS directly insert into lesion
site of superficial tumor, significantly increase the drug
accumulation, and reduce systemic side effects. Besides,
sustained release property of MN@SRS avoids repeated
treatments, improves convenience of patients and healthcare
providers. Moreover, different function cargos loaded into
MN@SRS provide synergistic or combined effects.

3.2.1. The application of MN@SRS for chemotherapy

Chemotherapy is one of the most important arsenals to
kill tumors [69]. Various versatile carriers greatly improve
the anti-tumor effect of chemotherapy drugs [70,71].For
chemotherapy, MN@SRS have been employed for delivery
of doxorubicin (Dox), dacarbazine, and other drugs for
chemotherapy [72-74]. Typically, Kim et al. reported a design
of a biodegradable MN patch based on porous silicon (p-
Si) with a novel water-soluble backing (Fig. 3). Dox was
covalently linked with p-Si MNs. The water-soluble backing
was temporarily used to help insert the MNs into the skin
and subsequently dissolved within 1 min, making MNs avoid
discomfort and irritation to the patients caused by traditional
flexible backing like PDMS backing. Consequently, the p-Si
MNs remained implanted inside tissues, gradually hydrolyzed
into biocompatible byproducts, continuously released Dox
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for several days with a controlled rate. The study results
showed the MN@SRS exhibit superior anti-tumor efficacy
without local skin lesions, which attributed to the minimally
invasive and long-last effective drug concentration at the
local site based on the sustained release property of MN@SRS
[75]. Luo et al. developed a MN@SRS prepared by gelatin
methacryloyl (GelMA), an innovative biodegradable material
for sustained delivery of Dox. Delivery rates of therapeutics
and mechanical properties can be adjusted based on the
crosslinking degree of GelMA. The results showed novel
GelMA MNs successfully penetrated the skin, and a reverse
correlation between sustained release period and crosslinking
time could be observed [74].

3.2.2.  The application of MN@SRS for immunotherapy

Cancer immunotherapy is considered as a potentially
powerful approach for cancer management [76-78|. Recently,
two treatment pathways exhibit enormous potential in
advanced cancer patients. One is adoptive cell therapy (ACT),
which is based on directed transfer of T cells into the body to
stimulate the immune response against cancer [79,80]. The
other is checkpoint blockade, this method treatment with
antibodies such as cytotoxic T lymphocyte antigen-4 (CTLA-4)
or programmed death-1 (PD-1, or its counter-receptors PD-
L1) that block the inhibitory effect [81,82]. However, cancer
immunotherapy not only obtains the remarkable effect
but also brings non-negligible side effects. For instance,

when patients treated with anti-CTLA-4, it might lead to
serious adverse events reach up to grade 3 or 4 [83,84].
Therefore, a looming challenge for cancer immunotherapy is
avoiding systemic toxicities that prevent immunotherapies
from successful clinical transformation. On the other hand,
despite anti-PD-1 agents («PD11) or anti-PD-L1 agents («PDL1)
have acquired impressive clinical responses in patients
suffered from melanoma, only 30%-40% of patient response
to antibodies blocking PD1/PDL1 because of the presence of
intrinsic or acquired resistance of immunotherapies [85-87].
Combination therapy of antibodies blocking PD1/PDL1 with
other immune activation agent could achieve synergistic
anti-tumor effect [88-90]. As a result, a series of clinical trials
of combination therapy are underway [91]. Unfortunately, the
protocol of most current clinical trials consists of repeated
intratumoral injections, that may lead to the destruction of
the tumor microenvironment and blood vessels, increasing
the risk of tumor metastasis and penetration [92-95].

To response challenges mentioned above, immunotherapy
mediated by MN@SRS shows broad prospects, including
(1) directly local administration of MN@SRS into lesion
sites, the drug is preferentially reserved at the injection
site, which allow lower drug concentration than systemic
administration; (2) MN@SRS can locally control the release of
drug, confine therapeutics to target lesion sites, reaching full
curative potential of drug by avoiding debilitating toxicities
and multiple intratumoral injections; (3) Multiple drugs can
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be loaded into MN@SRS to obtain synergistic effect and
enhance anti-cancer efficacy. (4) MN@SRS could overcome
the SC barrier and insert into dermis, where are plenty
of dermal dendritic cells (DCs) that play important role in
immunomodulation. Therefore, MN@SRS are approaches to
enhance local immunotherapy for superficial tumors.

Wang et al. loaded «PD1 into a MN patch for local
and controlled delivery of «PD1. «PD1 and glucose oxidase
(GOx) were loaded into the pH-sensitive dextran NPs. GOx
transformed the blood glucose to gluconic acid during MNs
were inserted into skin. The acid environment promoted
the dissolution of NPs and following release of packaged
«PD1. Compared with control groups (MNs without GOx or
intratumoral injection of free «PD1), this MN patch produced
strong immune responses [85].

However, tumor cells can catalyze a series of
immunosuppressive molecules. For example, indoleamine
2,3-dioxygenase (IDO), which can restrict T cells functions
[96,97]. Thus, monotherapy with immunologic drugs obtains
limited immunotherapy clinical benefit [98]. To overcome
this problem, Ye and coworkers employed MNs for sustained
delivery of «PD1 combined with an inhibitor of IDO, 1-methyl-
DL-tryptophan (1-MT). Both cargos achieved sustained
release for over 48 h. The synergistic and sustained delivery
of 1-MT and «PD1 by MNs exhibited potent anti-cancer
potential and prolonged anti-tumor efficacy [99]. Ye et
al. developed a MN@SRS system encapsulated inactive
B16F10 melanoma lysates and melanin (Fig. 4). In this study,
melanoma lysates were gradually release from MNs for over
five days, subsequently facilitated immune response. At
the same time, melanin generated immunogenic substrates
through local release of heat, which was transferred via near-
infrared (NIR), further enhanced tumor immune activation.
In vivo results indicated that the MNs successfully hampered
tumor engraftment in prophylactic models and achieved

prolonged tumor suppressor efficacy in tumor-bearing
mice [100]. Zhou et al. designed a transfersome/MNs complex
system to co-deliver pembrolizumab («PD1), tumor associated
antigen (TAA) and adjuvant poly I:C. In this study, HA-GMS-
«CD40 was introduced to modify the surface of transfersome
to endue target capacity to DCs. The results showed the
MN@SRS with controlled release of all cargos exhibited great
potential in tumor immunotherapy [87].

3.2.3. The application of MN@SRS for gene therapy

Gene therapy has been wildly applied to treatment of disease,
including cancer therapy [101-103]. With the successful of
LUXTURNAG®, a FDA approved gene therapy for biallelic RPE65
mutation-associated retinal dystrophy [104], many strategies
have been developed to explore effective gene delivery.
Unfortunately, there are still some challenges. Appropriate
delivery carriers and suitable delivery routes play important
roles in gene delivery [105]. Based on previous studies,
MN@SRS provide a new platform of gene delivery [106,107].
Typically, Qu et al. presented a MN patch based on GelMA
for local and sustained delivery of plasmid DNA (pDNA)
(Fig. 5). Intracellular delivery of the pDNA was achieved by
encapsulating it into poly (8-amino ester) (PBAE) NPs. The
MN@SRS showed robust transfection effect of the nucleic
acid cargo both in vitro and in vivo [108]. DeMuth’s group
constructed a releasable PEM coated polymeric MNs patch.
On this base, they loaded DNA and adjuvants into the MNs
to achieve continuous release of cargos from day to weeks,
strengthening immune response [29].

3.3. The application of MN@SRS for diabetes therapy
Diabetes is a chronic disease accompanied by disorders of
blood glucose metabolism [109-111]. According to the reports
published from the International Diabetes Federation (IDF),
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Fig. 5 - (A) Schematic for the components and application of DNA-coated MNs, (B) SEM images of DNA-coated MNs, (C) DNA
release profile from MNs [108]. Copyright 2020, Royal Society of Chemistry.

approximately 463 million people suffered from diabetes in
2019, and it is estimated the number would reach up to
700 million by 2045. Obviously, the situation is worrisome
[3]. Diabetes can be divided into three categories: type 1
diabetes (T1D), type 2 diabetes (T2D) and gestational diabetes
(GD). T1D is caused by less secretion of insulin while T2D
is usually caused by insulin resistance [112]. For T1D and
advanced T2D, insulin is the most used drug to effectively
control blood glucose levels (BGLs) [113-115]. To date, there
are several insulin formulations available on the market
[116,117]. Usually, these formulations are administrated by
subcutaneous injection mediated by hypodermic needle
or pump [115]. Frequent injections lead to poorly patient
compliance [118,119]. In recent years, new choices have been
emerged in treatment of T2D, including glucagon-like peptide-
1 (GLP-1) agonists/analogues and dipeptidyl peptidase-4 (DPP-
4) inhibitors [120]. The most representative drug is long-
acting exenatide, Bydureon, which has been approved by
FDA and European Medicines Agency (EMA). Bydureon is
microsphere based on PLGA for once-weekly subcutaneous
injection [121,122]. Long-acting exenatide greatly reduces
frequency of injection, but injection pain, needle phobia and
adverse reactions at the injection site are still inevitable.

In response to these challenges, polymeric MNs as a
dramatic delivery system have been wildly explored for
insulin delivery [123-125]. Based on the previous studies,
insulin maintained biological activity during the preparation
and storage period of polymeric MNs, which means insulin
encapsulated into polymeric MNs do not require cold chain
to transport and storage, and can be used conveniently
by patients for long-term [126-128]. Moreover, the BGLs in
animal models were effective controlled by insulin MNs have
been demonstrated [129-132]. Nonetheless, these traditional
polymeric MNs release insulin with uncontrolled manner,
which is not conductive to manage patient’s BGLs [133,134].
The limited drug loading efficacy of traditional polymeric MNs

would fail to meet the requirement of long-term exposure
drug dose [134].

To solve these problems, MN@SRS were designed for
sustained delivery of insulin with a controlled manner. In
particular, the integrated system based on MN@SRS can
deliver cargos for initial quick release and subsequent
sustained release, with flexible application for diabetes
patients. Moreover, backing layer-based MN@SRS significantly
increase drug loading capacity of MNs, and successfully
avoid limited loading efficacy of drugs which need long-
term exposure. Donnelly et al. prepared hydrogel MNs
to enhance transdermal delivery efficiency and drug
loading of macromolecules like insulin. Interestingly, the
MNs themselves contained with no drugs, but instead,
attached patch acted as drug reservoirs. After application,
the MNs rapidly absorbed skin SIF to produce continuous
and un-blocked hydrogel conduits. These hydrogel conduits
connected attached patch drug reservoirs with dermal
microcirculation, resulting in controlled drug release
from reservoirs. This MN@SRS platform significantly
improved drug loading efficacy of insulin to 5 mg/cm?
with a release period over 24 h [135]. Similarly, Zhu and
coworkers utilized backing layer as depot for sustained
release of insulin. The MN@SRS showed approximative
relative pharmacological availability and more lasting and
stable hypoglycemic effect compare to injection [40]. Che et
al. constructed smart MNs combined boronate-containing
hydrogel with silk fibroin. Acute, long-lasting, and glucose-
responsive insulin delivery properties were integrated into
the smart MNs (Fig. 6). Silk fibroin was introduced to enhance
mechanical strength while the boronate-containing hydrogel
possessed glucose-responsive ability, providing insulin with
diffusion-controlled release for days. Thus, the smart MNs
provided a potential choice to solve a series of unsatisfied
medical needs in the treatment of diabetes patients
[136].
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and Sons.

3.4.
therapy

The application of MN@SRS for infectious disease

In the past decades, millions of people from all over the
world are threatened by infectious diseases, causing an
enormous burden on public health and global economies
[137-139]. In fact, the emerging coronavirus disease (COVID-
19) clearly revealed the huge challenges of pandemic to public
health [140-142]. To date, vaccination has been the main
method of effective prevention and treatment of infectious
diseases. According to the data estimated by the world health
organization, vaccination protected 2.5 million children from
infectious deaths each year [143]. Skin is an attractive immune
organ for delivering vaccine because of its easily accessible
character and rich network of DCs such as langerhans
cells (LCs) and macrophages [144-146]. These specialized
DCs possess strong antigen presentation capability. They
transfer to the skin draining lymph nodes (DLNs) and then
present processed antigens of T and B lymphocytes to
induce pathogen-specific protective immunity [147-150].
Unfortunately, most of vaccines are delivered by hypodermic
needle injection because of skin barrier layer. Palpably,
hypodermic needle injection brings a serious of problems
including injection pain, needle stick injuries and time
consuming [151]. Importantly, traditional immunization
causes rapid antigen clearance, and one-time injection can
only activate the immune system but fails to elicit protective
immunity [152,153]. Based on the previous studies, repeated
injections or sustained delivery of antigens via implanted
miniosmotic pumps enhanced the humoral responses
compared to traditional immunization, own to increased
antigen availability [154-157]. However, immunizations
through osmotic pump implantation or multiple injections
are impractical for prophylactic vaccination. Furthermore,
cold chain transportation and storage increase the cost of
vaccines.

Owing to these challenges, MN@SRS are wildly used as
a pain-less and self-administration method for vaccines
delivery. MN@SRS control vaccine kinetics, resulting in

continuous exposure of lymphoid tissues to vaccine antigens
with promotional humoral immunity. In addition, MN@SRS
are dry formulations that improved the stability of vaccines,
thereby eliminating the problems caused by cold chain
requirements during vaccine transportation and storage.
Moreover, the self-administration potential of MN@SRS is
meaningful for prophylactic vaccination, especially for areas
where there is lack of professional medical personnel.

Motivated by these merits of MN@SRS, Boopathy et al.
designed a silk fibroin- based MN patch for continuous
delivery of HIV vaccine. Poly (acrylic acid) (PAA) was
chosen as the material of dissolving backing layer. Once
the MN@SRS were applied into the skin, the backing layer
made by PAA rapidly dissolved, allowing silk needle tips
to separate from patch and implant into the skin. With
the swelling and hydrolysis of silk matrix, the entrapped
vaccine was released over two weeks. In vitro release
studies showed the structure of antigen released from the
MNs maintained structural integrity. Immune response by
MNs was enhanced 1300-fold higher antibody titers than
equivalent bolus injections at 1-month post-boost, which
was due to sustained release vaccines from MNs [158].
Interestingly, DeMuth et al. also prepared a silk fibroin-
based separation MN for programmable vaccine release and
enhanced immunogenicity in transcutaneous immunization
(Fig. 7). The PAA acted as a separation layer, both silk fibroin
needle tips and PAA separation layer loaded a model drug-
vaccine ovalbumin (OVA). After a short application of the MN
patch into the skin, the PAA layer quickly dissolved to provide
a bolus of OVA. At the same time, a long-release silk fibroin
reservoir was implanted into the skin to within 1-2 weeks
low-level sustained skin vaccine release [159]. Similarly, Chen
et al. employed chitosan-PLA based rapidly detachable MNs
to deliver OVA. After applied into skin, OVA-loaded chitosan
needle tips were separated from the PLA sporting array by
soluble PVP coated layer dissolving. The implanted needle tips
allow the antigen to release constantly atinsert site for at least
14 d, inducing a robust immune response for over 6 weeks
[160].
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3.5.  The application of MN@SRS for skin diseases therapy

Skin diseases caused by bacteria, fungi, and viruses have
been wildly explored due to their high prevalence and serious
consequence [161-164]. As reported, they are the fourth
leading cause of disability globally in 2013 excluding mortality,
affecting over 3% of worldwide population [165,166]. Until
now, polymeric MNs have been diffusely employed to treat
skin diseases such as hypertrophic scar, acne and actinic
keratosis [167-169]. For example, Lin et al. designed polymeric
MNs based on HA to reduce abnormal scar [170]. Zhang and
coworker prepared poly (ionic liquids) (PILs) based MNs for
acne infections treatments [171].

3.5.1.
therapy
For chronic skin diseases, like psoriasis, an autoimmune
disease needed long-term treatment, MN@SRS show
unique advantages. For instance, Tekko’s group developed a
dissolving MN patch for local and sustained delivery of MTX, a
first-line treatment drug for psoriasis. A bottom-up technique
was introduced to produce poorly water-soluble MTX NC,
which performed as drug reservoirs with high drug loading
efficacy. The MN@SRS possessed the sustained release period
of MTX over three days and the therapeutic efficacy was
significantly improved. Moreover, the MN@SRS reduced the
side effects and avoided systemic exposure of MTX compared
to the traditional systemic administration routes [27].

The application of MN@SRS for chronic skin diseases

3.5.2.

therapy
Around 20-25% of the worldwide population affected by skin
fungal infection, also known as mycosis, especially those

The application of MN@SRS for fungal skin infections

patients with AIDS and cancer with compromised immune
systems [172,173]. Completely eliminating deep cutaneous
mycosis is still a big challenge [174-177]. The key point to cure
deep cutaneous mycosis is effectively deliver localized and
sustained release drugs into infected deep tissue, which can
completely kill the fungi in chronic infection and successfully
prevent the development of drug resistance [178,179]. To tackle
these issues, MN@SRS provide a promising choice for the
treatment of deep fungal infection. Zan et al. prepared a
MN patch consists with chitosan-polyethylenimine (CP) and
Amphotericin B (AB) to treat deep cutaneous mycosis (Fig. 8).
CP acted as biocompatible polymer as well as antimicrobial,
which produced synergistic antibacterial effect with AB. High
permeability of therapeutics by piercing the barrier of skin,
localized and sustained release of therapeutic contributed to
superior antifungal infection effectiveness of the MN@SRS
compared with conventional cream application [180].

3.5.3.  The application of MN@SRS for chronic wound healing
Another type of skin disease is skin wounds caused by various
reasons, among them, chronic wounds are a global healthcare
challenge, causing serious personnel and economic burden
[181]. Chronic wounds mostly occur in diabetic and bedbound
patients, they may maintain inflammation period for months
or years, such skin damage can be life-threatening if it is
not healed in time [182,183]. One of the current challenges in
the treatment of chronic wounds is bacterial infection. The
use of antibacterial dressings or prophylactic antibiotics has
been successful in reducing wound infections to some extent,
however, they usually reduce the speed of wound healing
and promote the development of drug resistance [184]. The
other challenge is chronic wounds are usually accompanied
by eschar, therapeutic drugs need to pass through the eschar
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Fig. 8 - (A) Illustration of the antimicrobial MN patch, (B) In vivo fluorescence imaging shows the release of Cy5 from MN at
different times, (C) Quantitative in vivo release profiles of Cy5 from MN [180]. Copyright 2019, John Wiley and Sons.

to reach the healthy cells below. It is well known that the
localized delivery of exogenous growth factors and anti-
inflammatory factors can improve the quality of wound
healing, such as vascular endothelial growth factor (VEGF) and
platelet-derived growth factor (PDGF) [185,186]. Unfortunately,
these biological factors need the right concentration at
specific time points to be effective. Therefore, smart drug
delivery systems based on stimuli-responsive materials have
been developed, such as hydrogel [187]. These materials can
response to various wound environments to release loaded
drugs. But there is still a problem worthy of attention: whether
these drug delivery systems can deliver drugs through
eschar and effectively accumulate in healthy cells below the
eschar.

To address the issues, MN@SRS show the potential for
chronic wound treatment. MN@SRS are micro-invasive, they
can pierce the eschar and effectively deliver drugs to healthy
cells. They can also destroy the biofilm formed in bacterial
infections, which is a protective barrier for bacteria, obtain
better antibacterial effects. More importantly, active and
smart drug delivery strategies integrated with MN@SRS
can easily comply with the dynamic pathophysiological
conditions of chronic wounds and further enhance wound
healing duo to their controlled drug release property.
For example, Chi et al. developed a chitosan MN patch

integrated with VEGF-loaded temperature sensitive hydrogel
for promoting wound healing. When the MN applied
to the wound, the increased temperature caused by
the inflammation reaction degraded the hydrogel and
intelligently released VEGF [188].

4, Conclusions and future outlook

The application field of MN@SRS is broad. In this review
article, we surveyed typical articles instead of all the related
studies to exhibit extensive therapeutic applications of
MN@SRS. Altogether, MN@SRS that combined MNs patch
with sustained release drug delivery system ingeniously,
were viewed as a successfully platform to deliver drugs
and vaccines. MN@SRS can be also used as synergistic
therapies, realizing the strategies of “two birds with one
stone”. The self-administration potential of MN@SRS
increased patient’s access to medications and further
enhanced patient compliance. In this regard, women
who need contraception and HIV-infected patients benefit
greatly. They both require long-acting formulations that
are convenient for self-administration to reduce the pill
burden. Especially for AIDS patients, they are often unwilling
to expose the fact that they are sick to other people. On
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the other hand, MN@SRS directly deliver vaccines into
skin tissue where has rich immune cells, subsequently
generating robust immune stimulation due to the durable
release of vaccines, which is beneficial for immunotherapy.
In addition, MN@SRS can avoid cold chain transportation
and address storage difficulties of unstable drugs, such as
peptides, proteins and nucleosides, reducing the cost of
drugs.

Even though MN@SRS exhibited great potential for
improving therapeutic efficacy, practical clinical translation
is still in their infancy, and patients do not really get the
benefits from this novel platform. In this sense, there are
still some issues need to be solved. Firstly, the cooperation
between academia, industry and regulatory authorities must
be strengthened, not only to develop new products, but also to
boost explore of new good manufacturing practices (GMP) and
realize industrialization. Furthermore, MN@SRS are a new
TDD system instead of substitute of conventional transdermal
patches, therefore, their mechanism of action and the safety
of materials are crucial. Most of MN@SRS are made of FDA-
approved polymers, such as PLA, PLGA, etc. Although the
safety of these materials has been established for a long
time, they have never been administered intradermally. The
routes of metabolism and elimination of these materials
and the safety of deposition into the skin for a long-term
need to be investigated. Unlike conventional transdermal
or topical drug delivery systems, MN@SRS will encounter
viable skin cells, whether the MN@SRS keep sterile is another
question worth considering. All these factors will delay the
commercialization of MN@SRS. Also, due to the complexity of
the sustained release compared with bolus release, the release
kinetics of MN@SRS need further explore. Nevertheless, with
the success of MNs on an industrial scale, for example, Zosano
Pharma Corporation (USA) announced the acceptance of their
New Drug Application (NDA) by the FDA for their product
Qtrypta, a zolmitriptan-loaded MN patch for the treatment of
migraine headaches [189]. MN@SRS should also be available
in the clinic in the future. Qtrypta is an array of close to
two thousand drug-coated titanium MNs, which is mounted
on the skin-facing surface of a backing that resembles an
adhesive bandage. The length of each individual MN is about
3 times the width of a human hair. When the MN patch
is applied, the MNs penetrate the outermost layer of the
epidermis. The coated zolmitriptan is dissolved by SIF and
absorbed rapidly into the bloodstream. The shallow depth
of penetration limits the likelihood of stimulating sensory
nerve endings and causing pain. To this end, impressive
advance in this area has been made by Vaxess Technologies
(USA), its proprietary MIMIX™ therapies based on technology
originally developed at Tufts University and MIT. MIMIX™
therapies are silk fibroin-based MN@SRS for oncology and
infectious disease development. This technology is utilizing
the natural properties of silk fibroin to obtain the most
effective delivery profiles of various drugs and achieve
better treatment effect. The silk fibroin-based MN@SRS
was fabricated by micromolding method, specifically, silk
fibroin was used as needle tip material and PAA played
a role as separation layer. After the MN patch is applied
on the skin, PAA layer dissolved quickly, silk fibroin-based
needle tips were implanted into skin act as drug reservoir

to achieve long-term treatment. If these products successful
approved by FDA, which will represent a key milestone for the
field.
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