Manuscript
Click here to download Manuscript: Manuscript.docx Click here to view linked References

Progress and Perspective of Microneedle System for Anti-

cancer Drug Delivery

Dongdong Li"*, Doudou Hu'", Hongxia Xu', Hirak K Patra® 3*, Xiangrui Liu', Zhuxian Zhou',

O J o U bW

Jianbin Tang'*, Nigel Slater’, Youqing Shen'

O

1Key Laboratory of Biomass Chemical Engineering of Ministry of Education and Center for

= e
= o

Bionanoengineering, College of Chemical and Biological Engineering, Zhejiang University,
Hangzhou 310027, China
*Wolfson College, University of Cambridge, Cambridge CB3 9BB, United Kingdom

[ e N S
oy Ul W N

*Department of Chemical Engineering and Biotechnology, University of Cambridge,
Cambridge CB3 0AS, United Kingdom.

e
© o J

*Email: jianbin@zju.edu.cn

N
(@)

#Equal contributor

NN NN
DSw N

Abstract : Transdermal drug delivery exhibited encouraging prospects, especially through
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superficial drug administration routes. However, only a few limited lipophilic drug molecules
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could cross the skin barrier, those are with low molecular weight and rational Log P value.
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Microneedles (MNs) can overcome these limitations to deliver numerous drugs into the dermal
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layer by piercing the outermost skin layer of the body. In the case of superficial cancer treatments,
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topical drug administration faces severely low transfer efficiency, and systemic treatments are
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always associated with side effects and premature drug degradation. MN-based systems have
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achieved excellent technical capabilities and been tested for pre-clinical chemotherapy,
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photothermal therapy, photodynamic therapy, and immunotherapy. In this review, we will focus on
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the features, progress, and opportunities of MNs in the anticancer drug delivery system. Then, we
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will discuss the strategies and advantages in these works and summarize challenges, perspectives,
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and translational potential for future applications.
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1 Introduction

Historically skin has been perceived as a “wall” to separate all the exogenous materials.
However, with the finding of the new organic and inorganic substances that could directly be
absorbed by the skin, we understood skin is not a completely impermeable barrier [1, 2]. The first-
ever transdermal therapy to treat motion sickness was approved in 1979 in the US [3]. Since then,
many classes of transcutaneous medicines were assessed in the clinical trials, such as for
Vaccination (Clinical trial no - NCT03207763) and Topical Anaesthesia (Clinical trial no -
NCT03629041). Some of them are already approved for the market [4-6] and are profoundly
indicating that an alternative drug delivery strategy is widely emerging for the future healthcare
sector. In recent times, the transdermal drug administration strategy becomes an essential
therapeutic arrangement in complement with oral, hypodermic and intravenous injection, etc [3].
The transdermal strategies possess several advantages over others [6]. It is painless in comparison
to the injection and as it is needle-less equipment, there is almost no risk of spreading diseases by
reusing needles and can thus reduce an unsafe source that usually caused by medical waste,
especially practices in developing countries [7].

All over again, the transcutaneous technique can easily overcome the limitations associated
with the oral route. It can avoid the first-pass or pre-systemic metabolism where the dose of the
drug is greatly reduced before even it enters the systemic circulation, and also can avoid
gastrointestinal degradation. Hence it can improve the bioavailability of the active pharmaceutical
ingredients (APIs). The transdermal patches can deliver drugs in much well-controlled fashion
over a prolonged period, and the non-invasive feature makes it a self-administered device with
improved patient compliance [3]. However, the widespread use of transdermal patches is limited

because of the skin's excellent barrier function [6, 8].

2 The structure of the skin

Skin plays a very significant role in the human body by acting as a “wall” to prevent the
substance outside from entering through the skin and interpreting the normal metabolism inside
[9]. Thus, skin provides a suitable environment for internal organs with optimum temperature,
humidity, etc. Moreover, it’s an organ to sense outside conditions like heat, cold, touch, and
pressure, and transmit information to the central nervous system (Fig. 1) [10]. The skin has long
been considered as an impermeable fence to the exogenous chemicals. However, numerous studies
confirmed that skin is not completely impermeable [6]. During the early 20th century
understanding, lipophilic agents were perceived more easily to permeate through the skin [6].
Later on, the skin was better understood and modeled as a multi-layered multifunctional structure
than a mere simple barrier. The stratum corneum that makes up the outermost layer, is the actual
barrier for the absorption of drugs [11]. The epidermis layer is next to the stratum corneum, and
the deepest layer is classified as dermis [12, 13].

The drug has to cross the stratum corneum and viable epidermis before it makes passage
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through the capillaries and the circulatory system [12, 14]. There are three well-accepted routes
for passive diffusion of the drugs, namely through hair follicles, sweat ducts, and through the
stratum corneum. (Fig. 1) The stratum corneum is primarily formed by dead keratinocytes and can
prevent water loss from the inner tissues and the penetration of substances from outside [14],
which leads to the limited efficacy of transdermal patches. On the other hand, the efficacies of the
other two routes are too low, and their contributions are nearly negligible [14]. Thus, it needs to
diffuse across the stratum corneum for a successful transcutaneous delivery [15]. To do so, the
drug must be of lower molecular weight (less than 600Da) to obtain a higher diffusion coefficient
and acceptable lipophilicity with Log P value between 1 and 3. This feature confirms that the drug
molecules could effectively permeate into the stratum corneum and could reach to more
hydrophilic dermis environment instead of being trapped within the lipid layers [16]. There is a
constant effort going on to find alternative enrichment strategies to increase the delivery efficacy
such as chemical enhancers [17], iontophoresis [18], ultrasound [19], electroporation [20], etc.
However, the practicality and ease of use of these approaches are still very limited due to their
poor ability to deliver [21]. Hence, new delivery devices are highly desired to competently cross

the barriers of the stratum corneum for transdermal drug delivery and therapy [22].
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Fig. 1. Schematic illustration of the structure of the skin [12].

3 Microneedles

MNs are minimally invasive devices, composed of micron-size needle arrays of about 50-900
pum in height. The MNs can be manufactured through microfabrication techniques with various
materials, geometries and they can deliver drugs into the subcutaneous layer, circumventing the
stratum corneum barrier [23, 24]. The needles of MNs pierce the stratum corneum and the
epidermis to create micropores in the skin, through which the drug molecules could passively
permeate into the dermal layer. Interestingly, the individual needle is long enough to overcome the
stratum corneum barrier but short enough to stimulate the nerve ends [14, 25, 26]. Therefore, this

equipment is easy-to-use and painless compared to traditional invasive injections and/or oral based
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strategies with functional superiority [27]. The MNs can not only help the drug molecules to
circumvent the first-pass metabolism and gastrointestinal degradation but also broaden their
application scope of drug types, irrespective of their molecular weight and hydrophilicity [6, 14].
There is no confirmed report whatsoever that indicates MNs can cause or increase the chance of
skin infection [28] as a side effect, neither being reported that they might affect normal skin
functions [29, 30]. Hence, numerous investigations carried out with MNs to deliver diverse
hydrophilic or hydrophobic small molecules [31-34], oligonucleotides [35], peptides [36, 37],
DNA [38, 39], and macromolecules such as antibody [40, 41], insulin [42], ovalbumin [43-45],
including nanoparticles and others [46-52]. A large number of MNs have been entered into clinical
trials for the treatment of various diseases, showing their universal effectiveness irrespective of the
type of disease (summarized in Table 1 for clinical trials in non-cancer diseases)
(clinicaltrials.gov).

A wide range of materials and technology are used to fabricate MNs. To date, there are five
major different types of MNs being reported, namely solid, coated, hollow, dissolvable, and the
hydrogel-forming MNs (Fig 2) [53]. The application of solid MNs for drug delivery involves a
two-step process; firstly, applied on the skin to create the micro-channels, and then the MNs are
removed. In the second step, the drugs are layered on the surface to diffuse through [54, 55]. The
coated MNs are achieved from the solid MNs through coating drugs on the surface of the needles
[56, 57]. The dissolving MNs are fabricated with the biodegradable materials and the active
ingredients. Once the MNs are injected into the skin, they will be dissolved and release their
cargoes [13, 58, 59]. The hollow MNs consist of hollow channels through which the medications
are injected into the skin after insertion [60, 61]. The hydrogel-forming MNs are made of swelling
materials in which the drugs are loaded. Once the MNs are inserted into the skin, the needles will

absorb interstitial fluid and release the drugs into the tissues subsequently [62, 63].

+ Stratum Corneum

A Solid MNs " " Epidermis
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Fig. 2. Schematic representation of the different types of microneedles (MNs). (A) Solid MNss, (B)
Coated MNss, (C) Dissolving MNs, (D) Hollow MNs, (E) Hydrogel-forming MNs [6].
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Table. 1. Clinical trials with MNs (clinicaltrials.gov)

MNs type | Conditions Phase Status NCT
Identifier

Solid Primary Axillary | - Completed NCT03054480
Hyperhidrosis
Primary Axillary | - Unknown NCT02823340
Hyperhidrosis
Hyperhidrosis Phase 1 Completed NCT03203174
Pain - Completed NCT02596750
Dental Pain - Completed NCT02966067
Actinic Keratosis - Completed NCTO01812837
Actinic Keratosis Phase 2 Completed NCT02632110
Keratosis, Actinic - Completed NCT02594644
Wrinkle - Recruiting NCT03739398
Aging - Unknown NCT02368626
Aging, Wrinkle - Active, not recruiting | NCT03426098
Topical Anaesthesia Phase 1 Completed NCT03629041
Melasma - Not yet recruiting NCT03472235
Postmenopausal Osteoporosis | Phase 3 Recruiting NCT04064411

Hollow Type 1 Diabetes Phase 2/3 | Completed NCTO00837512
Type 1 Diabetes Phase 1 Active, not recruiting | NCT02837094
Type 1 Diabetes Phase 2 Unknown NCT01684956
Diabetes Early Completed NCT00602914

Phase 1

Diabetic Macular Edema Phase 2 Completed NCT03126786
Diabetic Macular Edema Phase 1/2 | Completed NCT02949024
Macular Edema, Phase 3 Terminated NCT03203447
Retinal Vein Occlusion
Uveitis Phase 3 Completed NCT03097315
Uveitis - Completed NCT02952001
Uveitis Phase 3 Completed NCT02595398
Uveitis Phase 2 Completed NCT02255032
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Influenza

Influenza

Influenza

Influenza

Influenza Infection
Intradermal Injection
Intracutaneous Drug Delivery
Local Anesthesia

Pain

Tuberculosis Test

Gingival Recession

Allergic Reaction to Nickel
Acute Migraine

Cluster Headache
Vaccination

Psoriasis

Influenza

Basal Cell Carcinoma
Cutaneous T Cell Lymphoma

Oral Cavity Disease
Diabetes
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Acne Scars
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Antibiotic Concentrations
Migraine

Penicillin Delivery
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Phase 1/2

Phase 2/3

Phase 2/3

Phase 1
Phase 1

Phase 1

Phase 1

Phase 3

Phase 1

Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
Completed
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Completed
Completed
Completed
Completed

Not yet recruiting
Completed
Unknown
Completed

Not yet recruiting
Recruiting

Completed
Completed

Recruiting
Recruiting
Not yet recruiting
Unknown

Completed

Completed

Not yet recruiting

NCT01789320
NCT01304563
NCT00558649
NCTO01767337
NCT01707602
NCT01049490
NCT03415373
NCT01767324
NCT00539084
NCT03607903
NCT01611844
NCT03274674
NCT02995057
NCT02745392
NCT04066023
NCT03207763
NCT02955576
NCT02438423
NCT03646188
NCT02192021

NCT03855397
NCT02682056

NCT03332628
NCT03795402
NCT03380845
NCT01039623

NCT03847610

NCT03282227

NCT04053140
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4 Microneedles for cancer therapy

Almost for the last four decades, MNs have been widely operated for the transdermal
delivery of substances, showing improvement in the drug delivery efficacy. For cancer therapy,
MNs have been reported for delivery of primarily photothermal and photodynamic agents,

chemotherapy drugs, therapeutic genes, and agents for immunotherapy.

4.1 Chemotherapy

Chemotherapy is one of the leading arsenals against cancers. However, anti-cancer
chemotherapeutics are struggling with severe side effects caused during traveling through
systemic route, poor tumor-targeting capability, inability to cope up with disease spreading
(metastasis), and high off-target toxicity [64, 65]. The MNs provide a unique opportunity to
deliver anticancer drugs through the transdermal route [31, 33, 34, 66-71]. Banga et al. reported
many such investigations for the assessment of transdermal delivery efficacy for both hydrophobic
[31, 72, 73] and hydrophilic drugs [74]. For example, they developed solid MNs for the delivery
of Methotrexate (MTX) [72]. Maltose-made solid MNs created the holes, and then the mixture of
MTX and poloxamer applied on the skin surface. The poloxamer can easily be transformed into a
gel by changing the temperature from 32 °C to 37 °C (skin temperature). The acquired hydrogel
could sustainably release the MTX at a steady rate [72]. They further compared MNs efficacy with
skin laser-ablated technique and found more uniform distribution of MTX by MNs than ablation
method, despite the lower delivery capacity of MNs [31]. Similarly, they also used MNs to deliver
hydrophilic drugs like diclofenac sodium [74]. Again, despite the MNs hold the better ability to
deliver the drug with a faster diffusion rate, the amount of drug delivered into the skin was lower
than the laser-ablated method, which is primarily because of contact area difference [74]. They
went on further to deliver DOX and Vismodegib and found that MNs significantly increased the
drug permeability [73, 75]. In another context, Lan et al. delivered cisplatin loaded pH-responsive
nanoparticles using MNs (Fig 3) [70]. The high loading capacity of the drugs and topical
application provided strong support for in vivo therapeutic outcomes while minimizing the side

effects [70].
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Fig. 3. Schematic diagram for transdermal delivery of the lipid-coated cisplatin nanoparticles for

cancer therapy [70].

All-trans retinoic acid (ATRA) can promote basal keratinocyte proliferation and can increase
the transformation speed of the stratum corneum, leading to the weakening of the lesion from the
skin. But poor water solubility limiting its application in the treatment of Seborrheic keratosis (a
benign skin tumor). Hiraishi et al. fabricated MNs with sodium hyaluronate for transdermal
delivery of ATRA. They evaluated the stability of ATRA in MNs and found that after 24 weeks
almost 85% of the ATRA remain available [76]. Following the treatment, MNs promoted
epidermal hyperplasia and the respective mRNA and protein expression profile supported, and it
showed that MNs could be a useful tool for topical use of ATRA [77]. Gill et al. loaded DOX into
Poly (lactic-co-glycolic) acid (PLGA) NPs and coated the NPs on solid MNs. The DOX diffusion
was found in a steady process with a uniform distribution in the porcine skin tissue model.
Compared to the hypodermic injection, the MNs found significantly reduced the leakage of the
DOX [78]. They further estimated the effect of salivary washout on the drug delivered by the
MNs. Even though the salivary flow could be the cause of this drug loss, still the drug could
diffuse into the deep dermal when provided with enough insertion time [79]. Lee et al. built an
MN system with double-stranded salmon DNA (sDNA) for its biocompatibility and strong
interactions between DNA molecule and DOX, which made it a stable vehicle for drug delivery
[80]. There are various materials used to develop MNs to explore release kinetics and skin
diffusion of anticancer drugs such as dacarbazine [81], doxorubicin [73, 78, 82] and MTX [31,
72]. However, successful anticancer reports have been hardly published and MNs still hold the
prospect of delivering chemotherapeutics as they are not only appropriate for carrying different
kinds of molecules irrespective of their molecular weight, charge and the hydrophobicity, also they

can enhance the delivery efficacy and promote the uniform distribution of drugs into the tissue.
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4.2 Photothermal therapy (PTT) and photodynamic therapy (PDT)

PPT and PDT are two promising alternative approaches for cancer therapy. PTT and PDT use
the light (laser) energy to generate heat and/or cytotoxic singlet oxygen to destroy the cancer cells.
The controlled manner of PTT and PDT are thought to be able to reduce the side effects and
toxicity, because of their minimal invasion and ease of use applicable features [83-86]. Near-
infrared PTT has been reported with improved anticancer effects synergistically with
chemotherapy [87]. However, limited efficiency to deliver PTT agents into tumors, restricted their
applications [87-89]. Ying et al. coated MNs with PEGylated gold nano-rods and coalesced with
docetaxel-loaded micelles for intravenous delivery [87]. This combined therapy showed excellent
anticancer effect than either PTT or chemotherapy only and found to cure without relapse. Chen et
al. also made several advancements in transdermal drug delivery through MNs, especially for anti-
cancer PTT [32, 90, 91]. They developed reproducible, low-leakage, and non-invasive triggering
of MNs to transfer photosensitive agents into the skin [90]. Besides, they set a dissolvable MNs
system by poly(vinyl alcohol)/polyvinylpyrrolidone with a photosensitive nanomaterial
(lanthanum hexaboride; LaBg) platform where DOX embedded within the MNs (Fig 4) [92]. LaBg¢
nanomaterials can convert NIR radiation into heat for the thermal ablation of cancer cells, while
MNs helped to prevent rapid clearance of LaBs NPs from the body and thus enhanced the
therapeutic efficacy. After inserting MNs into tumor tissues, LaB¢ NPs first absorbed the NIR laser
irradiation, then the MNs were melted and released the loaded DOX into the tumor. The DOX
release can be controlled through switching the light source ‘on’ or ‘off” in line of the concept of
switchable anti-cancer therapy [93]. The MNs system has provided a synergistic effect of the PTT
and chemotherapy in the treatment of the superficial tumors after tuning the irradiation
parameters. As a result, tumors were found to be completely eradicated after a single patch with
three cycles of laser irradiations within 1 week. There is no significant body weight loss and tumor
recurrence found after the treatment, which confirmed that the combination of chemotherapy and
PPT through MNs could effectively enrich the anticancer treatment efficacy against superficial
tumors [92].

Likewise, Dong et al. built a dissolvable synergistic MNs for chemotherapy and PPT with
DOX and gold nanocages (AuNC) [94]. Apart from its photothermal effect, the loaded AuNCs
also helped to overcome the drawbacks of low mechanical strength for the dissolving MNs. Pei et
al. exploited mesoporous silica NPs (MSNs) coated with photothermal agent indocyanine green
(ICG) and loaded with DOX, through which they achieved a collegial effect of PTT and
chemotherapy [95].
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Fig. 4. Schematic illustrations of the MNs system for the combined tumor therapy [92].

Tham et al. developed an MN system for PDT using photosensitizers-loaded mesoporous
nanovehicle [86]. The reported system found with enhanced quantum yield and photostability of
the photosensitizers by linking them to organo-silica matrix. After co-loading with small-molecule
inhibitors, they achieved higher anticancer effects in the xenograft melanoma mouse model.
Similarly, Donnelly et al. reported many works with MNs for 5-aminolevulinic acid (5-ALA)
transdermal delivery [62, 96-100]. The 5-ALA is a widely used photodynamic agent for cancer
therapy that can be transformed into protoporphyrin IX (PPIX) inside the mitochondria and can
kill the cancer cells under irradiation of light [101, 102]. The 5-ALA is a zwitterionic molecule,
which makes it harder to penetrate into the stratum corneum through the topical application [101].
They employed silicon MNs to overcome the limitation of the poor tissue penetration of 5-ALA.
Both in vitro and in vivo results revealed that the MNs increased the skin penetration of 5-ALA
and enhanced the PPIX production [98]. Zhao et al. have used sodium hyaluronate (HA) to build
fast-dissolving MNs patches [102]. Even though the injection dose was relatively lower, the
transdermal pathway achieved much better tumor inhibition rate (66 % to 97 %) compared to
injection. Jain et al. coated 5-ALA on solid needles and evaluated the obtained MNs with a
porcine cadaver skin model. In comparison with conventional cream formulation, the delivery
efficacy of the MNs was found to 3.2-fold higher and MNs can deliver PPIX at least 3 times
deeper (~ 480 um) than the cream formulation (~ 150 pm) with better anti-tumor effects [103].

4.3 Gene therapy

Abnormal gene expression causes many kinds of diseases including cancers, and small
interfering RNA (siRNA) has provided a useful tool for gene therapy for such diseases [104].
Deng et al. used solid silicon MNs to deliver siRNA into the dermal layer to treat skin cancer; the
siRNA was modified by cholesterol to facilitate the uptake and for prolonged circulation in the

blood. The siRNA was mostly found to be accumulated within the treated area instead of in the
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liver compared to what observed in systemic injection [105]. Additionally, they also locally
injected the siRNA by an injectable microneedle device to evaluate its anticancer ability (Fig 5)
[106]. The siRNA was only detected in the tumor instead of other organs and it showed excellent
anticancer effect against human cervical carcinoma (SiHa) xenografts mice model without any

major adverse effect.
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Fig. 5. Microneedle-based siRNA local administration for cancer therapy. (A) The delivery of the
siRNA with the injectable microneedle; (B) The expression of HPV16 E6 gene in the tumor when
the siRNA was delivered by 500 pm or 800 um MNs 24 h after administration. (C) SiHa
xenografts model was photographed ten days after the first treatment. (D) The statistical analysis
of the tumor weight in SiHa xenografts model [106].

Haigh et al. applied cationic liposomes to complex siRNA to prevent degradation and found
after coated on the solid MNs instead of modifying siRNA with cholesterol, loaded siRNA had
excellent gene silence ability [107]. Chong et al. coated respective siRNA on stainless steel solid
MNs and 50 % to 85 % of the siRNA was delivered into the skin after topical application, resulted

in successful gene silencing in vivo [108].

5. Microneedles for the cancer immunotherapy

Cancer immunotherapy is considered as a breakthrough of the Year 2013, because of its
great achievement in cancer management [109]. It marks an entirely different trail for the
treatment of cancers that aims to target the immune system instead of the tumor directly. The
immunotherapy strategy was first proposed for delivering the exogenous antigen, called
therapeutic vaccine, to activate the immune response [110]. However, until now only a few
successes have been shown and reproduced, and thus the vaccination strategy still needs further
consideration and optimization [110]. Recently, there are two greatest promising treatment
pathways in cancer immunotherapy been unfolded [111]. The first one is an attempt to transfer the
engineered T cells, expressing the chimeric antigen receptors (CARs), into the body to improve

the anti-tumor immune response [112, 113]. The other one is through checkpoint blockade; the
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antibodies used to block the inhibitory effect enforced by the tumor microenvironment, such as
cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed death-1 (PD-1, and its two ligands
PD-L1/2) [114-116].
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Fig. 6. Schematic diagram of the different cell types beneath the skin [6].

Skin is an extremely active organ for immune defense and plays an important role in
immunomodulation as there are plenty of Langerhans cells (LCs) and dermal dendritic cells (DCs)
present under the stratum corneum (Fig 6) [117]. DCs are the most dominant antigen-presenting
cells (APC), which are responsible for immune surveillance [117-119]. They could recognize and
endocytose the antigens from the local environment and then become activated. After degradation
in proteasomes within the DCs, the antigens will be presented onto major histocompatibility
complex (MHC) as antigen peptides. The activated DCs could migrate to the draining lymph
nodes and interact with the T cells to form the immune synapse, which indicates the activation
of the immune system [118, 120]. Thus, immunotherapy conducted by MNs has shown countless
prospects, especially for overcoming the skin barrier standing in the way of the transdermal

delivery for macromolecules like antigen, antibody, and DNA [5, 117, 121].

5.1 Antigen vaccine

Successful transdermal vaccination always means the effective activation of DCs, following
presenting the antigen information to the T-cell and causing long-lasting immune memory [122-
125]. Now cancer vaccine has shown great potential for cancer immunotherapy [126-128] and
MN-mediated transdermal vaccination has been proved to be a more effective approach.

Therefore, it seems to be a promising strategy to conquer cancer by MN-based vaccination. As for
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the transcutaneous vaccine, the ideal antigen model was ovalbumin (OVA) and many researchers
have been devoted to evaluating the efficacy conducted by the MNs with OVA [129].

The MNs can smoothly deliver OVA into the skin, noticeably the peak concentration in
plasma comes at 1 h after the MNs application and the plasma level concentration keeps constant
for more than 6 h [130, 131]. Importantly, the formed antigen depot of the MNs could sustainably
release the macromolecule for days [43-45, 132], which led to comparable, even better OVA-
specific antibody responses than the intramuscular injection of free OVA[133-136]. As the
immune responses can be influenced by the different types of MNs and skin locations, further
consideration should carefully be evaluated to optimize the MNs-based immunization strategies
[137, 138]. Additionally, co-delivering of antigens and adjuvants [56, 127, 139-141] or utilizing
functional MNs [142-144] have also been explored to improve the transdermal vaccination

efficacy.
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Fig. 7. Schematic illustration of the dissolving MNs system for cancer immunotherapy [134].

Fujiyama et al. percutaneously immunized 59 patients with advanced malignant melanoma
by several peptides derived from the human lymphocyte antigen typing in individuals [145]. The
prolonged survival time demonstrated that effectively activating DCs and tumor-specific cytotoxic
T lymphocytes could indeed improve the anticancer effects. Even though the vaccination was not
conducted by MNs, it is confirmed that the transdermal pathway was a valid strategy for invoking
immune response and curing cancer [145]. Zaric et al. used OVA as a model antigen to develop a
dissolving MNs system (Fig 7) [134], where the antigen was encapsulated in poly-D, L-lactide-co-
glycolide (PGLA) NPs and loaded into the MNs made by a copolymer of methylvinylether and
maleic anhydride (PMVE/MA). The antigen-loaded NPs delivered transdermally by the MNs to
successfully induce the T cells immunization and efficiently inhibited the proliferation of the
OVA-expressing B16 melanoma tumors. Furthermore, NP-based formulations are not only
prolonged the retention time in the skin, but also improved the stability of the antigens. They
further investigated the immune behavior after the antigen-loaded NPs were delivered into the
skin and found that the antigens in NPs were favorably processed and cross-presented by

Langerhans cells (LCs) [146]. Bhowmik et al. has introduced an MN system for the delivery of
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melanoma cancer cells antigens microparticles [147] and confirmed the ability to inhibit the
development of melanoma after the vaccination with a solid MN equipment Dermaroller®.

Apart from single antigen vaccination, Tawde et al. developed a NP-based metallic MN for
transdermal delivery of whole cell lysate [148]. The murine ovarian cancer cells were lysed as the
antigen and loaded into the NPs. After immunization with NP-based MNs, increased CD8" T cells,
CD4" T cells, and natural killer (NK) cells were observed in the spleen in a mice model. The
anticancer efficacy was significantly improved after combining with interleukins. Maaden et al.
has developed hollow MNs for transdermal injection of a therapeutic cancer vaccine [149]. They
used synthesized peptides derived from human papilloma virus (HPV) as the vaccine, which were
loaded inside cationic liposomes. Compared with the classical intradermal vaccination, the MN
induced stronger immune response with considerably lower peptide dosage, showing its potential
for anti-cancer vaccination.

Apart from antigens, adjuvants are another component of the vaccine to improve the immune
response [150]. Zeng et al. combined the human melanoma antigens tyrosinase-related protein 2
(Trp2) with toll-like receptor agonists (TLRa) and CPG (a potent vaccine adjuvant), in their MN
system [151]. They deposited the vaccine and the adjuvant on the MNs and applied them on the
ear immunization sites. They observed that the MN system evoked much more tumor-specific T
cell expansion than classical intradermal immunization. Given many adjuvants are hydrophobic
and therefore difficult to co-load with hydrophilic antigens, especially in degradable MNs, Kim et
al. investigated the capacity of an amphiphilic copolymer, rather than completely water-soluble
materials, as an MN matrix to co-load OVA and R848 [150]. Their MNs can form into
nanomicelles after dissolved and the OVA and R848 containing nanomicelles could target lymph
nodes and can activate the APCs. After topical usage, the system successfully evoked the immune
defense and showed significant anti-tumor effects, while minimizing the potential toxicity by
reducing the systemic exposure of R848. Gu et al. packed whole tumor lysate into a vaccine MN
patch and utilized the contained melanin to transfer the NIR radiation into heat (Fig 8) [152]. After
the injection with the MN patch, the loaded antigens could be sustainably released into the dermal
layer. At the same time, NIR light induced local heat could trigger the release of the inflammatory
cytokines and generating immunogenic molecules. Also, the elevated local temperature could
surge the blood and lymphatic flow which may further improve the migration of APCs and T cells
to enhance the immune response [152]. Moreover, a widely used adjuvant granulocyte-
macrophage colony-stimulating factor (GM-CSF) was also added into the MN patch [153]. The
MN system could prevent tumor development and inhibit the growth of distant B16F10 tumors.

Even for other tumor models, like BRAF "¢

-mutated BP melanoma and triple-negative breast
cancer carcinoma, the MN patches also showed improved anticancer effect than intradermal

injections.
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Fig. 8. Melanin-based MN patch for cancer immunotherapy [152].

5.2 Gene vaccine

Gene therapy has made several achievements for the prevention and treatment of various
diseases in recent years [154-156]. As for gene vaccine function, gene delivered into cells should
remain active and express the respective antigen to induce immune response [157]. However, their
clinical translation has been limited due to their degradation and fast clearance during the delivery
process [154, 155]. The transcutaneous gene immunization with MNs is a suitable answer to
overcome such limitations [158-161]. Pearton et al. found that coated MNs could efficiently load
plasmid DNA (pDNA) and increase its stability [162], and the reporter genes were transfected
successfully both in vitro and in vivo [162-166]. Many MN systems have also been developed to
investigate the immune behavior genes using MNs, including different material-based MNs [167],
NP-based pDNA vaccine MNs [168], and environmental-sensitive functional MNs [169, 170]. For
example, Hu et al. designed a NP-based DNA vaccine using PEIl-modified MNs with cell-
penetrating peptide (CPP) and the mannose (CPP-PEI1800-Man/DNA NPs) [171]. The CPP could
synergize with the mannose to enhance the receptor-mediated endocytosis and to increase the
efficiency of the intracellular delivery. The gene encoded Trp2, which was overexpressed on the
surface of the melanocytes and melanomas. The in vivo results showed that the transdermal
delivery of the CPP-PEI1800-Man/DNA NPs could significantly improve the anti-tumor immunity
and can prolong the survival time of Bl6-xenografted BALB/c mice [172]. Furthermore, they
have improved the MNs system by utilizing the mannosylated N,N,N-trimethyl chitosan (mTMC)
as the gene vector and low-dose paclitaxel (PTX) as the adjuvant, the newly formed MNs
significantly promoted the proliferation of CD4+ and CD8+ T cells and enhanced the anti-tumor
efficacy [173, 174].

In case of cervical cancer, HPV infection is the leading cause of the disease. Ali et al.
delivered transdermal DNA (encoding oncoproteins E6 and E7) with MNs for the treatment of
cervical cancer [175, 176]. Their MN system not only evoked a strong immune response, but also

clearly inhibited the progress of cervical cancer and prolonged the survival time of the mice with
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TC-1 tumor. Apart from DNA vaccine, messenger RNA (mRNA) can also serve as the gene
vaccine. Koh et al. evaluated stability and delivery efficacy of the mRNA in MN systems under
the ambient condition for weeks, and found that the delivery depth instead of the contact surface
area determined the transfection efficiency of the mRNA in MNs [58]. Although the RNA patch
did not show a better anticancer effect compared with the subcutaneous injection, it still induced
cellular and humoral immune response. Undoubtedly, the higher delivery efficacy and strong

immune response proved the promising future of gene vaccines with MNs for cancer treatment.

5.3 Antibody

Monoclonal antibodies (mAbs) have high specificity and potency and a huge effort has been
devoted to developing mAbs for cancer immunotherapy especially as the immune checkpoint
inhibitors. Even though the checkpoint inhibitors have achieved much exciting clinical progress, it
still faces some shortcomings with serious side effects and low objective response [116, 177, 178].
To overcome the limitations, Gu et al. loaded anti-PD1 antibody (aPD1) into the MNs to achieve
the local delivery [179-182]. The MNs were designed as a pH-responsive platform to precisely
control the drug release, and the aPD1 and glucose oxidase were loaded in the pH-responsive
carrier. After the MN-mediated transdermal delivery, the glucose oxidase could convert blood
glucose into gluconic acid to reduce the pH, and led to the dissociation of the NPs that can induce
the release of the cargo under low pH values. The local delivery strategy not only improved the
stability of the protein drugs, but also enhanced the retention time of the aPD1 in the tumor
tissues. Compared with the intravenous injection of the aPD1, the MN system showed much better
tumor inhibition with lower side effects (Fig 9) [182].

The Indoleamine 2, 3-dioxygenase (IDO) is one of the ranges of immunosuppressive
molecules that is over-expressed in the tumor microenvironment and can degrade the tryptophan
and inactivate the T cells to cause the immune evasion. Gu et al. combined aPD-1 with an IDO
inhibitor 1-methyl-dl-tryptophan (1-MT) in an MN system and reported potent anti-tumor
synergistic effect in the B16F10 mouse melanoma model [181].

Courtenay et al. have used the dissolving and hydrogel-forming MNs to deliver a high dose
of bevacizumab [183]. They confirmed the delivery ability of the MN platform in the lymph and
systemic circulation system and highlighted the continuous delivery features, which is critical for
the treatment of metastatic cancers. Also, encapsulation of the protein drugs into the MN was in

favor of maintaining the biological activity after months’ storage at room temperature [184, 185].
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Fig. 9. The MNs patch for the delivery of aPD1 and treatment of the tumor [182].

5.4 Cytokines

Cytokines can regulate cell growth and differentiation, mediate inflammatory signals
between cells, and modulate tumor immune microenvironment, which is beneficial for cancer
immunotherapy [186, 187]. For example, interferon-alpha (IFNa) is widely used for the treatment
of various types of human malignancy, because of the high biological activity, which is mainly
administered by subcutaneous or intramuscular injection. However, the frequent application is
necessary for the short half-life (4—10 h) in the body, which may compromise patient compliance.
Chen et al. employed the degradable MNs to deliver and compared the pharmacokinetic
characteristics with the intramuscular injection of IFNa-2b [188]. Although there is no significant
difference observed between these two methods in pharmacokinetics, the MNs could improve the
stability of the IFNa-2b and thus provide an alternative administration way for IFNa-2b.

Interleukin-12 (IL-12) can improve the efficacy of vaccines for anti-cancer treatment through
regulating T cells and natural killer cell differentiation and IFN-y expression [186, 189]. Mahato et
al. constructed an MN system loaded with a plasmid vector (p2CMVmIL-12) which can express
IL-12 and injected it into the tumor to evaluate the anticancer effect [190]. The p2CMVmIL-12
was not only successfully expressed, but also significantly inhibited the tumor growth.
Furthermore, Lee et al. delivered the p2CMVmIL-12 with a hybrid electro microneedle (HEM)
transcutaneously [189]. They confirmed the HEM as a useful tool for cutaneous permeation,
release, and intracellular transfection of genes. HEM further exhibited excellent tumor inhibition
ability in a BI6F10 melanoma mice model. Taken together, cytokines can be efficiently delivered

by a transdermal route with enhanced stability and reduced pains.

6. Summary and future perspectives
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MNs have broadened the strategic delivery views for cancer therapy and can reform drug
administration patterns that can bring an alternative way for drug delivery. MNs could transfer the
drugs through painlessly piercing the epidermis and creating micro-channels on stratum corneum.
This allows a broad spectrum of drugs with unsuitable features that could penetrate through the
skin and reach the region of the lesion. Because of the relieved restrictions, the completely
hydrophilic or hydrophobic drugs, macromolecules can be delivered through a transcutaneous
pathway. Additionally, MNs increase the stability of the drugs and reduce the necessity for well-
trained operators, thus making them a promising tool.

However, selections of MNs have been designed for several kinds of applications, the clinical
research is still at its preliminary stage. Currently, besides its applications for cosmetic purposes,
MN-based influenza immunization is the most promising application in the therapeutic aspect.
Compared to the muscle injection, vaccines delivered through a transcutaneous pathway mediated
by MNs could evoke a stronger immune response. Presently, there are two hollow MN-based
vaccines delivery system have been approved [16, 52] and 54 clinical trials have been evaluated
for treating many diseases, including diabetes, actinic keratosis, and vaccination
(ClinicalTrials.gov).

As far anticancer therapy is concern, there are some necessary guidance we should take into
consideration before making the new research effort. Firstly, as skin is a potent immune defense
organ, how to activate the immune cells beneath the skin (e.g., DCs, at a maximum extent) is of
great significance. Furthermore, the focus should be shifted to metastatic cancers instead of
superficial cancer, and the immunotherapy effect should be strong enough to kill and eradicate the
localized and moving cancer cells. However, the potential risk of allergic response should not be
ignored. Secondly, the topical application of the checkpoint blockade antibody or cytokines loaded
in MNs is an alternative strategy to reduce the side effects, although deeper diffusion and accuracy
in organ distribution are needed to be investigated, especially for the macromolecular drugs like
antibodies, cytokines or vaccines. Evaluation of the bioavailability and pharmacokinetic
information is also required for clinical translation. Thirdly, there is still an unmet need to
cautiously assess the safety profiles of MNs. Even though the minimally invasive feature of MNs
makes them safer devices, whether the frequency of use will affect the normal skin function and
whether the administered polymers induce any long-term side effects should also be further
evaluated. Hence, it is important to consider the biocompatibility of the MNs, especially the long-
term safety risks should be deeply studied. Finally, the manufacturing process and the financial
cost involved in scaling up should also be taken into consideration, including the structure defects,
drug loading capacity and mechanical strength as these indexes could directly influence the
clinical translation. Although the clinical successes are still limited, the recent pre-clinical work is

aiming to discover the potential of MNs for cancer therapy.

Acknowledgments:



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

This work was financially supported by the National Natural Science Foundation of China
(21774109, 51973188, 51522304), the Zhejiang Provincial Natural Science Foundation of China
(LR18E030002), the Zhejiang University Education Foundation Global Partnership Fund, and the
Fundamental Research Funds for the Central Universities of China (2019FZA4020,
2019XZ7X005-3-01). HP wants to acknowledge EU H2020 Marie Sklodowska-Curie Individual
Fellowship (Grant no: 706694), MIIC Strategic Postdoc Grant and MIIC Seed Grant at Linkoping
University (LiU), Sweden and Junior Research Fellowship from Wolfson College, University of
Cambridge, UK.

References:

[1] Schaefer H, Schalla W, Zesch A, Stiittgen G. Skin permeability: Springer Science & Business Media;
2013.

[2] Potts RO, Guy RH. A Predictive Algorithm for Skin Permeability - the Effects of Molecular-Size and
Hydrogen-Bond Activity. Pharmaceutical Research. 1995;12:1628-33.

[3] Prausnitz MR, Langer R. Transdermal drug delivery. Nature biotechnology. 2008;26:1261-8.

[4] Ita K. Transdermal Delivery of Drugs with Microneedles-Potential and Challenges. Pharmaceutics.
2015;7:90-105.

[5] Ye YQ, Yu JC, Wen D, Kahkoska AR, Gu Z. Polymeric microneedles for transdermal protein delivery.
Adv Drug Deliver Rev. 2018;127:106-18.

[6] Larraneta E, Lutton REM, Woolfson AD, Donnelly RF. Microneedle arrays as transdermal and
intradermal drug delivery systems: Materials science, manufacture and commercial development. Mat
Sci Eng R. 2016;104:1-32.

[7] Miller MA, Pisani E. The cost of unsafe injections. B World Health Organ. 1999;77:808-11.

[8] Donnelly RF, Singh TRR, Morrow DI, Woolfson AD. Microneedle-mediated transdermal and
intradermal drug delivery: John Wiley & Sons; 2012.

[9] Chuong CM, Nickoloff BJ, Elias PM, Goldsmith LA, Macher E, Maderson PA, et al. What is the 'true’
function of skin? Experimental Dermatology. 2002;11:159-63.

[10] van der Maaden K, Jiskoot W, Bouwstra J. Microneedle technologies for (trans)dermal drug and
vaccine delivery. ) Control Release. 2012;161:645-55.

[11] Baroli B. Penetration of nanoparticles and nanomaterials in the skin: fiction or reality? Journal of
pharmaceutical sciences. 2010;99:21-50.

[12] Jepps OG, Dancik Y, Anissimov YG, Roberts MS. Modeling the human skin barrier - Towards a
better understanding of dermal absorption. Adv Drug Deliver Rev. 2013;65:152-68.

[13] Hong X, Wei L, Wu F, Wu Z, Chen L, Liu Z, et al. Dissolving and biodegradable microneedle
technologies for transdermal sustained delivery of drug and vaccine. Drug design, development and
therapy. 2013;7:945-52.

[14] Larraneta E, McCrudden MTC, Courtenay AJ, Donnelly RF. Microneedles: A New Frontier in
Nanomedicine Delivery. Pharmaceutical Research. 2016;33:1055-73.

[15] Barry BW. Breaching the skin's barrier to drugs. Nature biotechnology. 2004;22:165-7.

[16] Rzhevskiy AS, Singh TRR, Donnelly RF, Anissimov YG. Microneedles as the technique of drug
delivery enhancement in diverse organs and tissues. J Control Release. 2018;270:184-202.

[17] Karande P, Jain A, Ergun K, Kispersky V, Mitragotri S. Design principles of chemical penetration
enhancers for transdermal drug delivery. Proceedings of the National Academy of Sciences of the
United States of America. 2005;102:4688-93.

[18] Byrne ID, Yeh JJ, DeSimone JM. Use of iontophoresis for the treatment of cancer. J Control
Release. 2018;284:144-51.

[19] Azagury A, Khoury L, Enden G, Kost J. Ultrasound mediated transdermal drug delivery. Adv Drug
Deliver Rev. 2014;72:127-43.

[20] Dragicevic N, Maibach H. Combined use of nanocarriers and physical methods for percutaneous



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

penetration enhancement. Adv Drug Deliver Rev. 2018;127:58-84.

[21] Pandey PC, Shukla S, Skoog SA, Boehm RD, Narayan RJ. Current Advancements in Transdermal
Biosensing and Targeted Drug Delivery. Sensors-Basel. 2019;19.

[22] Lee H, Song C, Baik S, Kim D, Hyeon T, Kim DH. Device-assisted transdermal drug delivery. Adv
Drug Deliver Rev. 2018;127:35-45.

[23] Indermun S, Luttge R, Choonara YE, Kumar P, du Toit LC, Modi G, et al. Current advances in the
fabrication of microneedles for transdermal delivery. J Control Release. 2014;185:130-8.

[24] Sivamani RK, Liepmann D, Malbach HI. Microneedles and transdermal applications. Expert Opin
Drug Del. 2007;4:19-25.

[25] Quinn HL, Kearney MC, Courtenay AJ, McCrudden MTC, Donnelly RF. The role of microneedles for
drug and vaccine delivery. Expert Opin Drug Del. 2014;11:1769-80.

[26] Donnelly RF, Majithiya R, Singh TRR, Morrow DIJ, Garland MJ, Demir YK, et al. Design,
Optimization and Characterisation of Polymeric Microneedle Arrays Prepared by a Novel Laser-Based
Micromoulding Technique. Pharmaceutical Research. 2011;28:41-57.

[27] Sanjay ST, Zhou W, Dou MW, Tavakoli H, Ma L, Xu F, et al. Recent advances of controlled drug
delivery using microfluidic platforms. Adv Drug Deliver Rev. 2018;128:3-28.

[28] Donnelly RF, Moffatt K, Alkilani AZ, Vicente-Perez EM, Barry J, McCrudden MTC, et al. Hydrogel-
Forming Microneedle Arrays Can Be Effectively Inserted in Skin by Self-Application: A Pilot Study
Centred on Pharmacist Intervention and a Patient Information Leaflet. Pharmaceutical Research.
2014;31:1989-99.

[29] Donnelly RF, Mooney K, Mccrudden MTC, Vicente-Perez EM, Belaid L, Gonzalez-Vazquez P, et al.
Hydrogel-Forming Microneedles Increase in Volume During Swelling in Skin, but Skin Barrier Function
Recovery is Unaffected. Journal of Pharmaceutical Sciences. 2014;103:1478-86.

[30] Vicente-Perez EM, Larraneta E, McCrudden MTC, Kissenpfennig A, Hegarty S, McCarthy HO, et al.
Repeat application of microneedles does not alter skin appearance or barrier function and causes no
measurable disturbance of serum biomarkers of infection, inflammation or immunity in mice in vivo.
European Journal of Pharmaceutics and Biopharmaceutics. 2017;117:400-7.

[31] Nguyen HX, Banga AK. Delivery of Methotrexate and Characterization of Skin Treated by
Fabricated PLGA Microneedles and Fractional Ablative Laser. Pharmaceutical Research. 2018;35.

[32] Ko PT, Lee IC, Chen MC, Tsai SW. Polymer microneedles fabricated from PCL and PCL/PEG blends
for transdermal delivery of hydrophilic compounds. J Taiwan Inst Chem E. 2015;51:1-8.

[33] McCrudden MTC, Alkilani AZ, McCrudden CM, McAlister E, McCarthy HO, Woolfson AD, et al.
Design and physicochemical characterisation of novel dissolving polymeric microneedle arrays for
transdermal delivery of high dose, low molecular weight drugs. J Control Release. 2014;180:71-80.
[34] Ma YZ, Gill HS. Coating Solid Dispersions on Microneedles via a Molten Dip-Coating Method:
Development and In Vitro Evaluation for Transdermal Delivery of a Water-Insoluble Drug. Journal of
Pharmaceutical Sciences. 2014;103:3621-30.

[35] Luo Z, Ye T, Ma YZ, Gill HS, Nitin N. Microprecision Delivery of Oligonucleotides in a 3D Tissue
Model and Its Characterization Using Optical Imaging. Mol Pharmaceut. 2013;10:2868-79.

[36] Vemulapalli V, Bai Y, Kalluri H, Herwadkar A, Kim H, Davis SP, et al. In vivo iontophoretic delivery of
salmon calcitonin across microporated skin. Journal of Pharmaceutical Sciences. 2012;101:2861-9.

[37] Tas C, Mansoor S, Kalluri H, Zarnitsyn VG, Choi SO, Banga AK, et al. Delivery of salmon calcitonin
using a microneedle patch. International Journal of Pharmaceutics. 2012;423:257-63.

[38] Pearton M, Barrow D, Gateley C, Anstey A, Wilke N, Morrissey A, et al. Hydrogels based on PLGA-
PEG-PLGA triblock co-polymers as sustained release reservoirs for the delivery of pDNA to
microneedle treated human skin. Journal of Pharmacy and Pharmacology. 2005;57:583-54.

[39] Coulman SA, Allender C, Barrow D, Gateley C, Anstey A, Birchall JC. Microneedle facilitated
cutaneous delivery of a non-viral gene complex to the viable epidermis. Journal of Pharmacy and
Pharmacology. 2004;56:510-S.

[40] Li GH, Badkar A, Kalluri H, Banga AK. Microchannels Created by Sugar and Metal Microneedles:
Characterization by Microscopy, Macromolecular Flux and Other Techniques. Journal of
Pharmaceutical Sciences. 2010;99:1931-41.

[41] Li GH, Badkar A, Nema S, Kolli CS, Banga AK. In vitro transdermal delivery of therapeutic
antibodies using maltose microneedles. International Journal of Pharmaceutics. 2009;368:109-15.

[42] Migalska K, Morrow DlJ, Garland MJ, Thakur R, Woolfson AD, Donnelly RF. Laser-Engineered
Dissolving Microneedle Arrays for Transdermal Macromolecular Drug Delivery. Pharmaceutical
Research. 2011;28:1919-30.



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

[43] Chiu YH, Chen MC, Wan SW. Sodium Hyaluronate/Chitosan Composite Microneedles as a Single-
Dose Intradermal Immunization System. Biomacromolecules. 2018;19:2278-85.

[44] Chen MC, Lai KY, Ling MH, Lin CW. Enhancing immunogenicity of antigens through sustained
intradermal delivery using chitosan microneedles with a patch-dissolvable design. Acta Biomater.
2018;65:66-75.

[45] Chen MC, Huang SF, Lai KY, Ling MH. Fully embeddable chitosan microneedles as a sustained
release depot for intradermal vaccination. Biomaterials. 2013;34:3077-86.

[46] Donnelly RF, Larraneta E. Microarray patches: potentially useful delivery systems for long-acting
nanosuspensions. Drug Discovery Today. 2018;23:1026-33.

[47] Vora LK, Donnelly RF, Larraneta E, Gonzalez-Vazquez P, Thakur RRS, Vavia PR. Novel bilayer
dissolving microneedle arrays with concentrated PLGA nanomicroparticles for targeted intradermal
delivery: Proof of concept. J Control Release. 2017;265:93-101.

[48] Kennedy J, Larraneta E, McCrudden MTC, McCrudden CM, Brady AJ, Fallows SJ, et al. In vivo
studies investigating biodistribution of nanoparticle-encapsulated rhodamine B delivered via
dissolving microneedles. ) Control Release. 2017;265:57-65.

[49] Coulman SA, Anstey A, Gateley C, Morrissey A, McLoughlin P, Allender C, et al. Microneedle
mediated delivery of nanoparticles into human skin. International Journal of Pharmaceutics.
2009;366:190-200.

[50] Gomaa YA, El-Khordagui LK, Garland MJ, Donnelly RF, Mclnnes F, Meidan VM. Effect of
microneedle treatment on the skin permeation of a nanoencapsulated dye. Journal of Pharmacy and
Pharmacology. 2012;64:1592-602.

[51] Du GS, Leone M, Romeijn S, Kersten G, Jiskoot W, Bouwstra JA. Immunogenicity of diphtheria
toxoid and poly(l:C) loaded cationic liposomes after hollow microneedle-mediated intradermal
injection in mice. International Journal of Pharmaceutics. 2018;547:250-7.

[52] Bhatnagar S, Dave K, Venuganti VVK. Microneedles in the clinic. J Control Release. 2017;260:164-
82.

[53] Singh RRT, Tekko I, McAvoy K, McMillan H, Jones D, Donnelly RF. Minimally invasive microneedles
for ocular drug delivery. Expert Opin Drug Del. 2017;14:525-37.

[54] Blicharz TM, Gong P, Bunner BM, Chu LL, Leonard KM, Wakefield JA, et al. Microneedle-based
device for the one-step painless collection of capillary blood samples. Nat Biomed Eng. 2018;2:151-7.
[55] Mikszta JA, Alarcon JB, Brittingham JM, Sutter DE, Pettis RJ, Harvey NG. Improved genetic
immunization via micromechanical disruption of skin-barrier function and targeted epidermal delivery.
Nature Medicine. 2002;8:415-9.

[56] DeMuth PC, Moon JJ, Suh H, Hammond PT, Irvine DJ. Releasable Layer-by-Layer Assembly of
Stabilized Lipid Nanocapsules on Microneedles for Enhanced Transcutaneous Vaccine Delivery. Acs
Nano. 2012;6:8041-51.

[57] Andrianov AK, DeCollibus DP, Gillis HA, Kha HH, Marin A, Prausnitz MR, et al.
Poly[di(carboxylatophenoxy)phosphazene] is a potent adjuvant for intradermal immunization.
Proceedings of the National Academy of Sciences of the United States of America. 2009;106:18936-
41.

[58] Koh KJ, Liu Y, Lim SH, Loh XJ, Kang LF, Lim CY, et al. Formulation, characterization and evaluation of
mRNA-loaded dissolvable polymeric microneedles (RNApatch). Sci Rep-Uk. 2018;8.

[59] An MG, Liu HP. Dissolving Microneedle Arrays for Transdermal Delivery of Amphiphilic Vaccines.
Small. 2017;13.

[60] Roxhed N, Griss P, Stemme G. Membrane-sealed hollow microneedles and related administration
schemes for transdermal drug delivery. Biomed Microdevices. 2008;10:271-9.

[61] Martanto W, Moore JS, Couse T, Prausnitz MR. Mechanism of fluid infusion during microneedle
insertion and retraction. J Control Release. 2006;112:357-61.

[62] Donnelly RF, Morrow DIJ, McCrudden MTC, Alkilani AZ, Vicente-Perez EM, O'Mahony C, et al.
Hydrogel-Forming and Dissolving Microneedles for Enhanced Delivery of Photosensitizers and
Precursors. Photochem Photobiol. 2014;90:641-7.

[63] Donnelly RF, Singh TRR, Garland MJ, Migalska K, Majithiya R, McCrudden CM, et al. Hydrogel-
Forming Microneedle Arrays for Enhanced Transdermal Drug Delivery. Adv Funct Mater.
2012;22:4879-90.

[64] Nurgali K, Jagoe RT, Abalo R. Editorial: Adverse Effects of Cancer Chemotherapy: Anything New to
Improve Tolerance and Reduce Sequelae? Front Pharmacol. 2018;9.

[65] Banerjee D, Cieslar-Pobuda A, Zhu GH, Wiechec E, Patra HK. Adding Nanotechnology to the



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

Metastasis Treatment Arsenal. Trends Pharmacol Sci. 2019;40:403-18.

[66] Mojeiko G, de Brito M, Salata GC, Lopes LB. Combination of microneedles and microemulsions to
increase celecoxib topical delivery for potential application in chemoprevention of breast cancer.
International Journal of Pharmaceutics. 2019;560:365-76.

[67] Bhatnagar S, Bankar NG, Kulkarni MV, Venuganti VVK. Dissolvable microneedle patch containing
doxorubicin and docetaxel is effective in 4T1 xenografted breast cancer mouse model. International
Journal of Pharmaceutics. 2019;556:263-75.

[68] Ahmed KS, Shan XT, Mao J, Qiu LP, Chen JH. Derma roller (R) microneedles-mediated transdermal
delivery of doxorubicin and celecoxib co-loaded liposomes for enhancing the anticancer effect. Mat Sci
Eng C-Mater. 2019;99:1448-58.

[69] Gao XY, Patel MG, Bakshi P, Sharma D, Banga AK. Enhancement in the Transdermal and Localized
Delivery of Honokiol Through Breast Tissue. Aaps Pharmscitech. 2018;19:3501-11.

[70] Lan XM, She JC, Lin DA, Xu Y, Li X, Yang WF, et al. Microneedle-Mediated Delivery of Lipid-Coated
Cisplatin Nanoparticles for Efficient and Safe Cancer Therapy. Acs Appl Mater Inter. 2018;10:33060-9.
[71] Jung YS, Koo DH, Yang JY, Lee HY, Park JH, Park JH. Peri-tumor administration of 5-fluorouracil sol-
gel using a hollow microneedl|e for treatment of gastric cancer. Drug Delivery. 2018;25:872-9.

[72] Sivaraman A, Banga AK. Novel in situ forming hydrogel microneedles for transdermal drug
delivery. Drug Delivery and Translational Research. 2017;7:16-26.

[73] Nguyen HX, Bozorg BD, Kim Y, Wieber A, Birk G, Lubda D, et al. Poly (vinyl alcohol) microneedles:
Fabrication, characterization, and application for transdermal drug delivery of doxorubicin. European
Journal of Pharmaceutics and Biopharmaceutics. 2018;129:88-103.

[74] Nguyen HX, Puri A, Bhattaccharjee SA, Banga AK. Qualitative and quantitative analysis of lateral
diffusion of drugs in human skin. International Journal of Pharmaceutics. 2018;544:62-74.

[75] Nguyen HX, Banga AK. Enhanced skin delivery of vismodegib by microneedle treatment. Drug
Delivery and Translational Research. 2015;5:407-23.

[76] Hiraishi Y, Nakagawa T, Quan YS, Kamiyama F, Hirobe S, Okada N, et al. Performance and
characteristics evaluation of a sodium hyaluronate-based microneedle patch for a transcutaneous
drug delivery system. International Journal of Pharmaceutics. 2013;441:570-9.

[77] Hiraishi Y, Hirobe S, lioka H, Quan YS, Kamiyama F, Asada H, et al. Development of a novel
therapeutic approach using a retinoic acid-loaded microneedle patch for seborrheic keratosis
treatment and safety study in humans. J Control Release. 2013;171:93-103.

[78] Ma YZ, Boese SE, Luo Z, Nitin N, Gill HS. Drug coated microneedles for minimally-invasive
treatment of oral carcinomas: development and in vitro evaluation. Biomed Microdevices. 2015;17.
[79] Serpe L, Jain A, de Macedo CG, Volpato MC, Groppo FC, Gill HS, et al. Influence of salivary
washout on drug delivery to the oral cavity using coated microneedles: An in vitro evaluation.
European Journal of Pharmaceutical Sciences. 2016;93:215-23.

[80] Lee Y, Dugansani SR, Jeon SH, Hwang SH, Kim JH, Park SH, et al. Drug-Delivery System Based on
Salmon DNA Nano- and Micro-Scale Structures. Sci Rep-Uk. 2017;7.

[81] Lu YF, Mantha SN, Crowder DC, Chinchilla S, Shah KN, Yun YH, et al. Microstereolithography and
characterization of poly(propylene fumarate)-based drug-loaded microneedle arrays. Biofabrication.
2015;7.

[82] Mansoor |, Lai J, Ranamukhaarachchi S, Schmitt V, Lambert D, Dutz J, et al. A microneedle-based
method for the characterization of diffusion in skin tissue using doxorubicin as a model drug. Biomed
Microdevices. 2015;17.

[83] Park JH, von Maltzahn G, Xu MJ, Fogal V, Kotamraju VR, Ruoslahti E, et al. Cooperative
nanomaterial system to sensitize, target, and treat tumors. Proceedings of the National Academy of
Sciences of the United States of America. 2010;107:981-6.

[84] Kennedy JC, Pottier RH, Pross DC. Photodynamic Therapy with Endogenous Protoporphyrin .9.
Basic Principles and Present Clinical-Experience. ) Photoch Photobio B. 1990;6:143-8.

[85] Hamdan IMN, Tekko IA, Matchett KB, Arnaut LG, Silva CS, McCarthy HO, et al. Intradermal
Delivery of a Near-Infrared Photosensitizer Using Dissolving Microneedle Arrays. Journal of
Pharmaceutical Sciences. 2018;107:2439-50.

[86] Tham HP, Xu KM, Lim WQ, Chen HZ, Zheng MJ, Thng TGS, et al. Microneedle-Assisted Topical
Delivery of Photodynamically Active Mesoporous Formulation for Combination Therapy of Deep-
Seated Melanoma. Acs Nano. 2018;12:11936-48.

[87] Hao Y, Dong ML, Zhang TY, Peng JR, Jia YP, Cao YP, et al. Novel Approach of Using Near-Infrared
Responsive PEGylated Gold Nanorod Coated Poly(L-lactide) Microneedles to Enhance the Antitumor



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

Efficiency of Docetaxel-Loaded MPEG-PDLLA Micelles for Treating an A431 Tumor. Acs Appl Mater
Inter. 2017;9:15317-27.

[88] Xing SS, Zhang XW, Luo LY, Cao WW, Li L, He YC, et al. Doxorubicin/gold nanoparticles coated with
liposomes for chemo-photothermal synergetic antitumor therapy. Nanotechnology. 2018;29.

[89] Li XS, Kwon N, Guo T, Liu Z, Yoon J. Innovative Strategies for Hypoxic-Tumor Photodynamic
Therapy. Angew Chem Int Edit. 2018;57:11522-31.

[90] Chen MC, Ling MH, Wang KW, Lin ZW, Lai BH, Chen DH. Near-Infrared Light-Responsive Composite
Microneedles for On-Demand Transdermal Drug Delivery. Biomacromolecules. 2015;16:1598-607.

[91] Lai BH, Chen DH. LaB6 nanoparticles with carbon-doped silica coating for fluorescence imaging
and near-IR photothermal therapy of cancer cells. Acta Biomater. 2013;9:7556-63.

[92] Chen MC, Lin ZW, Ling MH. Near-Infrared Light-Activatable Microneedle System for Treating
Superficial Tumors by Combination of Chemotherapy and Photothermal Therapy. Acs Nano.
2016;10:93-101.

[93] Patra HK, Imani R, Jangamreddy JR, Pazoki M, Iglic A, Turner APF, et al. On/off-switchable anti-
neoplastic nanoarchitecture. Sci Rep-Uk. 2015;5.

[94] Dong LY, Li Y, Li Z, Xu N, Liu P, Du HY, et al. Au Nanocage-Strengthened Dissolving Microneedles for
Chemo-Photothermal Combined Therapy of Superficial Skin Tumors. Acs Appl Mater Inter.
2018;10:9247-56.

[95] Pei P, Yang F, Liu JX, Hu HR, Du XY, Hanagata N, et al. Composite-dissolving microneedle patches
for chemotherapy and photothermal therapy in superficial tumor treatment. Biomaterials Science.
2018;6:1414-23.

[96] Kearney MC, Brown S, McCrudden MTC, Brady AJ, Donnelly RF. Potential of microneedles in
enhancing delivery of photosensitising agents for photodynamic therapy. Photodiagn Photodyn.
2014;11:459-66.

[97] Donnelly RF, Morrow DlJ, Fay F, Scott CJ, Abdelghany S, Singh RRT, et al. Microneedle-mediated
intradermal nanoparticle delivery: Potential for enhanced local administration of hydrophobic pre-
formed photosensitisers. Photodiagn Photodyn. 2010;7:222-31.

[98] Donnelly RF, Morrow DIJ, McCarron PA, Woolfson AD, Morrissey A, Juzenas P, et al. Microneedle-
mediated intradermal delivery of 5-aminolevulinic acid: Potential for enhanced topical photodynamic
therapy. J Control Release. 2008;129:154-62.

[99] Morrow DlJ, Donnelly RF, Juzenas P, lani V, Moan J, Morrissey A, et al. Microfabricated
microneedles: a novel strategy for enhancing topical delivery of 5-aminolevulinic acid and preformed
photosensitisers. Journal of Pharmacy and Pharmacology. 2006;58:A43-A4.

[100] Donnelly RF, Morrow DIJ, McCarron PA, David Woolfson A, Morrissey A, Juzenas P, et al.
Microneedle Arrays Permit Enhanced Intradermal Delivery of a Preformed Photosensitizer. Photochem
Photobiol. 2009;85:195-204.

[101] Rodrigues PGS, de Menezes PFC, Fujita AKL, Escobar A, de Nardi AB, Kurachi C, et al. Assessment
of ALA-induced PplX production in porcine skin pretreated with microneedles. J Biophotonics.
2015;8:723-9.

[102] Zhao X, Li XF, Zhang P, Du JW, Wang YX. Tip-loaded fast-dissolving microneedle patches for
photodynamic therapy of subcutaneous tumor. J Control Release. 2018;286:201-9.

[103] Jain AK, Lee CH, Gill HS. 5-Aminolevulinic acid coated microneedles for photodynamic therapy of
skin tumors. J Control Release. 2016;239:72-81.

[104] Wang Z, Rao DD, Senzer N, Nemunaitis J. RNA interference and cancer therapy. Pharm Res.
2011;28:2983-95.

[105] Deng Y, Chen J, Zhao Y, Yan XH, Zhang L, Choy KW, et al. Transdermal Delivery of siRNA through
Microneedle Array. Sci Rep-Uk. 2016;6.

[106] Tang T, Deng Y, Chen J, Zhao Y, Yue RF, Choy KW, et al. Local administration of siRNA through
Microneedle: Optimization, Bio-distribution, Tumor Suppression and Toxicity. Sci Rep-Uk. 2016;6.

[107] Haigh O, Depelsenaire ACI, Meliga SC, Yukiko SR, McMillan NAJ, Frazer IH, et al. CXCL1 gene
silencing in skin using liposome-encapsulated siRNA delivered by microprojection array. J Control
Release. 2014;194:148-56.

[108] Chong RHE, Gonzalez-Gonzalez E, Lara MF, Speaker TJ, Contag CH, Kaspar RL, et al. Gene
silencing following siRNA delivery to skin via coated steel microneedles: In vitro and in vivo proof-of-
concept. J Control Release. 2013;166:211-9.

[109] Couzin-Frankel J. Breakthrough of the year 2013. Cancer immunotherapy. Science.
2013;342:1432-3.



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

[110] Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of age. Nature. 2011;480:480-9.
[111] Milling L, Zhang Y, Irvine DJ. Delivering safer immunotherapies for cancer. Adv Drug Deliver Rev.
2017;114:79-101.

[112] Fesnak AD, June CH, Levine BL. Engineered T cells: the promise and challenges of cancer
immunotherapy. Nature Reviews Cancer. 2016;16:566-81.

[113] Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized immunotherapy for human
cancer. Science. 2015;348:62-8.

[114] Zou WP, Wolchok JD, Chen LP. PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy:
Mechanisms, response biomarkers, and combinations. Sci Transl Med. 2016;8.

[115] Sharma P, Allison JP. The future of immune checkpoint therapy. Science. 2015;348:56-61.

[116] Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nature Reviews
Cancer. 2012;12:252-64.

[117] Zhao ZM, Ukidve A, Dasgupta A, Mitragotri S. Transdermal immunomodulation: Principles,
advances and perspectives. Adv Drug Deliver Rev. 2018;127:3-19.

[118] Palucka K, Banchereau J. Dendritic-cell-based therapeutic cancer vaccines. Immunity.
2013;39:38-48.

[119] Haniffa M, Gunawan M, Jardine L. Human skin dendritic cells in health and disease. J] Dermatol
Sci. 2015;77:85-92.

[120] Kim YC, Park JH, Prausnitz MR. Microneedles for drug and vaccine delivery. Adv Drug Deliver Rev.
2012;64:1547-68.

[121] Sullivan SP, Koutsonanos DG, Martin MD, Lee JW, Zarnitsyn V, Choi SO, et al. Dissolving polymer
microneedle patches for influenza vaccination. Nature Medicine. 2010;16:915-U116.

[122] Matsuo K, Hirobe S, Okada N, Nakagawa S. Frontiers of transcutaneous vaccination systems:
Novel technologies and devices for vaccine delivery. Vaccine. 2013;31:2403-15.

[123] Al-Zahrani S, Zaric M, McCrudden C, Scott C, Kissenpfennig A, Donnelly RF. Microneedle-
mediated vaccine delivery: Harnessing cutaneous immunobiology to improve efficacy. Expert Opin
Drug Del. 2012;9:541-50.

[124] Matsuo K, Yokota Y, Zhai Y, Quan YS, Kamiyama F, Mukai Y, et al. A low-invasive and effective
transcutaneous immunization system using a novel dissolving microneedle array for soluble and
particulate antigens. J Control Release. 2012;161:10-7.

[125] Tang T, Weng TJ, Jia HX, Luo SD, Xu Y, Li LH, et al. Harnessing the layer-by-layer assembly
technique to design biomaterials vaccines for immune modulation in translational applications.
Biomaterials Science. 2019;7:715-32.

[126] Mullard A. The cancer vaccine resurgence. Nature Reviews Drug Discovery. 2016;15:663-5.

[127] Hamdy S, Haddadi A, Hung RW, Lavasanifar A. Targeting dendritic cells with nano-particulate
PLGA cancer vaccine formulations. Adv Drug Deliver Rev. 2011;63:943-55.

[128] Chablani L, Tawde SA, Akalkotkar A, D'Souza MJ. Evaluation of a Particulate Breast Cancer
Vaccine Delivered via Skin. Aaps J. 2019;21.

[129] Niu L, Chu LY, Burton SA, Hansen KJ, Panyam J. Intradermal delivery of vaccine nanoparticles
using hollow microneedle array generates enhanced and balanced immune response. J Control
Release. 2019;294:268-78.

[130] Donnelly RF, McCrudden MTC, Alkilani AZ, Larraneta E, McAlister E, Courtenay AJ, et al.
Hydrogel-Forming Microneedles Prepared from "Super Swelling' Polymers Combined with Lyophilised
Wafers for Transdermal Drug Delivery. Plos One. 2014;9.

[131] McCrudden MTC, Alkilani AZ, Courtenay AJ, McCrudden CM, McCloskey B, Walker C, et al.
Considerations in the sterile manufacture of polymeric microneedle arrays. Drug Delivery and
Translational Research. 2015;5:3-14.

[132] Chen MC, Ling MH, Lai KY, Pramudityo E. Chitosan Microneedle Patches for Sustained
Transdermal Delivery of Macromolecules. Biomacromolecules. 2012;13:4022-31.

[133] Chen XF, Prow TW, Crichton ML, Jenkins DWK, Roberts MS, Frazer IH, et al. Dry-coated
microprojection array patches for targeted delivery of immunotherapeutics to the skin. J Control
Release. 2009;139:212-20.

[134] Zaric M, Lyubomska O, Touzelet O, Poux C, Al-Zahrani S, Fay F, et al. Skin Dendritic Cell Targeting
via Microneedle Arrays Laden with Antigen-Encapsulated Poly-D,L-lactide-co-Glycolide Nanoparticles
Induces Efficient Antitumor and Antiviral Immune Responses. Acs Nano. 2013;7:2042-55.

[135] McCrudden MTC, Torrisi BM, Al-Zahrani S, McCrudden CM, Zaric M, Scott CJ, et al. Laser-
engineered dissolving microneedle arrays for protein delivery: potential for enhanced intradermal



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

vaccination. Journal of Pharmacy and Pharmacology. 2015;67:409-25.

[136] Slutter B, Bal SM, Ding Z, Jiskoot W, Bouwstra JA. Adjuvant effect of cationic liposomes and CpG
depends on administration route. J Control Release. 2011;154:123-30.

[137] van der Maaden K, Varypataki EM, Yu HX, Romeijn S, Jiskoot W, Bouwstra J. Parameter
optimization toward optimal microneedle-based dermal vaccination. European Journal of
Pharmaceutical Sciences. 2014;64:18-25.

[138] Ma YZ, Tao WQ, Krebs SJ, Sutton WF, Haigwood NL, Gill HS. Vaccine Delivery to the Oral Cavity
Using Coated Microneedles Induces Systemic and Mucosal Immunity. Pharmaceutical Research.
2014;31:2393-403.

[139] Zhao JH, Zhang QB, Liu B, Piao XH, Yan YL, Hu XG, et al. Enhanced immunization via dissolving
microneedle array-based delivery system incorporating subunit vaccine and saponin adjuvant.
International Journal of Nanomedicine. 2017;12:4763-72.

[140] Guo L, Chen JM, Qiu YQ, Zhang SH, Xu B, Gao YH. Enhanced transcutaneous immunization via
dissolving microneedle array loaded with liposome encapsulated antigen and adjuvant. International
Journal of Pharmaceutics. 2013;447:22-30.

[141] Boks MA, Unger WWJ, Engels S, Ambrosini M, van Kooyk Y, Luttge R. Controlled release of a
model vaccine by nanoporous ceramic microneedle arrays. International Journal of Pharmaceutics.
2015;491:375-83.

[142] Tu J, Du GS, Nejadnik MR, Monkare J, van der Maaden K, Bomans PHH, et al. Mesoporous Silica
Nanoparticle-Coated Microneedle Arrays for Intradermal Antigen Delivery. Pharmaceutical Research.
2017;34:1693-706.

[143] van der Maaden K, Varypataki EM, Romeijn S, Ossendorp F, Jiskoot W, Bouwstra J. Ovalbumin-
coated pH-sensitive microneedle arrays effectively induce ovalbumin-specific antibody and T-cell
responses in mice. European Journal of Pharmaceutics and Biopharmaceutics. 2014;88:310-5.

[144] van der Maaden K, Yu HX, Sliedregt K, Zwier R, Leboux R, Oguri M, et al. Nanolayered chemical
modification of silicon surfaces with ionizable surface groups for pH-triggered protein adsorption and
release: application to microneedles. ) Mater Chem B. 2013;1:4466-77.

[145] Fujiyama T, Oze |, Yagi H, Hashizume H, Matsuo K, Hino R, et al. Induction of cytotoxic T cells as a
novel independent survival factor in malignant melanoma with percutaneous peptide immunization. J
Dermatol Sci. 2014;75:43-8.

[146] zaric M, Lyubomska O, Poux C, Hanna ML, McCrudden MT, Malissen B, et al. Dissolving
Microneedle Delivery of Nanoparticle-Encapsulated Antigen Elicits Efficient Cross-Priming and Th1l
Immune Responses by Murine Langerhans Cells. J Invest Dermatol. 2015;135:425-34.

[147] Bhowmik T, D'Souza B, Shashidharamurthy R, Oettinger C, Selvaraj P, D'Souza MJ. A novel
microparticulate vaccine for melanoma cancer using transdermal delivery. J Microencapsul.
2011;28:294-300.

[148] Tawde SA, Chablani L, Akalkotkar A, D'Souza MJ. Evaluation of microparticulate ovarian cancer
vaccine via transdermal route of delivery. J Control Release. 2016;235:147-54.

[149] van der Maaden K, Heuts J, Camps M, Pontier M, van Scheltinga AT, Jiskoot W, et al. Hollow
microneedle-mediated micro-injections of a liposomal HPV E7(43-63) synthetic long peptide vaccine
for efficient induction of cytotoxic and T-helper responses. J Control Release. 2018;269:347-54.

[150] Kim NW, Kim SY, Lee JE, Yin Y, Lee JH, Lim SY, et al. Enhanced Cancer Vaccination by In Situ
Nanomicelle-Generating Dissolving Microneedles. Acs Nano. 2018;12:9702-13.

[151] Zeng Q, Gammon JM, Tostanoski LH, Chiu YC, Jewell CM. In Vivo Expansion of Melanoma-
Specific T Cells Using Microneedle Arrays Coated with Immune-Polyelectrolyte Multilayers. Acs
Biomater Sci Eng. 2017;3:195-205.

[152] Ye YQ, Wang C, Zhang XD, Hu QY, Zhang YQ, Liu Q, et al. A melanin-mediated cancer
immunotherapy patch. Sci Immunol. 2017;2.

[153] Littauer EQ, Mills LK, Brock N, Esser ES, Romanyuk A, Pulit-Penaloza JA, et al. Stable
incorporation of GM-CSF into dissolvable microneedle patch improves skin vaccination against
influenza. J Control Release. 2018;276:1-16.

[154] Zakrewsky M, Kumar S, Mitragotri S. Nucleic acid delivery into skin for the treatment of skin
disease: Proofs-of-concept, potential impact, and remaining challenges. J Control Release.
2015;219:445-56.

[155] Pecot CV, Calin GA, Coleman RL, Lopez-Berestein G, Sood AK. RNA interference in the clinic:
challenges and future directions. Nature Reviews Cancer. 2011;11:59-67.

[156] Sun X, Zeng L, Huang Y. Transcutaneous delivery of DNA/mRNA for cancer therapeutic



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

vaccination. The journal of gene medicine. 2019:e3089.

[157] McCaffrey J, Donnelly RF, McCarthy HO. Microneedles: an innovative platform for gene delivery.
Drug Delivery and Translational Research. 2015;5:424-37.

[158] Phillips AJ. The challenge of gene therapy and DNA delivery. Journal of Pharmacy and
Pharmacology. 2001;53:1169-74.

[159] Rodgers AM, Cordeiro AS, Kissenpfennig A, Donnelly RF. Microneedle arrays for vaccine delivery:
the possibilities, challenges and use of nanoparticles as a combinatorial approach for enhanced
vaccine immunogenicity. Expert Opin Drug Del. 2018;15:851-67.

[160] Chen XF. Current and future technological advances in transdermal gene delivery. Adv Drug
Deliver Rev. 2018;127:85-105.

[161] Duong HTT, Yin Y, Thambi T, Nguyen TL, Phan VHG, Lee MS, et al. Smart vaccine delivery based
on microneedle arrays decorated with ultra-pH-responsive copolymers for cancer immunotherapy.
Biomaterials. 2018;185:13-24.

[162] Pearton M, Saller V, Coulman SA, Gateley C, Anstey AV, Zarnitsyn V, et al. Microneedle delivery of
plasmid DNA to living human skin: Formulation coating, skin insertion and gene expression. J Control
Release. 2012;160:561-9.

[163] Gonzalez-Gonzalez E, Kim YC, Speaker TJ, Hickerson RP, Spitler R, Birchall JC, et al. Visualization of
plasmid delivery to keratinocytes in mouse and human epidermis. Sci Rep-Uk. 2011;1.

[164] Choi SO, Kim YC, Park JH, Hutcheson J, Gill HS, Yoon YK, et al. An electrically active microneedle
array for electroporation. Biomed Microdevices. 2010;12:263-73.

[165] Dul M, Stefanidou M, Porta P, Serve J, O'Mahony C, Malissen B, et al. Hydrodynamic gene
delivery in human skin using a hollow microneedle device. J Control Release. 2017;265:120-31.

[166] Choi SO, Kim YC, Lee JW, Park JH, Prausnitz MR, Allen MG. Intracellular Protein Delivery and
Gene Transfection by Electroporation Using a Microneedle Electrode Array. Small. 2012;8:1081-91.
[167] Cole G, McCaffrey J, Ali AA, McBride JW, McCrudden CM, Vincente-Perez EM, et al. Dissolving
microneedles for DNA vaccination: Improving functionality via polymer characterization and RALA
complexation. Human Vaccines & Immunotherapeutics. 2017;13:50-62.

[168] Kumar A, Wonganan P, Sandoval MA, Li X, Zhu S, Cui Z. Microneedle-mediated transcutaneous
immunization with plasmid DNA coated on cationic PLGA nanoparticles. J Control Release.
2012;163:230-9.

[169] Duong HTT, Kim NW, Thambi T, Phan VHG, Lee MS, Yin Y, et al. Microneedle arrays coated with
charge reversal pH-sensitive copolymers improve antigen presenting cells-homing DNA vaccine
delivery and immune responses. J Control Release. 2018;269:225-34.

[170] Kim NW, Lee MS, Kim KR, Lee JE, Lee K, Park JS, et al. Polyplex-releasing microneedles for
enhanced cutaneous delivery of DNA vaccine. J Control Release. 2014;179:11-7.

[171] Hu Y, Xu BH, Ji QX, Shou D, Sun XY, Xu JJ, et al. A mannosylated cell-penetrating peptide-graft-
polyethylenimine as a gene delivery vector. Biomaterials. 2014;35:4236-46.

[172] Hu Y, Xu BH, Xu JJ, Shou D, Liu EG, Gao JQ, et al. Microneedle-assisted dendritic cell-targeted
nanoparticles for transcutaneous DNA immunization. Polym Chem-Uk. 2015;6:373-9.

[173] Xu JJ, Xu BH, Tao J, Yang YX, Hu Y, Huang YZ. Microneedle-Assisted, DC-Targeted Codelivery of
pTRP-2 and Adjuvant of Paclitaxel for Transcutaneous Immunotherapy. Small. 2017;13.

[174] Zheng YW, Dou Y, Duan LL, Cong CS, Gao AQ, Lai QH, et al. Using chemo-drugs or irradiation to
break immune tolerance and facilitate immunotherapy in solid cancer. Cell Immunol. 2015;294:54-9.
[175] Ali AA, McCrudden CM, McCaffrey J, McBride JW, Cole G, Dunne NJ, et al. DNA vaccination for
cervical cancer; a novel technology platform of RALA mediated gene delivery via polymeric
microneedles. Nanomedicine-Nanotechnology Biology and Medicine. 2017;13:921-32.

[176] Cole G, Ali AA, McCrudden CM, McBride JW, McCaffrey J, Robson T, et al. DNA vaccination for
cervical cancer: Strategic optimisation of RALA mediated gene delivery from a biodegradable
microneedle system. European Journal of Pharmaceutics and Biopharmaceutics. 2018;127:288-97.
[177] Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJM, Robert L, et al. PD-1 blockade induces
responses by inhibiting adaptive immune resistance. Nature. 2014;515:568-+.

[178] Viola M, Sequeira J, Seica R, Veiga F, Serra J, Santos AC, et al. Subcutaneous delivery of
monoclonal antibodies: How do we get there? J Control Release. 2018;286:301-14.

[179] Yu JC, Zhang YQ, Kahkoska AR, Gu Z. Bioresponsive transcutaneous patches. Curr Opin Biotech.
2017;48:28-32.

[180] Wang C, Ye YQ, Gu Z. Local delivery of checkpoints antibodies. Human Vaccines &
Immunotherapeutics. 2017;13:245-8.



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

[181] Ye YQ, Wang JQ, Hu QY, Hochu GM, Xin HL, Wang C, et al. Synergistic Transcutaneous
Immunotherapy Enhances Antitumor Immune Responses through Delivery of Checkpoint Inhibitors.
Acs Nano. 2016;10:8956-63.

[182] Wang C, Ye YQ, Hochu GM, Sadeghifar H, Gu Z. Enhanced Cancer Immunotherapy by
Microneedle Patch-Assisted Delivery of Anti-PD1 Antibody. Nano Lett. 2016;16:2334-40.

[183] Courtenay AJ, McCrudden MTC, McAvoy KJ, McCarthy HO, Donnelly RF. Microneedle-Mediated
Transdermal Delivery of Bevacizumab. Mol Pharmaceut. 2018;15:3545-56.

[184] Hegde NR, Kaveri SV, Bayry J. Recent advances in the administration of vaccines for infectious
diseases: microneedles as painless delivery devices for mass vaccination. Drug Discovery Today.
2011;16:1061-8.

[185] Koutsonanos DG, Martin MD, Zarnitsyn VG, Sullivan SP, Compans RW, Prausnitz MR, et al.
Transdermal Influenza Immunization with Vaccine-Coated Microneedle Arrays. Plos One. 2009;4.

[186] Berraondo P, Sanmamed MF, Ochoa MC, Etxeberria |, Aznar MA, Perez-Gracia JL, et al. Cytokines
in clinical cancer immunotherapy. Brit J Cancer. 2019;120:6-15.

[187] Gong NQ, Zhang YX, Zhang Z, Li XL, Liang XJ. Functional Nanomaterials Optimized to Circumvent
Tumor Immunological Tolerance. Adv Funct Mater. 2019;29.

[188] Chen JM, Qiu YQ, Zhang SH, Gao YH. Dissolving microneedle-based intradermal delivery of
interferon-alpha-2b. Drug Dev Ind Pharm. 2016;42:890-6.

[189] Lee K, Kim JD, Lee CY, Her S, Jung H. A high-capacity, hybrid electro-microneedle for in-situ
cutaneous gene transfer. Biomaterials. 2011;32:7705-10.

[190] Mahato RI, Lee M, Han S, Maheshwari A, Kim SW. Intratumoral delivery of p2CMVmIL-12 using
water-soluble lipopolymers. Molecular therapy : the journal of the American Society of Gene Therapy.
2001;4:130-8.



*Declaration of Interest Statement

Declaration of competing interest

There are no conflicts to declare.



