pharmaceutics WW\D\PH
F

Review
Microneedles Drug Delivery Systems for Treatment
of Cancer: A Recent Update

Aravindram Attiguppe Seetharam !, Hani Choudhry 20, Muhammed A. Bakhrebah 3,
Wesam H. Abdulaal 2(7, Maram Suresh Gupta 17, Syed Mohd Danish Rizvi (7, Qamre Alam %,
Siddaramaiah ¢, Devegowda Vishakante Gowda 1'* and Afrasim Moin 4*

1 Department of Pharmaceutics, JSS College of Pharmacy, JSS Academy of Higher Education and

Research (JSSAHER), Sri Shivarathreeshwara Nagar, Mysore 570015, India; arvindas76@gmail.com (A.A.S.);
ramsureshgupta@gmail.com (M.S.G.)

Department of Biochemistry, Cancer Metabolism & Epigenetic Unit, Faculty of Science, Cancer &
Mutagenesis Unit, King Fahd Medical Research Center, King Abdulaziz

University, Jeddah 21589, Saudi Arabia; hchoudhry@kau.edu.sa (H.C.); whabdulaal@kau.edu.sa (W.H.A.)
Life Science & Environment Research Institute, King Abdulaziz City for Science and Technology (KACST),
Riyadh 11442, Saudi Arabia; mbakhrbh@kacst.edu.sa

Department of Pharmaceutics, College of Pharmacy, University of Hail, Hail 81481, Saudi Arabia;
sm.danish@uoh.edu.sa

5 Medical Genomics Research Department, King Abdullah International Medical Research Center (KAIMRC),
King Saud Bin Abdulaziz University for Health Sciences, King Abdulaziz Medical City, Ministry of National
Guard Health Affairs, Riyadh 11426, Saudi Arabia; alamga@ngha.med.sa

Department of Polymer Science and Technology, Sri Jayachamarajendra College of Engineering,

Mysore 570016, India; siddaramaiah@yahoo.com

Correspondence: dvgowda@jssuni.edu.in (D.V.G.); afrasimmoin@yahoo.co.in (A.M.);

Tel.: +91-966-316-2455 (D.V.G.)

Received: 18 October 2020; Accepted: 10 November 2020; Published: 17 November 2020 a};’edcgtfgsr

Abstract: Microneedles (MNs) are tiny needle like structures used in drug delivery through
layers of the skin. They are non-invasive and are associated with significantly less or no pain
at the site of administration to the skin. MNs are excellent in delivering both small and large
molecules to the subjects in need thereof. There exist several strategies for drug delivery using MNs,
wherein each strategy has its pros and cons. Research in this domain lead to product development
and commercialization for clinical use. Additionally, several MN-based products are undergoing
clinical trials to evaluate its safety, efficacy, and tolerability. The present review begins by providing
bird’s-eye view about the general characteristics of MNs followed by providing recent updates in
the treatment of cancer using MNs. Particularly, we provide an overview of various aspects namely:
anti-cancerous MNs that work based on sensor technology, MNs for treatment of breast cancer,
skin carcinoma, prostate cancer, and MNs fabricated by additive manufacturing or 3 dimensional
printing for treatment of cancer. Further, the review also provides limitations, safety concerns,
and latest updates about the clinical trials on MNs for the treatment of cancer. Furthermore, we also
provide a regulatory overview from the “United States Food and Drug Administration” about MNs.

Keywords: transdermal drug delivery; non-invasive; breast cancer; skin carcinoma; regulatory

1. Introduction

Drug delivery via the oral route is the most preferred route of drug administration due to its
simplicity and cost-effectiveness when compared to other routes [1,2]. Nevertheless, this route suffers
from disadvantages such as difficulty in swallowing [3], extensive first-pass metabolism leading to
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low bioavailability [4,5], long intestinal transit time [6,7], and poor or improper absorption [8]. On the
other hand, the parenteral route of administration is a natural alternative preferred by the most to
overcome the disadvantages set forth by the oral route. Traditionally, drugs are administered via
parenteral route using a syringe and a hypodermic needle. Though the parenteral route was the natural
(expensive) alternative, it did pose many complications to the patients like unbearable pain, thrombus
formation at the site of administration, and hypersensitivity [9]. To overcome the disadvantages
of oral and parenteral routes of administration, researchers focused on developing a novel drug
delivery systems that help in delivering the drug(s) through the layers of skin, popularly called
‘Transdermal Drug Delivery System’ (TDDS) [10,11]. The dermis, a layer below the (epidermis) skin
has decent vasculature that promotes drug absorption [12,13]. The main barrier for TDDS is the
epidermis, “stratum corneum (SC)”, outmost layer of the skin. To make the drug travel across the SC,
several methods/strategies were employed to improve drug delivery. Some of the methods/strategies
include iontophoresis [14,15], concept of prodrugs [16], chemical enhancers [17,18], microsystems,
and nanosystems [19]. The pros and cons of all these methods were recently published by Guillot and
colleagues [20].

Cancer is a disease that is resulting due to changes in cellular level leading to uncontrollable growth
and division of the cells. Its incidence is augmenting over the last few decades [21]. Standard treatments
include but not limiting to chemotherapy, radiotherapy, and surgery. Nonetheless, these approaches
are associated with low efficacy and severe side effects [22,23]. Besides, parenteral administration of
anticancer drugs to the subjects often results in drug accumulation in different organs, low bioavailability
due to rapid clearance from the blood circulation thus leading to low therapeutic efficacy [24,25].
In cancer treatment, the drug performance could be significantly enhanced by delivering it in the
right quantity, at right time and at right site [26,27]. This can be achieved using Microneedles
(MNs) [28], popularly considered as a synergistic combination of transdermal patch with hypodermic
needles [29,30] wherein a drug is delivered directly to the tumor site via the micro-channels formed
by MNs after piercing the SC of the skin [31-33]. Nonetheless, this is not true for all the types of
cancer (except breast, prostate, cervical and skin) and all the therapies thereof. They are simple,
non-invasive, and safer alternatives to the hypodermic needles and syringes. MNs are advantageous
over hypodermic needles as they cause less or no pain at the site of administration and help in
controlled and localized drug delivery with better flux [34,35]. Most importantly, site-specific delivery
helps in preventing the death of healthy cells and thereby avoiding the side effects and maintaining the
safety of subjects undergoing chemotherapy. Again, these aspects shall be considered by duly taking
care of various challenges and limitations posed by MNs.

For the sake of clarity and brevity, the present review begins by providing general characteristics
of MNs, wherein we highlight the information pertinent to conception of MNs, different approaches
or strategies employed in drug delivery, the manufacturing methods, materials, clinical applications
(with benefits, challenges and enhanced therapeutic outcome in clinical applications), design and
geometry. The review continues by providing recent updates about the role of MNs as a carrier in
delivering anti-cancer drug substances. While there are several developments in the domain of MNs
in treatment of cancer, but this review is focused on discussing about sensor technology based MNss,
MNs for treatment of cancer (breast, skin and prostate) and fabricating MNs by additive manufacturing
or 3 dimensional printing (3DP). The review also provides limitations, safety concerns, and updates
about the ongoing clinical trials of MNs for the treatment of cancer. Lastly, it discusses regulatory
(USFDA) considerations on MNs.

2. General Characteristics of MNs

2.1. History

Based on our literature review, we found two US patents having inventors ‘Harvey Kravitz’
and ‘Norman Letvinn” who were the first to conceive and reduce to practice the concept of MNs [36,37].
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This evolving technology was reported as ‘means for vaccination’ or ‘vaccinating devices’. The objective
of these inventors was to basically develop an inexpensive device for reliable delivery of vaccines by
puncturing the layers of the skin. This concept was further developed with a suitable frame-work by
the inventors Gastrel and Place of Alza Corporation in the year 1971 [38]. Figure 1 provides a pictorial
representation of early MNs; the images are taken from respective patent citations by deleting the
reference numerals. MNs just remained as a concept until 2000, with the exception of a journal article
published by Henry and co-workers on microfabricated MNs [32]. The principles and the foundations
set forth by early inventors (Kravitz and Letvinn) and the conceptual frame-work set by inventors of
Alza Corporation are even followed today by many researchers in the domain of MNs.
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Figure 1. History of Microneedles (MNs) (a) Plan view of the microneedle device from reference [36]
(b—d) Plan view of microneedle device, substantially to scale, blown-up to shown the MNs from
reference [37] (e) MNs patented by Alza Corporation, from reference [38].

2.2. Approaches for Drug Delivery

There exist different approaches/strategies for drug delivery using MNs [39], refer Figure 2.
The popular strategies include poke and patch, coat and poke, poke and release and lastly poke and
flow. In poke and patch, the MNs are pierced through the SC to create micro-channels. This is followed
by removing the MNs and applying drug dosage form such as a cream/gel/solution, which acts as a
drug reservoir, refer Figure 2a. One of the limitations of this approach is that the micro-channels close
after a specific period of time. Thus, stopping the drug delivery [29,40-43]. In the second approach,
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coat and poke, the drug substance is coated over the MNss, refer Figure 2b. The steps involved in the
process include piercing the SC using drug coated MNs, wherein the coated drug gets diffused from
the coating layers into the layers of the skin. This approach is limited to drugs with very low dose.
Additionally, drug coating decreases sharpness of the MNs [44-47].

Turning now to poke and release approach, wherein the MNs tend to dissolve after insertion,
refer Figure 2c. Thus, eliminating the step of removal as seen with poke and patch strategy. Besides,
the rapidly separating microneedles are proposed as a hybrid variety between coat and poke strategy
and dissolving microneedles (as explained above). In this strategy, the drug loaded soft matrix remains
in the skin while the solid is taken off. Further, hydrogel forming microneedles [48,49] interact with
interstitial fluid and imbibe to form micro-channels for delivery of less potent drugs [50-53]. Lastly,
the poke and flow strategy resembles the conventional hypodermic injection method with significantly
less or no pain at the site of administration. Here the microneedles are loaded with drug solutions
which upon insertion to skin releases the drug—refer Figure 2d, [54,55].
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Figure 2. Strategies for drug delivery using MNs (a) “Poke and Patch” Strategy (b) “Coat and Poke”
Strategy (c) “Poke and Release” Strategy [30,56-58] (d) “Poke and Flow” Strategy.
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2.3. Manufacturing Methods and Materials

Turning now to MNs manufacturing methods, the most conventional methods of manufacturing
include solvent casting, micro-molding, pulling pipettes, etching, lithography, ceramic sintering,
laser cutting/ablation, electropolishing, and micro stereolithography [59]. Various organic and inorganic
materials are employed in fabricating MNs of different structures and shapes [41], refer Figure 3.
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(e Poke and patch

* Coat and poke

* Poke and release
* Poke and flow

Material
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Figure 3. Schematic illustration of general characteristics of MNss.

As regards the materials employed in fabricating MNs, Guillot and colleagues identified various
materials and methods used in the fabrication of MNs, they also provided the advantages and
disadvantages of the respective methods [20]. For instance, polymeric MNs help in the delivery
of molecules with large molecular weight such as DNA vaccine [53], nucleic acids, proteins [60]
and others [61,62]. Similarly, Park and colleagues developed polymeric MNs for controlled drug
delivery, wherein they encapsulated bovine serum albumin and calcein (a drug used in the treatment
of lung cancer) on polymeric MNs [63]. Regeronlnc, a Korean-based company, reported dissolvable
MNs of heat shock protein (HSP90a and/or its fragments) which were prepared as per the methods
described by Moga and colleagues [64,65]. Inventors Ronnander and Simon of LTS Lohman and
New Jersey Institute of Technology developed a polyvinylpyrrolidone (PVP) MNs array patch for
delivering macromolecular compounds such as sumatriptan or its succinate salt (used for migraine)
by microporation of the skin. In addition, the PVP MNs array composition comprises glycerol that acts
as a humectant/softener and polysorbate 80 acts as a surfactant. The patch of MN array helps in the
delivery of said macromolecules using a current source that is controllable [66]. However, on a few
occasions, MNs could not achieve an efficient therapeutic effect [67]. Such issues were studied and
fixed by Wang and colleagues using polymeric MNs that are obtained using polyvinyl alcohol and
maltose. Such a combination of polymers not only helped in achieving MNs with good mechanical
strength but also MNs that can penetration through the layers of skin to generate micropores [68].

2.4. Clinical Applications

Based on our review, it appears that the clinical applications of MNs would not only depend on the
ability of MNs array or patch to perform the intended function but also its acceptance across the board
by the healthcare professionals. Several exploratory studies about end-user acceptance and views of
healthcare professionals were reported in the past. Some of the benefits reported by the end-users
about MNs technology include but not limiting to ease in administration (self-administration), less pain



Pharmaceutics 2020, 12, 1101 6 of 27

and tissue trauma for children. Nonetheless, few healthcare professionals raised concerns via-a-vis the
dose, delayed onset, allergic reaction at the site of administration, and its potential for abuse by some
subjects [69,70]. Furthering this, a follow-up study reported that the acceptability of hollow MNs for
interstitial fluid and blood sampling for monitoring purpose has gained more acceptability than the
conventional sampling with hypodermic needles. This group went on to suggest that the terminology
of ‘needles’ shall be avoided as it creates a fear in the patient population [71]. Thus, it appears that
MNs could play a pivotal role in gaining patient compliance in clinical sampling of body fluids for
monitoring purposes in pediatric patient population.

2.4.1. Clinical Benefits

One of the important clinical benefits of MNss is less or no pain at the site of insertion. For instance,
Kaushik et al. carried out early trials to understand the painless insertion of MNs and reported that
pain associated with MNss (400 MNs in 3 X 3 mm, height of the needle 150 um) based drug delivery
was statistically less when compared with that of the hypodermic needle [72]. Secondly, MNs are
less invasive and form small lesion at the site of insertion when compared to traditional hypodermic
injection used for systemic drug delivery. Nonetheless, some studies reported that drug delivery
using MNs would lead to resolvable issues such as bleeding (minimum), oedema and erythema at
the site of administration [73]. Another study reported that MNs fabricated using titanium showed
minimum tissue trauma and faster recovery of the pores when compared to the ones induced by
conventional hypodermic needle injections [74]. Thirdly, another advantage of MNs is the ease of
administration as it does not require any healthcare professional to inject the drug substance as seen
with hypodermic needle-based injections. For instance, Jin et al. proposed MNs of chitin coated with
tuberculosis (TB) antigen as an alternate to the Mantoux test, wherein a purified TB antigen is injected
intradermally at an angle of 5-15 using a hypodermic needle. It is pertinent to state that any variation
to the style of administration leads to failure of the test. The chitin coated MNs were tested in guinea
pigs that showed positive BCG test against TB [75-77]. Therefore, it appears that MNs could help
in preventing administration errors to an extent and also helps in gaining subjects compliance by
allowing self-administration. Despite various clinical benefits of MNs, there are still many challenges
that one needs to fix before they are set to make any clinical impact. Some of the challenges/limitations
are discussed in the below section.

2.4.2. Clinical Challenges

Insertion of MNs on the surface of skin and formation of pores pose a threat of microbial infection
leading to local or systemic infections. Therefore, traversing the pores generated post insertion of
MN's on the surface of skin is vital and this aspect was studied by Donnelly and colleagues using
porcine skin and reported that pores formed due to MNs are less permeable to microbial penetration
when compared with pores formed by hypodermic needle injections [78]. Nonetheless, the limitations
of this study included the limited length (280 um) of MNs and lack of simulating the exact skin
microbiota for microbial permeation studies [79]. The risk of microbial infection could be mitigated by
aseptic fabrication methods [80] or by employing microbial resistant polymers that were proposed
by Hook et al. [81]. Such polymers prevent microbial adhesion and also penetration into the layers of
skin when MNs are inserted.

Another risk in employing MNs based drug delivery system is skin irritation, which is generally
transient in nature. Even repeated application of MNs is found to be safe [82]. Yet another major
limitation is drug delivery using MNs is the amount of drug that is be delivered. For instance, in solid
MNSs, the time duration of the pores to remain open is a challenge as the skin tends to undergo
natural regeneration process. This acts as a major impediment/limiting factor for drug delivery using
solid MNs. Nonetheless, strategies to prolong the pore viability using diclofenac (COX inhibitor)
and fluvastatin (HMG-CoA reductase) [83,84].
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2.4.3. Clinical Applications with Improved Therapeutic Outcome

The above aspect is explained using ‘Psoriasis’—a skin disease. It is a type of skin disease
wherein the subject develops red, itchy, and scaly patches [85]. Existing treatment modalities provide
symptomatic relief with no permanent cure. Besides, topical therapies were found to be time-consuming
with various side effects namely irritation at the site which acts as an impediment to gain patient
compliance. Additionally, systemic exposure of methotrexate has several adverse effects such as
thrombocytopenia, nausea, vomiting, and hepatotoxicity [86,87]. Therefore, attempts were made to
deliver methotrexate to the layers of skin directly at psoriatic sites. For instance, Vemulapalli and
colleagues studied transdermal delivery of methotrexate using solid MNs of maltose using iontophoresis
method. The combination of MNs with iontophoresis resulted in the 25 fold increase in delivery
of methotrexate when compared with individual modality of administration [88]. In another study,
Gujjar and colleagues reported successful transdermal delivery of pentaerythritol tetrakis (mate tea
extract) using MNs. The method involved pre-treatment of subject’s skin with MNs followed by
applying the emulsion (oil in water) formulation of the extract [89] which had poor solubility and was
selectively portioning towards the SC of the skin.

2.5. Design and Geometry

Design and geometry (shape, tip radius and length, base width, aspect ratio, etc., of MNs play
an important role not only in deciding the mechanical features but also the overall performance.
Therefore, one has to judiciously select a right material and right methodology to fabricate ideal MNs
that are biocompatible, mechanically strong to pierce layers of the skin, capable of loading different
active drug substances and also controlled or sustained drug delivery [90]. Wang and Xu carried an
excellent review on the aspect of different polymeric materials and methods employed in fabricating
and obtaining ideal MNs [69]. The most vital aspect that is geometry of MNs facilitates smooth
insertion onto the skin. This is important because human skin is elastic and robust in nature and
thereby it tends to prevent MNs from insertion or may even lead to breakage of MNs. This is seen with
MNs which are fabricated using weak materials with blunt tips [28,91]. Therefore, the geometry of
MN:s is sensitive and crucial for efficient drug delivery.

Different shapes of MNs that were developed include but not limiting to rectangular with sharp
edge, cylindrical, pointed, pyramidal, conical, and octagonal with varying lengths and widths, Figure 4
provides few shapes of MNs. For instance, Lee et al. reported polymeric MNs that are of pyramidal
shape with good mechanical strength vis-a-vis the conical shaped MNs as the pyramidal ones are
associated with higher cross-sectional area at the same width of the base [92]. Additionally, Chen and
colleagues reported that higher insertion depths were achieved with chitosan MNs having a tip radius
of 5 um when compared with that of the 10 pm tip radius MNs [93]. Similarly, the sharpness of the tip
of MNs is vital for insertion to skin as MNs with sharp tip possess higher potential to penetrate with
less force and the vice-versa is true with tips of MNs that have a larger diameter [31,94]. Ideal MNss
for clinical application must be biocompatible, mechanically strong with good drug cargo loading
potential. Such ideal MNs could be employed in transdermal drug delivery, bio-fluid extraction for
diagnostic purposes and for transdermal sensing to analyze the concentration of different analytes in
the interstitial fluid [95-97]. Refer to Figure 4 for design and geometry of MNs. All in all, it appears
that pyramidal shaped MNs have sharper tips with low aspect ratio are associated with excellent skin
insertion properties.
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Figure 4. Design and geometry of MNs (a) Illustration of geometrical parameters in a microneedle
array (b) Geometry of MNs length (L), thickness (T) and width (W) (c) Different shapes of MNs
(i) Rectangular microneedle with sharp edge (ii) cylindrical (iii) conical (iv) tapered (v) arrow headed.

3. Different Cancer Treatments Using MNs

MNss help in overcoming the limitations associated with traditional drug delivery systems.
They have been successfully evaluated for delivery of small molecules [98], large molecules [99,100]
like chemotherapeutic agents, proteins, and genetic material. MNs also help in delivering microparticles
or nanoparticles of anticancerous drug substances [101]. In the following sections we discuss MNs that
work based on sensor technology, MNs that are used for treatment of breast cancer, skin carcinoma,
and finally the 3D printed MNs for treatment of cancer.

3.1. Sensor Technology Based MNs

Integration of MNs with microelectronic sensors is an emerging domain. The sensor based MNs
have the potential to convert non-electrical inputs like temperature or pressure from its surrounding
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environment to microcomputer readable electrical signals [102]. Traditionally, blood samples are
used/withdrawn from subjects to measure the concentration of the analyte. Currently, ‘point-sample’
approach is used, wherein blood is collected as a drop onto a test strip followed by inserting into an
electronic device to display the result on the display screen. The existing methods suffer from various
limitations such as pain, risk of infection/cross-contamination due to multiple uses, slow skin healing
after collecting the sample. One alternate to overcome the above limitation is usage of sensor based
MNs, which cause no or less pain compared to hypodermic needles, non-invasive, safe, and easy to use.
Generally speaking, there are four different types of microneedle-based sensors and their principles of
working are illustrated in Figure 5.

(b)
(a) () (d)

i mm

The above four modalities work the principles of colorimetry, immunoassay (sandwich or

enzyme-labelled electrochemical immunoassay), recognition of biomaterial - nucleic acid.

Figure 5. Microneedles (MNs) sensing modalities (a) sensor positioned on the MNs base or support
(b) electrode inserted into the hollow microneedles—acts electrochemically (c) surface of the MNss is
functionalized to act as a sensor (d) MNs are metallized to act as bio-electrodes.

The sensors for MNs basically comprise of analyte recognition element and a transducer
(electrochemical or optical). As regards the colorimetric MNs sensor, the enzyme glucose oxidase
is used for analyte recognition and catalysis to release hydrogen peroxide. The hydrogen peroxide
induced color change of a substrate is used to determine the concentration of the analyte [103]. Similarly,
in immunosensor MNs, enzyme-linked immune sorbent assay is used. Hydrogel MNs are employed
to immobilize nucleic acids to facilitate binding of complementary DNAs based on Watson and Crick
base pairing [104].

Some of the MNs that work based on sensor technology are discussed below and the same are
illustrated in Figure 6.

In one of the studies, wearable orthogonal MNs that work based on sensor technology were
successfully developed by Goud and colleagues for monitoring levodopa levels in the interstitial
fluid of patients with Parkinson’s disease. This helps in proper optimization of the dose of the drug,
levodopa [105]. Hahn and colleagues from Postech Academy-Industry Foundation, Korea reported MNs
that work on sensor technology. The entire MN device has the potential to sense the presence of nitrogen
monoxide (innate immune response to cancer) using electrochemical doctrine. This device was helping
to detect cancer, the growth, and the size of a tumor. The proposed MNs were associated with a polymeric
base that has layers of adhesive polymer (chitosan, fibronectin, vitronectin, polydopamine, silk,



Pharmaceutics 2020, 12, 1101 10 of 27

and collagen), conductive polymer (polyacetylene, polypyrrole, polyphenylene vinylene, and others)
nitrogen monoxide bonding molecule with iron ions (porphyrin or heme) as a layer and electrodes
(working and counter electrodes) such as nickel, gold, silver for detecting nitrogen monoxide.
The patches proposed by Hahn and colleagues have the potential for usage in various cancer treatments
namely breast, lung, uterine and colorectal cancers [106], refer Figure 3a—adapted from the respective
US patent.
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Figure 6. Microneedles for treatment of cancer (a) Illustration showing MNs with sensor unit when
applied to skin (b) Microneedle array device with probe (c) Light emitting fiber optic microneedle
converting 5-Aminolevulinic acid (5-ALA) to Protoporphyrin IX (PPIX).

Turning now to other sensing mechanisms, ‘The Regents of the University of California’,
North Carolina State University along with Sandia Corporation developed MNs that works based on
biosensing mechanism to deliver the drug. The disclosed MNs are pictorially depicted in Figure 3b,
(adapted from respective reference) wherein the MNs make use of probes that are used for sensing the
signal and which in turn are connected to electrically conducting wires for transmitting the detected
signal generated by the probes. Interestingly, these MNs could be used for the simultaneous detection
of “glucose, lactic acid, and pH”. These parameters are important to determine malignant skin
cells because in cancer the lactate levels increase while glucose levels and pH decrease. Therefore,
the proposed MNs help in determining malignant skin cells in the body [107]. In another study,
Rylander and colleagues disclosed fiber optic-based MN device that has the potential to not only
penetrate the tissue but also deliver light at the required area of the layers of the skin, refer Figure 3¢
(adapted from respective reference). The device delivers light-based therapeutic agents on the layers
of skin for the treatment of cancer and is also used for photothermal/photochemical therapy for the
subjects who are in need thereof [108].

For instance, Jain and team reported dip-coated MNs (57 in number) of 5-Aminolevulinic acid
(5-ALA) for ‘photodynamic therapy’ (PDT) of various skin related carcinoma [109]. Donnelly and
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colleagues were the first to use silicon-based solid MNs of 5-aminolevulinic acid (ALA), a skin
photosensitizer. They tested the MNs in a mouse model using poke and patch strategy. The study
revealed that a reduced dose is sufficient to elicit high levels of ALA in skin lesions [110]. In yet another
study, Zhao et al. disclosed fast dissolving tip-loaded microneedle patches of 5-ALA (122 pg per tip of
the needle) that are fabricated using sodium hyaluronate as a polymer for subcutaneous tumor therapy.
The prepared MNs were found to be safe with good mechanical strength to pierce (200 um depth)
the SC followed by dissolution and release of the drug. The study concluded that tip-loaded MNs of
5-ALA showed better tumor inhibitory rate (97%) when compared with injection formulation (66%).

5-ALA has an inherent natural property wherein it converts to a ‘photosensitizer called
protoporphyrin IX (PPIX)’, refer Figure 3c, inside the cells through various transformations in
the mitochondria, which undergoes chelation with iron to produce heme in the presence of an enzyme
ferrochelatase [111].

Combination cancer therapy (photothermal and chemotherapy) also helps in achieving desired
efficacy in treatment or eradication of cancer [112]. Polyvinylpyrrolidone MNs coated with chitosan
and polyvinyl alcohol to arbitrate the delivery of doxorubicin nanoparticles [113]. Bhatnagar and team
reported MNs of polyvinylalcohol (PVA) and polyvinylpyrrolidone (PVP) that are dissolving type
for delivery of doxorubicin and docetaxel for breast cancer treatment [114]. Similarly, Hao and team
employed synergistic tumor therapy (PTT with chemotherapy) using near-IR responsive docetaxel
loaded gold nanorod coated polymer poly(l-lactide) microneedles for treatment of A431 tumor. The MN
system showed promising results with no recurrence. Nonetheless, it suffered from multiple intravenous
administrations [115]. To overcome this limitation, Hao and colleagues developed a “PEGylated gold
nanorod and doxorubicin-loaded dissolvable hyaluronic acid microneedle system”. This system
exhibited good effects (photothermal and transfer of heat) and treatment efficacy. Nonetheless,
this was associated with a disadvantage of burning the skin at the site of administration. Additionally,
the proposed MN system was exhibiting abrupt drug release [116]. In order to overcome the
above limitations, very recently, Hao and colleagues developed a controlled release, dissolvable and
single-dose MNs of 5-fluorouracil (near-IR light-responsive) and indocyanine green (photothermal agent
approved by USFDA) polymer (monomethoxy-poly (ethylene glycol)-polycaprolactone (MPEG-PCL)
loaded nanoparticles integrated with USFDA approved hyaluronic acid for treatment of skin cancer in
general and particularly human epidermoid cancer and melanoma. The release of the drug from the
nanoparticles is controlled by near-IR light to a achieve single-dose cure for skin cancer.

From the above discussion, it can be inferred that different analytes could be targeted for
microneedle-based cancer detection. For instance, the target analytes include but not limiting to
glucose, glutamate, lactate, hydrogen peroxide, nitric oxide, potassium levels, and T cell. Additionally,
determining the pH of the tumor environment is also important in cancer detection using MNs. A table
depicting different types of analytes relied on detecting cancer, the principle involved in the detection
and the test subjects on which the tests were carried out are provided in Table 1.
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Table 1. Different types of analytes relied on to detect cancer using microneedles.

Name of Principle Involved Structure and Materials .

the Analyte in Detection for Sensor Test Subject Ref.
e  Hydrogel solid MNs

e  Colorimetry e  Metal hollow MNs e  Mouse
Glucose e  Glucose assay and paper sensor e  Rabbit [117-119]
e  Electrochemistry e  Silicon hollow MNs e  Human
and sensor

Glutamate Electrochemistry Hollow or solid MNs of - [120]
a polymer
Hollow or solid MNs of

Lactate Electrochemistry polymer along with carbon - [121,122]
paste or carbon nanotubes

. . Solid MNs with platinum

Hydrogen peroxide  Electrochemistry or gold electrodes Mouse [123]
Solid MNs of a polymer or

Nitric oxide Electrochemistr metal with hemin or Melanomamouse 1154 155

y graphene that Rat !

is functionalized.
Solid MNs of polymer

T cell Immune response with antigens Human skin [126]
(nano-capsule)
Hollow MNs of polymer

Potassium Electrochemistry or metal with ion Porcine skin [127,128]

specific electrode

3.2. MNs in the Treatment of Breast Cancer

After skin cancer, the second and most common cancer that causes death in women is breast
cancer [129]. Some of the therapies include chemotherapy to prevent the recurrence of the tumor or
surgical resection to remove the local tumors [130,131]. Generally, chemotherapy involves systemic
administration of the anti-cancerous drugs that often lead to various adverse effects such as suppression
of bone marrow, cardiac and/or neurotoxicity [132], mastectomy, hormone therapy, lumpectomy,
radiation therapy, and biological therapy using macromolecules [133]. In search of a better line of
treatment oncologists shifted their attention towards immunotherapy and cancer vaccines. Nonetheless,
all the traditional therapies for breast cancer treatment suffered with toxicity and less therapeutic efficacy.

As regards the biology, breast cancer originates in the ducts of mammary glands that help in
carrying milk from the lobules to the nipple. Drug delivery to the underlying tissues (tumors) in the
breast helps in minimizing its blood concentration and thereby protecting the healthy cells and adverse
effects [134]. The key site of breast cancer is the nipple duct which extends further as a lobular duct.
The ‘Nipple-areola’ complex helps in enhancing the drug permeation as the epidermis is thinner in this
region when compared to SC of the skin. Further, this region also shows more appendages of sebaceous
gland, sweat gland, apocrine, and eccrine glands that act as alternate transport paths when compared
to the primary paths, namely the transepidermal and transductal routs [135]. Researchers investigated
that localized drug delivery through the mammary papilla helps in significantly inhibiting the growth
of cancer cells as the drug gets localized to the tumor site [136]. Localized drug delivery using MNss
is set to disrupt the way the drugs are delivered to the tumor site [137,138]. Some of the MNs based
anti-cancerous drugs delivered for treatment of breast cancer are discussed below:

Bhatnagar and colleagues reported MNs of zein (prolamine protein from corn) for delivery of
tamoxifen and gemcitabine that are used in the treatment of breast cancer. Zein MNs were prepared
by micromolding technique through solvent casting, wherein it involved 3D printing of master
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mold using a polymer, acrylobutyl nitrile styrene, and plasticizers namely glycerol and PEG 400.
Both tamoxifen and gemcitabine were encapsulated in zein MNs. Alternately, both the anti-breast
cancer drugs were also coated on zein MNs using rhodamine as a dye to examine the quality of coatings.
The studies on loading efficiency revealed that more tamoxifen was loaded onto zein MNs when
compared to gemcitabine. As regards the release kinetic studies, gemcitabine showed more permeation
vis-a-vis tamoxifen. Finally, the study concluded that optimal solubility of a drug in water may
exhibit greater permeation when delivered using zein MNs [139]. In another study of Bhatnagar and
colleagues, they reported dissolving MNs prepared using polyvinyl pyrrolidone and polyvinyl alcohol
for co-delivery of doxorubicin and docetaxel for treatment of breast cancer. The MNs were prepared
using micromolding technique as previously explained [140], drugs (doxorubicin and docetaxel)
were loaded by encapsulation method using polyvinyl pyrrolidone (PVPK360) and the base plate was
prepared using both PVPK360 and polyvinyl alcohol. The prepared MNs dissolved in less than an hour
after inserting it into the skin. They employed 4T1 breast cancer cells to determine the effectiveness of
MN . The toxicity studies in animals showed that the administration of both the drugs using MNs
showed a higher survival rate compared to that of injections (intratumoral). Co-delivery of these two
drugs showed controlled growth of the tumor than when they were administered individually [114].

Gao and co-workers reported transdermal delivery of a biphenyl natural anti-cancer compound,
“Honokiol”, refer Figure 7, obtained from different plant parts of Magnolia glandiflora.

HO

@l

/ \

Figure 7. Honokiol: Biphenyl natural anti-cancer compound from Magnolia glandiflora.

Reports also suggest that Magnolia glandiflora is indeed associated with various anti-cancer
properties; breast [141] prostate [142] liver [143]. MNs made of maltose were used in delivering
honokiol through the layers of skin and also through the mammary papilla. In addition to MNs based
delivery of honokiol, Gao and co-workers also studied the delivery of this natural anti-cancer compound
using skin permeation enhancers. The study used chemical enhancers such as propylene glycol,
oleic acid and isopropyl myristate. Oleic acid was found to be an excellent penetration enhancer when
compared to other agents. Both the delivery systems (MNs and penetration enhancers) were found
to be promising and progressive in delivering honokiol through the layers of skin. Additionally,
the anti-cancer effect of honokiol was evident with decreased release of cytokine interleukin-6 and
suppression of Ki-67 protein [144].

Chablani and colleagues used metallic MNs (AdminPatch® 1200) to deliver particulate
(1.5 pm size) breast cancer vaccine prepared by freeze-drying method. They used whole-cell lysate
as a source of antigens. The micro channels (50 + 10 um) formed using MNs were microscopically
visualized using methylene blue as a staining agent. Based on the in vivo studies, it is evident
that the overall approach was found to be a very promising means of immunization against breast
cancer [129]. Mojeiko and the team reported the usage of MNs to augment the penetration of celecoxib
microemulsion in the treatment of breast cancer. MN-based roller treatment in combination with
microemulsion containing 60% of water was found to significantly enhance celecoxib penetration
through the layers of mammary tissue [145]. Additionally, MNs could be considered for drug delivery
via the transpapillary route (breast) for the treatment of breast cancer [146].

Chen and team employed MNs having a nano-silver/MBL membrane that works on the siphoning
effect for early detection of breast cancer. The method employs the insertion of MNs at the desired area
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of the breast thereby opening the interstitial space to collect the sample/cells. Due to the siphoning effect
of the film the cells get absorbed onto the membrane which is subjected to colorimetric analysis to detect
early stages of breast cancer in subjects [147]. Zandi and co-workers reported MNs of electrochemical
probes tinted by zinc-oxide nanostructures were used to generate microbubbles. After insertion of such
MNs into the tumor interstitial fluid, sonoporation was employed for the formation of microbubbles
by electrolysis to deliver paclitaxel [148].

3.3. MINs in Skin Carcinoma

Skin carcinoma is the most common type of cancer and reports indicate that one in five individuals
in America would be affected in their lifetime [149]. Different types of skin cancer are basal cell
carcinoma, squamous cell carcinoma and melanoma carcinoma [150]. The first two are more common
when compared to melanoma carcinoma; a more dangerous when compared to the other two.
Skin cancer is mainly caused due to long exposure to UV radiations. Traditional therapies such
as chemotherapy, radiotherapy, surgical resection, and immunotherapy are associated with various
limitations [151-154]. Besides, anti-cancerous drugs when administered via oral or parenteral route
undergo gastric degradation or first-pass effect thus leading to various side effects. MNs appear to
be the safest alternatives in view of the aforesaid limitations. This is because MNs have the ability
to penetrate the SC and deliver the drug in the dermis region via the acanthocyte and basal cell
layers [155,156]. In light of the biology of the skin carcinoma drug delivery via the MNs is the best
for treatment of skin carcinoma [60,157]. Some of the MNs based anti-cancerous drugs delivered for
treatment of skin carcinoma is discussed below:

North Carolina State University inventors Zhen Gu and others reported self-degradable and
sustained-release MNs patch of PD1 antibodies (nivolumab, and pembrolizumab) either alone or in
combination with anti-CTLA4 antibody (ipilimumab). The proposed MN patch comprises a base end
and a tip coated with nanoparticles that encapsulate the immunotherapeutic agent (PD1 antibody
and/or anti-CTLA4 antibody) along with glucose oxidase as a pH altering agent. The nanoparticles
prepared were acid-degradable and are prepared using dextran and sodium alginate as a surfactant.
In some embodiments, Zhen Gu and colleagues used hyaluronic acid in the preparation of MN
patches, which helps in lubricating the layers of the skin when the patch is inserted [158,159].
Zynerba Pharmaceuticals, a US company, disclosed MNs comprising cannabidiol and its prodrugs
that have the potential for usage in pancreatic cancer. It proposes a hydrogel, a reservoir type patch of
MN:ss [160].

Eirion therapeutics filed two international patent applications on transdermal delivery of large
molecular weight molecules that are used in the treatment of skin cancer. The invention claimed a
method for delivering an emulsion formulation of botulinum toxin (molecular weight of 100,000 KDa)
with a biologically active agent (hydrocortisone, lidocaine, retin A, and others). The method involved
steps of skin conditioning using MNs followed by the application of the formulation. They have
basically combined the microneedle technology with emulsion technology (water-in-oil and oil-in-water
nanoemulsions) to deliver botulinum toxin, a large molecular agent. The emulsion formulation also
comprised non-irritating and penetration enhancing agents such as “cationic peptide” and a positively
charged carrier having the sequence “RKKRRQRRRG-(K);5.GRKKRRQRRR”. The invention also
disclosed the use of high molecular weight biologically active agents such as infliximab, golimumab,
adalimumab, certolizumabpegol, siplizumab, and others either alone or in combination with one
another [161,162].

Lu and co-workers reported dacarbazine loaded MNs for skin carcinoma. The MNs were
prepared by micro stereolithography using poly (propylene Fumarate) as a polymer and diethyl
fumarate was added to control the viscosity of the polymer. The prepared MNs have a cylindrical
base and a conical tip with excellent skin insertion force. Dacarbazine was released in a
controlled fashion for the above five weeks [163]. Hamdan and colleagues reported dissolving
MNs of “5,10,15,20-tetrakis(2,6-difluoro-3-N-methylsulfamoylphenyl bacteriochlorin”, a preformed
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photosensitizer (near-IR). The studies revealed that the MNs had good mechanical strength for insertion
into the layers of the skin, 5mm down the skin for treatment of nodular skin carcinoma. Thus, the study
suggested usage of polymeric (co-polymer of methyl vinyl ether and maleic acid) MNs in photodynamic
therapy of skin lesions that are deep [164]. Al-mayahy and team reported the usage of MNs to enhance
penetration of imiquimod for the treatment of basal cell carcinoma [165]. In another study on imiquimod,
Sabri and colleagues reported usage of oscillating MNs pen ‘Dermapen’ and ‘Dermastamp’ to enhance
the penetration of imiquimod when applied as a cream using ‘poke-and-patch’ and ‘patch-and-poke’
strategies. Release kinetic studies confirmed that imiquimod penetration was significantly higher
when administered by the ‘patch-and-poke’ strategy using ‘Dermapen’. The prime reason behind the
same was due to the application of MNs leading to the formation of the intra-dermal depot of drug
and isostearic acid (cream excipient) that lasts for about a day [166].

Inventors from the University of Pittsburgh and Carnegie Mellon University disclosed
carboxymethyl cellulose (CMC) MNs that can deliver various chemotherapeutic and
immune-stimulating agents (Toll-like Receptor (TLR) antagonist) either alone or in combination.
For instance, the chemotherapeutic agent was selected from a group comprising of doxorubicin,
valrubicin, epirubicin, idarubicin, and other known anthracycline agents for treatment of skin cancer.
The MNs were prepared using CMC, wherein the drugs are deposited by micro milling method
in the form of drug cargo layers, as shown in Figure 8, (adapted from respective reference) [167].
Jiangsu college of information technology disclosed semiconductor-based microneedles that help not
only for gene delivery but also for the delivery of anticancerous drugs [168].

p Microneedle

P Drug cargo layer 1

# Drug cargo layer 2

- Drug cargo layer 3

P Microneedle base

Figure 8. Cross-section of the microneedle after drug cargo loading by micro-milling.

3.4. MNs for Prostate Cancer

The second most common cancer in men after lung cancer is Prostate Cancer (PC) [169]. It is
commonly seen in male population of the developed countries and the mortality rate is just behind
lung and colorectal cancer. Existing treatment modalities for PC include but not limiting to radical
prostatectomy (surgical treatment for low risk PC), radiotherapy or image-guided radiotherapy,
Androgen Deprivation Therapy (ADT) either alone or in combination with radiotherapy and
brachytherapy (radioactive material is positioned inside the body). The castration resistance seen
in ADT is treated using various drugs namely abiraterone acetate (CYP17-a-hydoxylase inhibitor),
docetaxel, prednisone, cabazitaxel and enzalutamide [170].

Anti-cancer vaccines, such as PC DNA vaccines, are other alternatives that can be employed
to target cells that are expressing immunogenic tumor-associated antigens (TAAs). Nonetheless,
recent clinical trial results on PROSTVAC raised concerns about the efficacy of DNA vaccine alone [171].
The effectiveness of a PC DNA vaccine could be enhanced by selecting an appropriate drug delivery
system such as MNs. The beauty of MNss is that the drug can be delivered locally to the tumor site via
the layers of the skin to the Antigen Presenting Cells (APCs) in the epidermis and dermis regions [172].
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For ADT, Chen and colleagues reported transdermal delivery of goserelin (luteinizing hormone-
releasing hormone (LHRH) analogue) using dissolvable polymeric MNs of Chitosan and polyvinyl
alcohol/polyvinyl pyrrolidone base as a support. The LHRH per each microneedle was 73.3 + 2.8 pg [173].
The pores formed after piercing the skin would reseal after 7 days and the serum LHRH levels
augmented initially followed by a decline at the end of the 7th day. As regards the testosterone
levels, they increased to peak by 14th day and declined to the level of castration by end of 21st day.
Additionally, electrically functional MNs were reported for human PC cells in vitro by electroporation
method. Choi and colleagues reported MNs fabricated by micromolding technology to electroporate
human PC cells for enhancing transfection by DNA vaccines [174,175].

Very recently, Cole and colleagues reported for the first time a robust two-tier microneedle-based
platform for PC DNA vaccine delivery. In its study, RALA/pDNA nanoparticle based dissolving
polymeric microneedle system was developed to immunize mice encoded with mPSCA (Prostate Stem
Cell Antigen). The results of the study showed production of encoded PSCA. Additionally,
immunization using RALA/pPSCA based MNs exhibited anti-tumor activity (inhibited TRAMP-C1
tumors) in the PC models [176].

4. More Recent Method of Manufacturing MNs—Printing Method

The traditional manufacturing methods and materials employed in fabrication of MNs pose
different challenges that hamper its adoption for TDDS. For instance, the micro-molding method used
for fabricating gel-forming and dissolving MNs is a time consuming and tedious process that often
poses challenges with respect production scale-up. Additionally, the MNs drug coating technologies
suffer with non-uniformity, lack of accuracy and uncertainty about the amount of drug that is loaded
or coated on the MNs. Further, the materials used in fabrication of MNs are basically approved
for oral use but majority of them are being utilized to fabricate MNs for drug delivery via the
transdermal route. This leads to the problem of biocompatibility leading to irritation at the site of
administration. One alternate and upcoming method of manufacturing MNs is additive manufacturing
or 3-dimensional printing (3DP). The first three dimensional printed MNs for wound healing were
reported by Gittard and colleagues, wherein they employed 3DP technique called steriolithography
(SLA) to fabricate MNs followed by coating them with zinc and silver oxide [177]. In another study,
Lu and colleagues reported dacarbazine printed MNs for treatment of skin cancer using micro SLA
technique [163]. Some of the recently reported printed MNs are discussed below:

Uddin and colleagues reported coated MNs of 5-fluorouracil, curcumin, and cisplatin, prepared by
inkjet printing technology. The formulation used for coating comprised of a drug-polymer at different
ratios and Soluplus® was used as a hydrophilic graft copolymer [178]. In another study, Uddin and
colleagues also reported 3D printed MNs of Cisplatin to “A-431 epidermoid skin tumors”. The 3D
printed MNs were prepared by the stereolithography method and cisplatin was coated using inkjet
dispensing on the MNs surface. The drug release of about 80 to 90% was achieved in the first 1 h with
good permeability when evaluated using Balb/c nude mice. The tumor inhibitory effect was evident
through histopathology studies [179].

In short, employing 3DP technologies in fabricating MNs has a strong potential in printing
complex MNs that need to be organized in a systematic fashion. The beauty with this technique is that
the product is printed layer-by-layer [101]. Such printed MNs could help in not only enhancing the
delivery but also the efficacy of anti-cancer drugs.

5. Clinical Trials (CTs) on MNs of Anti-Cancerous Drugs

Many CTs on MN-based drug delivery systems are carried out across the globe. The present
review is focused on providing details about MN-based drugs that are used in the treatment of
cancer. Reported below are studies that are recruiting patients/subjects and active studies but not
recruiting subjects.
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5.1. Recruiting

The University of Pittsburgh is recruiting subjects for its ongoing study to test the safety
and effectiveness of microneedle applicator of doxorubicin, a chemotherapeutic agent [180].
Doxorubicin kills the tumor cells and alters its microenvironment, thus inducing systemic immunity at
the tumor-specific site. The study aims to determine the best dose doxorubicin that could be used in
the microneedle patch [181]. Additionally, Skinject Inc., a US company is recruiting subjects for its
phase 1 study on basal cell carcinoma. The study is aimed to assess the dose (tolerated or toxicity),
safety, efficacy, and tolerability of dissolving microneedle arrays loaded with doxorubicin. Skinject Inc.
is carrying out these clinical studies at “The Center for Clinical and Cosmetic Research’, Florida,
USA [180].

5.2. Active, Not Recruiting

Pulse biosciences, a US based company has an ongoing active clinical study on its proprietary
platform technology branded as Nano-Pulse Simulation™. It makes use of electrically conducting
microneedles to apply nano electric pulses at targeted tissue and is aimed to study the effect in
benign skin tumors [182,183]. Nonetheless, this study is currently not recruiting or enrolling potential
subjects [180].

6. Limitations and Safety Concerns of MNs in Treatment of Cancer

Despite significant research in the domain of MNs, it still suffers from different challenges that
are to be considered while deciding to use them as carriers for anti-cancer drug delivery. They are
preferred for anti-cancer drugs that have low dose. Nonetheless, hydrogel-forming and hollow MNs
could be used to deliver small or large molecules with high dose MNs that are to be used repeatedly
are generally restricted to avoid safety concerns [49,184]. The drug delivery schedule and sequential
release of anti-cancer drugs is still a challenge [185].

Generally speaking, depending on the duration of use of MNs they are associated with three safety
concerns namely pain at the site of administration when used repeatedly for a long time, infection and
reaction of the skin after inserting MNs. Pain depends on the duration of MNss use and also the number
of needles in the MNs patch. For instance, Gill et al. reported less pain than the pain caused by a
hypodermic needle with a gauge of 26, this study also provided correlation between the level of pain
and number of needles and its length [186,187].

Infections could be due to entry of microorganisms via the micro-channels after insertion of MNs.
The probability of such entry is less but it cannot be ruled out. Therefore, administration of MNs shall
be done carefully to the subject to prevent such infections. Additionally, the length of the needle also
plays a pivotal role in preventing/controlling the infections, if any, after inserting MNs [188].

Skin reactions such as erythema (redness of skin), inflammation, and irritation at the site of
administration are observed with MNs made of materials such as glass and ceramics [34,189,190].
Additionally, MNs fabricated using steel may get corroded over a period of time and the same could
be prevented by replacing steel with titanium [191].

7. Conclusions

MNs are emerging drug delivery systems that are associated with unique advantages as depicted
in Figure 9. They have made a tremendous progress across all the areas of application namely diagnosis
of a disease, treatment, immune-biological, dermatology, cosmetic applications, and treatment of
cancer. Additionally, developing a wearable and smart sensor-based device for long-term treatment,
personalized diagnostics and wireless transformation of the data are the areas yet to be explored. As an
emerging drug delivery device, they can be successfully employed in not only delivering small or large
molecules but also nanoparticles of anti-cancer drug substances. Selecting suitable material, design,
geometry, and method of manufacturing MNs plays a crucial role in gaining patient compliance and
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drug release. Most importantly, fabricating MNs by 3DP is gaining popularity as it is simple and
straightforward method that can help in printing complex MNs device layer by layer with appreciable
accuracy. It appears that MN-based anti-cancer drug delivery systems are gaining popularity in
treatment of different cancer types (skin, breast, prostate, etc.). Nonetheless, more research is required
in this domain to ascertain the employability of MNs for treatment of different cancer types that are
inherently inaccessible to the patch of MNs when positioned on the surface of the skin. Once more
understanding is gained towards the existing challenges/limitations of MNs one could successfully
translate them into clinical application. Last but not least, strong research collaborations between
industry, academia, and research scientists help in translating and transitioning from laboratory setting
to clinical practice for treating subjects in need thereof.

Advantages of

Microneedles
(MNs)

Figure 9. Advantages of MNs.

Author Contributions: Conceptualization: A.A.S., AM., D.V.G,, SM.D.R. and M.S.G. Writing—original draft
preparation—A.A.S., AM., HC, M. AB., WH.A, Q.A. and M.S5.G. Review and editing—H.C., WH.A,, M.AB,, S,,
S.M.D.R. and D.V.G. Supervision—A.M., D.V.G. and S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors express heartfelt gratitude towards the JSS College of Pharmacy,
JSSAHER Mysuru, and College of Pharmacy, University of Hail for providing all the obligatory facilities
in the course of this work. In addition, authors are also thankful to King Abdulaziz City for Science and Technology
(KACST), Riyadh, Saudi Arabia for providing support during this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  MacGregor, R.R,; Graziani, A.L. Oral Administration of Antibiotics: A Rational Alternative to the Parenteral
Route. Clin. Infect. Dis. 1997, 24, 457-467. [CrossRef] [PubMed]

2. Darji, M.A ; Lalge, RM.; Marathe, S.P.; Mulay, T.D.; Fatima, T.; Alshammari, A.; Lee, HK.; Repka, M.A;
Murthy, S.N. Excipient Stability in Oral Solid Dosage Forms: A Review. AAPS PharmSciTech 2017, 19, 12-26.
[CrossRef] [PubMed]


http://dx.doi.org/10.1093/clinids/24.3.457
http://www.ncbi.nlm.nih.gov/pubmed/9114201
http://dx.doi.org/10.1208/s12249-017-0864-4
http://www.ncbi.nlm.nih.gov/pubmed/28895106

Pharmaceutics 2020, 12, 1101 19 of 27

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Andersen, O.; Zweidorff, O.K., Hjelde, T.; Rodland, E.A. Problemer med & svelgetabletter.
Sperreundersgkelse fra allmennpraksis. Problems when swallowing tablets. A questionnaire study
from general practice. TidsskrNorLaegeforen 1995, 115, 947-949.

Maderuelo, C.; Lanao, ].M.; Zarzuelo, A. Enteric coating of oral solid dosage forms as a tool to improve drug
bioavailability. Eur. J. Pharm. Sci. 2019, 138, 105019. [CrossRef] [PubMed]

Pond, S.M.; Tozer, T.N. First-pass elimination. Basic concepts and clinical consequences. Clin. Pharmacokinet.
1984, 9, 1-25. [CrossRef] [PubMed]

Davis, S.S.; Hardy, J.G.; Fara, ].W. Transit of pharmaceutical dosage forms through the small intestine.
Gut 1986, 27, 886—892. [CrossRef]

Pislar, M.; Brelih, H.; Mrhar, A.; Bogataj, M. Analysis of small intestinal transit and colon arrival times of
non-disintegrating tablets administered in the fasted state. Eur. J. Pharm. Sci. 2015, 75, 131-141. [CrossRef]
Parsons, R.L. Drug Absorption in Gastrointestinal Disease with Particular Reference to Malabsorption
Syndromes. Clin. Pharmacokinet. 1977, 2, 45-60. [CrossRef]

Bruce, J.; Wong, I.C.K. Parenteral drug administration errors by nursing staff on an acute medical admissions
ward during day duty. Drug Saf. 2001, 24, 855-862. [CrossRef]

Paudel, K.S.; Milewski, M.; Swadley, C.L.; Brogden, N.K.; Ghosh, P.; Stinchcomb, A.L. Challenges and
opportunities in dermal/transdermal delivery. Ther. Deliv. 2010, 1, 109-131. [CrossRef]

Guy, R.H. Transdermal Drug Delivery. Handb. Exp. Pharmacol. 2010, 197, 399-410. [CrossRef]

Hern, S.; Mortimer, P.S. Visualization of dermal blood vessels—Capillaroscopy. Clin. Exp. Dermatol. 1999,
24,473-478. [CrossRef] [PubMed]

Shore, A.C. Capillaroscopy and the measurement of capillary pressure. Br. ]. Clin. Pharmacol. 2000,
50, 501-513. [CrossRef] [PubMed]

Kim, D.H.; Kim, T.H.; Lee, S.H.; Lee, A.Y. Treatment of Palmar Hyperhidrosis with Tap Water Iontophoresis:
A Randomized, Sham-Controlled, Single-Blind, and Parallel-Designed Clinical Trial. Ann. Dermatol. 2017,
29, 728-734. [CrossRef]

Dhote, V,; Bhatnagar, P.; Mishra, PK.; Mahajan, S.C.; Mishra, D. Iontophoresis: A Potential Emergence of a
Transdermal Drug Delivery System. Sci. Pharm. 2012, 80, 1-28. [CrossRef]

N’Da, D.D. Prodrug Strategies for Enhancing the Percutaneous Absorption of Drugs. Molecules 2014,
19, 20780-20807. [CrossRef]

Prasanthi, D.; Lakshmi, P. Effect of Chemical Enhancers in Transdermal Permeation of Alfuzosin
Hydrochloride. ISRN Pharm. 2012, 2012, 1-8. [CrossRef]

Karande, P; Jain, A.; Ergun, K.; Kispersky, V.; Mitragotri, S. Design principles of chemical penetration
enhancers for transdermal drug delivery. Proc. Natl. Acad. Sci. USA 2005, 102, 4688—4693. [CrossRef]
Singh, R.; Vyas, S. Topical liposomal system for localized and controlled drug delivery. J. Dermatol. Sci. 1996,
13,107-111. [CrossRef]

Guillot, AJ.; Cordeiro, A.S.; Donnelly, RE; Montesinos, M.C.; Garrigues, T, Zaera, A.M.
Microneedle-Based Delivery: An Overview of Current Applications and Trends. Pharmaceutics 2020,
12, 569. [CrossRef]

Bray, F.; Me, J.F; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394-424. [CrossRef]

Moreira, A.F.; Dias, D.R.; Costa, E.C.; Correia, I.]. Thermo- and pH-responsive nano-in-micro particles for
combinatorial drug delivery to cancer cells. Eur. J. Pharm. Sci. 2017, 104, 42-51. [CrossRef] [PubMed]

Noh, J.M.; Park, W.; Kim, Y.S.; Kim, J.-Y.; Kim, H.].; Kim, J.; Kim, J.; Yoon, M.S.; Choi, J.H.; Yoon, W.S.; et al.
Comparison of clinical outcomes of adenocarcinoma and adenosquamous carcinoma in uterine cervical
cancer patients receiving surgical resection followed by radiotherapy: A multicenter retrospective study
(KROG 13-10). Gynecol. Oncol. 2014, 132, 618-623. [CrossRef] [PubMed]

Liang, X.-].; Chen, C.; Zhao, Y.; Wang, P.C. Circumventing Tumor Resistance to Chemotherapy by Nanotechnology,
Multi-Drug Resistance in Cancer; Springer: Berlin/Heidelberg, Germany, 2010; Volume 596, pp. 467—-488.
Moreira, A.E; Gaspar, VM.; Costa, E.C.; De Melo-Diogo, D.; Machado, P.; Paquete, C.M.; Correia, L].
Preparation of end-capped pH-sensitive mesoporous silica nanocarriers for on-demand drug delivery. Eur. J.
Pharm. Biopharm. 2014, 88, 1012-1025. [CrossRef] [PubMed]

Chien, Y.W. Novel Drug Delivery System; Informa Health Care: Boca Raton, FL, USA, 1991.


http://dx.doi.org/10.1016/j.ejps.2019.105019
http://www.ncbi.nlm.nih.gov/pubmed/31374253
http://dx.doi.org/10.2165/00003088-198409010-00001
http://www.ncbi.nlm.nih.gov/pubmed/6362950
http://dx.doi.org/10.1136/gut.27.8.886
http://dx.doi.org/10.1016/j.ejps.2015.03.001
http://dx.doi.org/10.2165/00003088-197702010-00004
http://dx.doi.org/10.2165/00002018-200124110-00006
http://dx.doi.org/10.4155/tde.10.16
http://dx.doi.org/10.1007/978-3-642-00477-3_13
http://dx.doi.org/10.1046/j.1365-2230.1999.00537.x
http://www.ncbi.nlm.nih.gov/pubmed/10606953
http://dx.doi.org/10.1046/j.1365-2125.2000.00278.x
http://www.ncbi.nlm.nih.gov/pubmed/11136289
http://dx.doi.org/10.5021/ad.2017.29.6.728
http://dx.doi.org/10.3797/scipharm.1108-20
http://dx.doi.org/10.3390/molecules191220780
http://dx.doi.org/10.5402/2012/965280
http://dx.doi.org/10.1073/pnas.0501176102
http://dx.doi.org/10.1016/S0923-1811(96)00508-7
http://dx.doi.org/10.3390/pharmaceutics12060569
http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.1016/j.ejps.2017.03.033
http://www.ncbi.nlm.nih.gov/pubmed/28347775
http://dx.doi.org/10.1016/j.ygyno.2014.01.043
http://www.ncbi.nlm.nih.gov/pubmed/24486605
http://dx.doi.org/10.1016/j.ejpb.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25229810

Pharmaceutics 2020, 12, 1101 20 of 27

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Rathbone, M.].; Hadgraft, J.; Roberts, M.S. (Eds.) Modified Release Drug Delivery Technology; Marcel Dekker:
New York, NY, USA, 2003.

Donnelly, R.F; Singh, T.R.R.; Woolfson, A.D. Microneedle-based drug delivery systems: Microfabrication,
drug delivery, and safety. Drug Deliv. 2010, 17, 187-207. [CrossRef]

Gupta, J.; Gill, H.S.; Andrews, S.N.; Prausnitz, M.R. Kinetics of skin resealing after insertion of microneedles
in human subjects. J. Control. Release 2011, 154, 148-155. [CrossRef]

Zhu, D.D.; Wang, Q.L.; Liu, X.B.; Guo, X.D. Rapidly separating microneedles for transdermal drug delivery.
Acta Biomater. 2016, 41, 312-319. [CrossRef]

Teo, A.L.; Shearwood, C.; Ng, K.C.; Lu, J.; Moochhala, S. Transdermal microneedles for drug delivery
applications. Mater. Sci. Eng. B 2006, 132, 151-154. [CrossRef]

Henry, S.; McAllister, D.V,; Allen, M.G.; Prausnitz, M.R. Microfabricated Microneedles: A Novel Approach
to Transdermal Drug Delivery. |. Pharm. Sci. 1998, 87, 922-925. [CrossRef]

Prausnitz, M.R. Microneedles for transdermal drug delivery. Adv. Drug Deliv. Rev. 2004, 56, 581-587. [CrossRef]
Waghule, T.; Singhvi, G.; Dubey, S.K.; Pandey, M.M.; Gupta, G.; Singh, M.; Dua, K. Microneedles: A smart
approach and increasing potential for transdermal drug delivery system. Biomed. Pharmacother. 2019,
109, 1249-1258. [CrossRef] [PubMed]

Martanto, W.; Baisch, S.M.; Costner, E.A.; Prausnitz, M.R.; Smith, M.K. Fluid dynamics in conically tapered
microneedles. AICKE ]. 2005, 51, 1599-1607. [CrossRef]

Harvey, K.; Norman, L. Means for Vaccinating. U.S. Patent 2,817,336, 24 December 1957.

Harvey, K. Vaccinating Devices. U.S. Patent 3,136,314, 9 June 1964.

Gerstel, M.S.; Place, V.A. Drug Delivery Device. U.S. Patent US3964482, 22 June 1976.

Prausnitz, M.R. Engineering Microneedle Patches for Vaccination and Drug Delivery to Skin. Annu. Rev.
Chem. Biomol. Eng. 2017, 8, 177-200. [CrossRef] [PubMed]

Wei-Ze, L.; Mei-Rong, H.; Jian-Ping, Z.; Yong-Qiang, Z.; Bao-Hua, H.; Ting, L.; Yong, Z. Super-short solid
silicon microneedles for transdermal drug delivery applications. Int. ]. Pharm. 2010, 389, 122-129. [CrossRef]
Larrafieta, E.; Lutton, R.E.; Woolfson, A.D.; Donnelly, R.F. Microneedle arrays as transdermal and intradermal
drug delivery systems: Materials science, manufacture and commercial development. Mater. Sci. Eng. R Rep.
2016, 104, 1-32. [CrossRef]

Kalluri, H.; Banga, A K. Formation and Closure of Microchannels in Skin Following Microporation. Pharm. Res.
2011, 28, 82-94. [CrossRef] [PubMed]

Donnelly, R.E,; Singh, T.R.R.; Alkilani, A.Z.; McCrudden, M.T.; Neill, 5.0.; O'Mahony, C.; Armstrong, K.;
McLoone, N.; Kole, P.; Woolfson, A.D. Hydrogel-forming microneedle arrays exhibit antimicrobial properties:
Potential for enhanced patient safety. Int. J. Pharm. 2013, 451, 76-91. [CrossRef]

Chen, Y.; Chen, B.Z.; Wang, Q.L.; Jin, X.; Guo, X.D. Fabrication of coated polymer microneedles for
transdermal drug delivery. J. Control. Release 2017, 265, 14-21. [CrossRef]

Li, S.; Li, W,; Prausnitz, M.R. Individually coated microneedles for co-delivery of multiple compounds with
different properties. Drug Deliv. Transl. Res. 2018, 8, 1043-1052. [CrossRef]

Iliescu, F.; Dumitrescu-Ionescu, D.; Petrescu, M.; Iliescu, C. A Review on Transdermal Drug Delivery Using
Microneedles: Current Research and Perspective. Ann. Acad. Rom. Sci. Ser. Sci. Technol. Inf. 2014, 7, 7-34.
Koutsonanos, D.G.; Martin, M.D.P; Zarnitsyn, V.G.; Sullivan, S.P; Compans, R.W.; Prausnitz, M.R;
Skountzou, I. Transdermal Influenza Immunization with Vaccine-Coated Microneedle Arrays. PLoS ONE
2009, 4, e4773. [CrossRef]

Thakur, R.R.S.; Garland, M.].; Migalska, K.; Salvador, E.C.; Shaikh, R.; McCarthy, H.O.; Woolfson, A.D.;
Donnelly, R.F. Influence of a pore-forming agent on swelling, network parameters, and permeability
of poly(ethylene glycol)-crosslinked poly(methyl vinyl ether-co-maleic acid) hydrogels: Application in
transdermal delivery systems. J. Appl. Polym. Sci. 2012, 125, 2680-2694. [CrossRef]

Donnelly, R.F; Singh, T.R.R.; Garland, M.].; Migalska, K.; Majithiya, R.; McCrudden, C.M.; Kole, P.L,;
Mahmood, TM.T.; McCarthy, H.O.; Woolfson, A.D. Hydrogel-Forming Microneedle Arrays for Enhanced
Transdermal Drug Delivery. Adv. Funct. Mater. 2012, 22, 4879-4890. [CrossRef]

Rodgers, AM.; McCrudden, M.T,; Vincente-Perez, E.; Dubois, A.V,; Ingram, R]., Larrafeta, E,;
Kissenpfennig, A.; Donnelly, R.E Design and characterisation of a dissolving microneedle patch for
intradermal vaccination with heat-inactivated bacteria: A proof of concept study. Int. ]. Pharm. 2018,
549, 87-95. [CrossRef]


http://dx.doi.org/10.3109/10717541003667798
http://dx.doi.org/10.1016/j.jconrel.2011.05.021
http://dx.doi.org/10.1016/j.actbio.2016.06.005
http://dx.doi.org/10.1016/j.mseb.2006.02.008
http://dx.doi.org/10.1021/js980042+
http://dx.doi.org/10.1016/j.addr.2003.10.023
http://dx.doi.org/10.1016/j.biopha.2018.10.078
http://www.ncbi.nlm.nih.gov/pubmed/30551375
http://dx.doi.org/10.1002/aic.10424
http://dx.doi.org/10.1146/annurev-chembioeng-060816-101514
http://www.ncbi.nlm.nih.gov/pubmed/28375775
http://dx.doi.org/10.1016/j.ijpharm.2010.01.024
http://dx.doi.org/10.1016/j.mser.2016.03.001
http://dx.doi.org/10.1007/s11095-010-0122-x
http://www.ncbi.nlm.nih.gov/pubmed/20354766
http://dx.doi.org/10.1016/j.ijpharm.2013.04.045
http://dx.doi.org/10.1016/j.jconrel.2017.03.383
http://dx.doi.org/10.1007/s13346-018-0549-x
http://dx.doi.org/10.1371/journal.pone.0004773
http://dx.doi.org/10.1002/app.36524
http://dx.doi.org/10.1002/adfm.201200864
http://dx.doi.org/10.1016/j.ijpharm.2018.07.049

Pharmaceutics 2020, 12, 1101 21 of 27

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Lee, W.-J.; Han, M.-R;; Kim, J.-S.; Park, J.-H. A tearable dissolving microneedle system for shortening
application time. Expert Opin. Drug Deliv. 2019, 16, 199-206. [CrossRef]

Ito, Y.; Yoshimitsu, J.-I.; Shiroyama, K.; Sugioka, N.; Takada, K. Self-dissolving microneedles for the
percutaneous absorption of EPO in mice. |. Drug Target. 2006, 14, 255-261. [CrossRef]

Yuan, W.-E.; Hong, X.; Wu, Z,; Chen, L; Liu, Z; Wu, F; Wei, L.L. Dissolving and biodegradable
microneedle technologies for transdermal sustained delivery of drug and vaccine. Drug Des. Dev. Ther. 2013,
7,945-952. [CrossRef]

Norman, J.J; Choi, S-O.; Tong, N.T.; Aiyar, A.R,; Patel, S.R.; Prausnitz, M.R;; Allen, M.G.
Hollow microneedles for intradermal injection fabricated by sacrificial micromolding and selective
electrodeposition. Biomed. Microdevices 2013, 15, 203-210. [CrossRef]

Martanto, W.; Moore, J.S.; Kashlan, O.; Kamath, R.; Wang, PM.; O’Neal, ].M.; Prausnitz, M.R.
Microinfusion Using Hollow Microneedles. Pharm. Res. 2006, 23, 104-113. [CrossRef]

Chen, M.-C.; Huang, S.-F,; Lai, K.-Y.; Ling, M.-H. Fully embeddable chitosan microneedles as a sustained
release depot for intradermal vaccination. Biomaterials 2013, 34, 3077-3086. [CrossRef]

Zhu, D.D.; Zhang, X.P,; Shen, C.B.; Cui, Y.; Guo, X.D. The maximum possible amount of drug in rapidly
separating microneedles. Drug Deliv. Transl. Res. 2019, 9, 1133-1142. [CrossRef] [PubMed]

Li, W,; Terry, RN,; Tang, J.; Feng, M.R.; Schwendeman, S.P.; Prausnitz, M.R. Rapidly separable microneedle
patch for the sustained release of a contraceptive. Nat. Biomed. Eng. 2019, 3, 220-229. [CrossRef] [PubMed]
Dharadhar, S.; Majumdar, A.; Dhoble, S.; Patravale, V. Microneedles for transdermal drug delivery:
A systematic review. Drug Dev. Ind. Pharm. 2018, 45, 188-201. [CrossRef] [PubMed]

Ye, Y;; Yu, J.; Wen, D.; Kahkoska, A.R.; Gu, Z. Polymeric microneedles for transdermal protein delivery.
Adv. Drug Deliv. Rev. 2018, 127, 106-118. [CrossRef]

Haj-Ahmad, R.; Khan, H.; Arshad, M.S.; Rasekh, M.; Hussain, A.; Walsh, S.E.; Li, X.; Chang, M.-W.; Ahmad, Z.
Microneedle Coating Techniques for Transdermal Drug Delivery. Pharmaceutics 2015, 7, 486-502. [CrossRef]
Gill, H.S,; Prausnitz, M.R. Coating Formulations for Microneedles. Pharm. Res. 2007, 24, 1369-1380. [CrossRef]
Park, J.-H.; Allen, M.G.; Prausnitz, M.R. Polymer Microneedles for Controlled-Release Drug Delivery.
Pharm. Res. 2006, 23, 1008-1019. [CrossRef]

Nam, K;; Lee, K.; Youngwook, C.H.O.; Oh, D. Composition for Improving Skin Conditions Comprising a
Fragment of Human Heat Shock Protein 90a as an Active Ingredient. U.S. Patent 20180327464, 12 April 2018.
Moga, K.A.; Bickford, L.R.; Geil, R.D.; Dunn, S.S.; Pandya, A.A.; Wang, Y.; Fain, J.H.; Archuleta, C.F;
O’Neill, A.T.; DeSimone, ].M. Rapidly-Dissolvable Microneedle Patches Via a Highly Scalable and
Reproducible Soft Lithography Approach. Adv. Mater. 2013, 25, 5060-5066. [CrossRef]

James Paul, R.; Laurent, S. Iontophoretic Microneedle Device. U.S. Patent 20200206489, 7 February 2020.
Zsiko, S.; Csanyi, E.; Kovacs, A.; Budai-Sztics, M.; Gacsi, A.; Berko, S. Methods to Evaluate Skin Penetration
In Vitro. Sci. Pharm. 2019, 87,19. [CrossRef]

Wang, M.; Hu, L.; Xu, C. Recent advances in the design of polymeric microneedles for transdermal drug
delivery and biosensing. Lab. Chip 2017, 17, 1373-1387. [CrossRef]

Birchall, ].C.; Clemo, R.; Anstey, A.; John, D.N. Microneedles in Clinical Practice—An Exploratory Study Into
the Opinions of Healthcare Professionals and the Public. Pharm. Res. 2011, 28, 95-106. [CrossRef] [PubMed]
Mooney, K.; McElnay, ].C.; Donnelly, R.F. A qualitative assessment of the views of children and parents of
premature babies on microneedle-mediated monitoring as a potential alternative to blood sampling. Int. J.
Pharm. Pract. 2012, 20, 21-22.

Mooney, K.; McElnay, ].C.; Donnelly, R.F. Children’s views on microneedle use as an alternative to blood
sampling for patient monitoring. Int. J. Pharm. Pract. 2013, 22, 335-344. [CrossRef]

Kaushik, S.; Hord, A.H.; Denson, D.D.; McAllister, D.V.; Smitra, S.; Allen, M.G.; Prausnitz, M.R. Lack of pain
associated with microfabricated microneedles. Anesthesia Analg. 2001, 92, 502-504. [CrossRef]

Burton, S.A.; Ng, C.-Y,; Simmers, R.; Moeckly, C.; Brandwein, D.; Gilbert, T.; Johnson, N.; Brown, K.; Alston, T.;
Prochnow, G.; et al. Rapid Intradermal Delivery of Liquid Formulations Using a Hollow Microstructured
Array. Pharm. Res. 2010, 28, 31-40. [CrossRef]

Haq, M.I; Smith, E.; John, D.N.; Kalavala, M.; Edwards, C.; Anstey, A.; Morrissey, A.; Birchall, J.C.
Clinical administration of microneedles: Skin puncture, pain and sensation. Biomed. Microdevices 2009,
11, 35-47. [CrossRef] [PubMed]


http://dx.doi.org/10.1080/17425247.2019.1583645
http://dx.doi.org/10.1080/10611860600785080
http://dx.doi.org/10.2147/DDDT.S44401
http://dx.doi.org/10.1007/s10544-012-9717-9
http://dx.doi.org/10.1007/s11095-005-8498-8
http://dx.doi.org/10.1016/j.biomaterials.2012.12.041
http://dx.doi.org/10.1007/s13346-019-00658-7
http://www.ncbi.nlm.nih.gov/pubmed/31292933
http://dx.doi.org/10.1038/s41551-018-0337-4
http://www.ncbi.nlm.nih.gov/pubmed/30948808
http://dx.doi.org/10.1080/03639045.2018.1539497
http://www.ncbi.nlm.nih.gov/pubmed/30348022
http://dx.doi.org/10.1016/j.addr.2018.01.015
http://dx.doi.org/10.3390/pharmaceutics7040486
http://dx.doi.org/10.1007/s11095-007-9286-4
http://dx.doi.org/10.1007/s11095-006-0028-9
http://dx.doi.org/10.1002/adma.201300526
http://dx.doi.org/10.3390/scipharm87030019
http://dx.doi.org/10.1039/C7LC00016B
http://dx.doi.org/10.1007/s11095-010-0101-2
http://www.ncbi.nlm.nih.gov/pubmed/20238152
http://dx.doi.org/10.1111/ijpp.12081
http://dx.doi.org/10.1213/00000539-200102000-00041
http://dx.doi.org/10.1007/s11095-010-0177-8
http://dx.doi.org/10.1007/s10544-008-9208-1
http://www.ncbi.nlm.nih.gov/pubmed/18663579

Pharmaceutics 2020, 12, 1101 22 of 27

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Kardjito, T.; Donosepoetro, M.; Grange, J. The mantoux test in tuberculosis: Correlations between the
diameters of the dermal responses and the serum protein levels. Tubercle 1981, 62, 31-35. [CrossRef]
Jarrahian, C.; Zehrung, D.; Saxon, E.; Griswold, E.; Klaff, L. Clinical performance and safety of the ID adapter,
a prototype intradermal delivery technology for vaccines, drugs, and diagnostic tests. Procedia Vaccinol. 2012,
6, 125-133. [CrossRef]

Jin, J.; Reese, V.; Coler, R.; Carter, D.; Rolandi, M. Chitin Microneedles for an Easy-to-Use Tuberculosis Skin
Test. Adv. Health Mater. 2013, 3, 349-353. [CrossRef] [PubMed]

Donnelly, R.E; Singh, TR.R.; Tunney, M.M.; Morrow, D.L].; McCarron, P.A.; O’'Mahony, C.; Woolfson, A.D.
Microneedle Arrays Allow Lower Microbial Penetration Than Hypodermic Needles In Vitro. Pharm. Res.
2009, 26, 2513-2522. [CrossRef]

Grice, E.A.; Segre, J.A. Erratum: The skin microbiome. Nat. Rev. Genet. 2011, 9, 626. [CrossRef]

Park, J.-H.; Allen, M.G.; Prausnitz, M.R. Biodegradable polymer microneedles: Fabrication, mechanics and
transdermal drug delivery. J. Control. Release 2005, 104, 51-66. [CrossRef] [PubMed]

Hook, A.L.; Chang, C.-Y,; Yang, J.; Luckett, J.; Cockayne, A.; Atkinson, S.; Mei, Y.; Bayston, R.; Irvine, D.J.;
Langer, R.; et al. Combinatorial discovery of polymers resistant to bacterial attachment. Nat. Biotechnol. 2012,
30, 868-875. [CrossRef] [PubMed]

Vicente-Perez, E.M.; Larrafieta, E.; McCrudden, M.T.; Kissenpfennig, A.; Hegarty, S.; McCarthy, H.O.;
Donnelly, R.F. 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. Eur. J. Pharm. Biopharm. 2017, 117, 400-407. [CrossRef] [PubMed]

Brogden, N.K.; Milewski, M.; Ghosh, P; Hardi, L.; Crofford, L.J.; Stinchcomb, A.L. Diclofenac delays micropore
closure following microneedle treatment in human subjects. J. Control. Release 2012, 163, 220-229. [CrossRef]
Ghosh, P,; Brogden, N.K.; Stinchcomb, A.L. Fluvastatin as a Micropore Lifetime Enhancer for Sustained
Delivery Across Microneedle-Treated Skin. J. Pharm. Sci. 2014, 103, 652-660. [CrossRef]

Psoriasis: Symptoms and Causes. Available online: https://www.mayoclinic.org/diseases-conditions/
psoriasis/symptoms-causes/syc-20355840 (accessed on 13 October 2020).

Katz, H.I. Topical corticosteroids. Dermatol. Clin. 1995, 13, 805-815. [CrossRef]

Richards, H.L.; Fortune, D.G.; O’Sullivan, T.M.; Main, C.J.; Griffiths, C.E. Patients with psoriasis and their
compliance with medication. J. Am. Acad. Dermatol. 1999, 41, 581-583. [CrossRef]

Vemulapalli, V.; Yang, Y.; Friden, PM.; Banga, A.K. Synergistic effect of iontophoresis and soluble microneedles
for transdermal delivery of methotrexate. J. Pharm. Pharmacol. 2008, 60, 27-33. [CrossRef]

Gujjar, M.; Arbiser, ].L.; Coulon, R.; Banga, A K. Localized delivery of a lipophilic proteasome inhibitor into
human skin for treatment of psoriasis. J. Drug Target. 2016, 24, 503-507. [CrossRef]

Indermun, S.; Luttge, R.; Choonara, Y.E.; Kumar, P; Du Toit, L.C.; Modi, G.; Pillay, V. Current advances
in the fabrication of microneedles for transdermal delivery. ]. Control. Release 2014, 185, 130-138.
[CrossRef] [PubMed]

Wang, PM.; Cornwell, M.; Hill, J.; Prausnitz, M.R. Precise Microinjection into Skin Using Hollow Microneedles.
J. Investig. Dermatol. 2006, 126, 1080-1087. [CrossRef] [PubMed]

Lee, J.W,; Park, ].H.; Prausnitz, M.R. Dissolving microneedles for transdermal drug delivery. Biomaterials 2008,
29, 2113-2124. [CrossRef]

Chen, M.C,; Ling, M.H,; Lai, K.Y.; Pramudityo, E. Chitosan microneedle patches for sustained transdermal
delivery of macromolecules. Biomacromolecules 2012, 13, 4022-4031. [CrossRef] [PubMed]

Bodhale, D.W.; Nisar, A.; Afzulpurkar, N. Structural and microfluidic analysis of hollow side-open polymeric
microneedles for transdermal drug delivery applications. Microfluid. Nanofluid. 2010, 8, 373-392. [CrossRef]
Takeuchi, K.; Kim, B. Functionalized microneedles for continuous glucose monitoring. Nano Converg. 2018,
5,28, Erratum in Nano Converg. 2018, 5, 36. [CrossRef]

Dardano, P; Rea, I.; De Stefano, L. Microneedles-based electrochemical sensors: New tools for advanced
biosensing. Curr. Opin. Electrochem. 2019, 17, 121-127. [CrossRef]

Sharma, S.; Hatware, K.; Bhadane, P; Sindhikar, S.; Mishra, D. Recent advances in microneedle
composites for biomedical applications: Advanced drug delivery technologies. Mater. Sci. Eng. C 2019,
103, 109717. [CrossRef]


http://dx.doi.org/10.1016/0041-3879(81)90032-5
http://dx.doi.org/10.1016/j.provac.2012.04.017
http://dx.doi.org/10.1002/adhm.201300185
http://www.ncbi.nlm.nih.gov/pubmed/23983170
http://dx.doi.org/10.1007/s11095-009-9967-2
http://dx.doi.org/10.1038/nrmicro2619
http://dx.doi.org/10.1016/j.jconrel.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15866334
http://dx.doi.org/10.1038/nbt.2316
http://www.ncbi.nlm.nih.gov/pubmed/22885723
http://dx.doi.org/10.1016/j.ejpb.2017.04.029
http://www.ncbi.nlm.nih.gov/pubmed/28478160
http://dx.doi.org/10.1016/j.jconrel.2012.08.015
http://dx.doi.org/10.1002/jps.23844
https://www.mayoclinic.org/diseases-conditions/psoriasis/symptoms-causes/syc-20355840
https://www.mayoclinic.org/diseases-conditions/psoriasis/symptoms-causes/syc-20355840
http://dx.doi.org/10.1016/S0733-8635(18)30044-5
http://dx.doi.org/10.1016/s0190-9622(99)80057-7
http://dx.doi.org/10.1211/jpp.60.1.0004
http://dx.doi.org/10.3109/1061186X.2015.1087529
http://dx.doi.org/10.1016/j.jconrel.2014.04.052
http://www.ncbi.nlm.nih.gov/pubmed/24806483
http://dx.doi.org/10.1038/sj.jid.5700150
http://www.ncbi.nlm.nih.gov/pubmed/16484988
http://dx.doi.org/10.1016/j.biomaterials.2007.12.048
http://dx.doi.org/10.1021/bm301293d
http://www.ncbi.nlm.nih.gov/pubmed/23116140
http://dx.doi.org/10.1007/s10404-009-0467-9
http://dx.doi.org/10.1186/s40580-018-0161-2
http://dx.doi.org/10.1016/j.coelec.2019.05.012
http://dx.doi.org/10.1016/j.msec.2019.05.002

Pharmaceutics 2020, 12, 1101 23 of 27

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Chiang, B.; Venugopal, N.; Edelhauser, H.F.; Prausnitz, M.R. Distribution of particles, small molecules and
polymeric formulation excipients in the suprachoroidal space after microneedle injection. Exp. Eye Res. 2016,
153, 101-109. [CrossRef]

Raphael, A.P; Crichton, M.L.; Falconer, R.J.; Meliga, S.; Chen, X.; Fernando, G.J.; Huang, H.; Kendall, M.A.F.
Formulations for microprojection/microneedle vaccine delivery: Structure, strength and release profiles.
J. Control. Release 2016, 225, 40-52. [CrossRef]

Prausnitz, M.R.; Gomaa, Y.; Li, W. Microneedle patch drug delivery in the gut. Nat. Med. 2019, 25, 1471-1472.
[CrossRef] [PubMed]

Moreira, A.F.; Rodrigues, C.E; Jacinto, T.A.; Miguel, S.P; Costa, E.C.; Correia, I.]. Microneedle-based delivery
devices for cancer therapy: A review. Pharmacol. Res. 2019, 148, 104438. [CrossRef] [PubMed]

Henning, W. Semiconductor microelectronic sensors. In Advances in Solid State Physics; Springer:
Berlin/Heidelberg, Germany, 2007; Volume 22, pp. 189-200.

Blake, D.A.; McLean, N.V. A colorimetric assay for the measurement of d-glucose consumption by cultured
cells. Anal. Biochem. 1989, 177, 156-160. [CrossRef]

Al Sulaiman, D.; Chang, J.Y.H.; Bennett, N.R.; Topouzi, H.; Higgins, C.A.; Irvine, D.J.; Ladame, S.
Hydrogel-Coated Microneedle Arrays for Minimally Invasive Sampling and Sensing of Specific Circulating
Nucleic Acids from Skin Interstitial Fluid. ACS Nano 2019, 13, 9620-9628. [CrossRef] [PubMed]

Goud, K.Y;; Moonla, C.; Mishra, RK,; Yu, C.; Narayan, R.; Litvan, I.; Wang, ]. Wearable Electrochemical
Microneedle Sensor for Continuous Monitoring of Levodopa: Toward Parkinson Management. ACS Sens.
2019, 4, 2196-2204. [CrossRef] [PubMed]

Hahn, S.K.; Dohee, KEUM,; Jung, H.S.; Kim, H.; Shin, M.H. Micro-Needle and Sensor for Detecting
Nitrogen Monooxide Comprising the Same. U.S. Patent 20160174885, 16 September 2015.

Wang, J.; Windmiller, ].R.; Narayan, R.; Miller, P.; Polsky, R.; Edwards, T.L. Microneedle Arrays for Biosensing
and Drug Delivery. U.S. Patent US9737247B2, 22 August 2017.

Rylander, C.; Kosoglu, M.A.; Hood, R.L.; Robertson, J.L.; Rossmeisl, ].H.; Grant, D.C.; Rylander, M.N.
Fiber Array for Optical Imaging and Therapeutics. U.S. Patent 20130338627, 5 March 2019.

Jain, AK,; Lee, C.H.; Gill, H.S. 5-Aminolevulinic acid coated microneedles for photodynamic therapy of skin
tumors. J. Control. Release 2016, 239, 72-81. [CrossRef]

Donnelly, R.E,; Morrow, D.I.; McCarron, P.A.; Woolfson, A.D.; Morrissey, A.; Juzenas, P; Juzeniene, A.; Iani, V.;
McCarthy, H.O.; Moan, J. Microneedle-mediated intradermal delivery of 5-aminolevulinic acid: Potential for
enhanced topical photodynamic therapy. J. Control. Release 2008, 129, 154-162. [CrossRef]

Malik, Z.; Djaldetti, M. 5-aminolevulinic acid stimulation of porphyrin and hemoglobin synthesis by
uninduced friend erythroleukemic cells. Cell Differ. 1979, 8, 223-233. [CrossRef]

Nam, J.; Son, S.; Ochyl, L.J.; Kuai, R.; Schwendeman, A.; Moon, ].J. Chemo-photothermal therapy combination
elicits anti-tumor immunity against advanced metastatic cancer. Nat. Commun. 2018, 9, 1-13. [CrossRef]
Moreira, A.F,; Rodrigues, C.E; Jacinto, T.A.; Miguel, S.P.; Costa, E.C.; Correia, L]. Poly (vinyl alcohol)/chitosan
layer-by-layer microneedles for cancer chemo-photothermal therapy. Int. J. Pharm. 2020,576,118907. [CrossRef]
Bhatnagar, S.; Bankar, N.G.; Kulkarni, M.V.; Venuganti, V.V.K. Dissolvable microneedle patch containing
doxorubicin and docetaxel is effective in 4T1 xenografted breast cancer mouse model. Int. . Pharm. 2019,
556, 263-275. [CrossRef] [PubMed]

Hao, Y;; Dong, M.; Zhang, T.; Peng, J.; Jia, Y.; Cao, Y.; Qian, Z. Novel Approach of Using Near-Infrared
Responsive PEGylated Gold Nanorod Coated Poly(l-lactide) Microneedles to Enhance the Antitumor
Efficiency of Docetaxel-Loaded MPEG-PDLLA Micelles for Treating an A431 Tumor. ACS Appl
Mater. Interfaces 2017, 9, 15317-15327. [CrossRef] [PubMed]

Hao, Y,; Chen, Y,; He, X; Yang, F; Han, R.; Yang, C.; Li, W.; Qian, Z. Near-infrared responsive 5-fluorouracil
and indocyanine green loaded MPEG-PCL nanoparticle integrated with dissolvable microneedle for skin
cancer therapy. Bioact. Mater. 2020, 5, 542-552. [CrossRef] [PubMed]

Chang, H.; Zheng, M.; Yu, X.; Than, A,; Seeni, R.Z; Kang, R.; Tian, J.; Khanh, D.P;; Liu, L.; Chen, P, et al.
A Swellable Microneedle Patch to Rapidly Extract Skin Interstitial Fluid for Timely Metabolic Analysis.
Adv. Mater. 2017, 29, 1702243. [CrossRef]

Li, C.G,; Joung, H.A.; Noh, H.; Song, M.B.; Kim, M.G.; Jung, H. One-touch-activated blood multidiagnostic
system using a minimally invasive hollow microneedle integrated with a paper-based sensor. Lab Chip 2015,
15, 3286-3292. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.exer.2016.10.011
http://dx.doi.org/10.1016/j.jconrel.2016.01.027
http://dx.doi.org/10.1038/s41591-019-0606-0
http://www.ncbi.nlm.nih.gov/pubmed/31591600
http://dx.doi.org/10.1016/j.phrs.2019.104438
http://www.ncbi.nlm.nih.gov/pubmed/31476370
http://dx.doi.org/10.1016/0003-2697(89)90031-6
http://dx.doi.org/10.1021/acsnano.9b04783
http://www.ncbi.nlm.nih.gov/pubmed/31411871
http://dx.doi.org/10.1021/acssensors.9b01127
http://www.ncbi.nlm.nih.gov/pubmed/31403773
http://dx.doi.org/10.1016/j.jconrel.2016.08.015
http://dx.doi.org/10.1016/j.jconrel.2008.05.002
http://dx.doi.org/10.1016/0045-6039(79)90049-6
http://dx.doi.org/10.1038/s41467-018-03473-9
http://dx.doi.org/10.1016/j.ijpharm.2019.118907
http://dx.doi.org/10.1016/j.ijpharm.2018.12.022
http://www.ncbi.nlm.nih.gov/pubmed/30557681
http://dx.doi.org/10.1021/acsami.7b03604
http://www.ncbi.nlm.nih.gov/pubmed/28418236
http://dx.doi.org/10.1016/j.bioactmat.2020.04.002
http://www.ncbi.nlm.nih.gov/pubmed/32346657
http://dx.doi.org/10.1002/adma.201702243
http://dx.doi.org/10.1039/C5LC00669D
http://www.ncbi.nlm.nih.gov/pubmed/26190447

Pharmaceutics 2020, 12, 1101 24 of 27

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Chua, B.; Desai, S.P.; Tierney, M.J.; Tamada, J.A.; Jina, A.N. Effect of microneedles shape on skin
penetration and minimally invasive continuous glucose monitoring in vivo. Sens. Actuators A Phys. 2013,
203, 373-381. [CrossRef]

Windmiller, J.R.; Valdés-Ramirez, G.; Zhou, N.; Zhou, M.; Miller, PR.; Jin, C.; Brozik, S.M.; Polsky, R.;
Katz, E.; Narayan, R.J.; et al. Bicomponent Microneedle Array Biosensor for Minimally-Invasive Glutamate
Monitoring. Electroanalysis 2011, 23, 2302-2309. [CrossRef]

Miller, PR.; Skoog, S.A.; Edwards, T.L.; Lopez, D.M.; Wheeler, D.R.; Arango, D.C.; Xiao, X.; Brozik, S.M.;
Wang, J.; Polsky, R.; et al. Multiplexed microneedle-based biosensor array for characterization of metabolic
acidosis. Talanta 2012, 88, 739-742. [CrossRef]

Windmiller, J.R.; Zhou, N.; Chuang, M.-C.; Valdés-Ramirez, G.; Santhosh, P.; Miller, PR.; Narayan, R.;
Wang, ]. Microneedle array-based carbon paste amperometric sensors and biosensors. Analyst 2011,
136, 1846-1851. [CrossRef]

Jin, Q.; Chen, H.-J.; Li, X;; Huang, X.,; Wu, Q.; He, G.; Hang, T.; Yang, C.; Jiang, Z.; Li, E.; et al.
Reduced Graphene Oxide Nanohybrid-Assembled Microneedles as Mini-Invasive Electrodes for Real-Time
Transdermal Biosensing. Small 2019, 15, 1804298. [CrossRef]

Keum, D.H.; Jung, H.S.;, Wang, T.; Shin, M.H.,; Kim, Y.-E.; Kim, KH.; Ahn, G.-O; Hahn, SK.
Microneedle Biosensor for Real-Time Electrical Detection of Nitric Oxide for In Situ Cancer Diagnosis
During Endomicroscopy. Adv. Health Mater. 2015, 4, 1153-1158. [CrossRef] [PubMed]

Tang, L.; Li, Y,; Xie, H.; Shu, Q.; Yang, F,; Liu, Y.-L.; Liang, F.; Wang, H.; Huang, W.-H.; Zhang, G.-J. A sensitive
acupuncture needle microsensor for real-time monitoring of nitric oxide in acupoints of rats. Sci. Rep. 2017,
7,6446. [CrossRef] [PubMed]

Mandal, A.; Boopathy, A.V.; Lam, L.K.W.; Moynihan, K.D.; Welch, M.E.; Bennett, N.R; Turvey, M.E.; Thai, N.;
Van, J.H.; Love, J.C.; et al. Cell and fluid sampling microneedle patches for monitoring skin-resident
immunity. Sci. Transl. Med. 2018, 10, eaar2227. [CrossRef]

Miller, PR.; Xiao, X.; Brener, I; Burckel, D.B, Narayan, R, Polsky, R. Diagnostic Devices:
Microneedle-Based Transdermal Sensor for On-Chip Potentiometric Determination of K+. Adv. Health Mater.
2014, 3, 948. [CrossRef]

Parrilla, M.; Cuartero, M.; Sanchez, S.P; Rajabi, M.; Roxhed, N.; Niklaus, F; Crespo, G.A.
Wearable All-Solid-State Potentiometric Microneedle Patch for Intradermal Potassium Detection. Anal. Chem.
2019, 91, 1578-1586. [CrossRef] [PubMed]

Chablani, L.; Tawde, S.A.; Akalkotkar, A.; D’Souza, M.J. Evaluation of a Particulate Breast Cancer Vaccine
Delivered via Skin. AAPS J. 2019, 21, 12. [CrossRef]

Brown, ].M.; Giaccia, A.J. The unique physiology of solid tumors: Opportunities (and problems) for cancer
therapy. Cancer Res. 1998, 58, 1408-1416.

Labala, S.; Jose, A.; Chawla, SR.; Khan, M.S.; Bhatnagar, S.; Kulkarni, O.P; Venuganti, V.VK.
Effective melanoma cancer suppression by iontophoretic co-delivery of STAT3 siRNA and imatinib using
gold nanoparticles. Int. J. Pharm. 2017, 525, 407-417. [CrossRef]

Liu, P-F; Huang, C.-M. Decreasing Systemic Toxicity Via Transdermal Delivery of Anticancer Drugs.
Curr. Drug Metab. 2008, 9, 592-597. [CrossRef]

Rahman, G.A. Breast conserving therapy: A surgical technique where little can mean more. J. Surg. Tech.
Case Rep. 2011, 3, 1-4. [CrossRef]

Love, SM.; Barsky, S.H. Anatomy of the nipple and breast ducts revisited. Cancer 2004,
101, 1947-1957. [CrossRef]

Dave, K.; Averineni, R.; Sahdev, P.; Perumal, O. Transpapillary Drug Delivery to the Breast. PLoS ONE 2014,
9, €115712. [CrossRef] [PubMed]

Lee, LM.; Davison, Z.; Heard, C.M. In vitro delivery of anti-breast cancer agents directly via the mammary
papilla (nipple). Int. ]. Pharm. 2010, 387, 161-166. [CrossRef] [PubMed]

Wang, C.; Ye, Y.; Gu, Z. Local delivery of checkpoints antibodies. Hum. Vaccines Immunother. 2017, 13, 245-248.
[CrossRef] [PubMed]

Li, J; Zeng, M.; Shan, H.; Tong, C. Microneedle Patches as Drug and Vaccine Delivery Platform.
Curr. Med. Chem. 2017, 24, 2413-2422. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.sna.2013.09.026
http://dx.doi.org/10.1002/elan.201100361
http://dx.doi.org/10.1016/j.talanta.2011.11.046
http://dx.doi.org/10.1039/c1an00012h
http://dx.doi.org/10.1002/smll.201804298
http://dx.doi.org/10.1002/adhm.201500012
http://www.ncbi.nlm.nih.gov/pubmed/25728402
http://dx.doi.org/10.1038/s41598-017-06657-3
http://www.ncbi.nlm.nih.gov/pubmed/28744003
http://dx.doi.org/10.1126/scitranslmed.aar2227
http://dx.doi.org/10.1002/adhm.201470032
http://dx.doi.org/10.1021/acs.analchem.8b04877
http://www.ncbi.nlm.nih.gov/pubmed/30543102
http://dx.doi.org/10.1208/s12248-018-0285-7
http://dx.doi.org/10.1016/j.ijpharm.2017.03.087
http://dx.doi.org/10.2174/138920008785821693
http://dx.doi.org/10.4103/2006-8808.78459
http://dx.doi.org/10.1002/cncr.20559
http://dx.doi.org/10.1371/journal.pone.0115712
http://www.ncbi.nlm.nih.gov/pubmed/25545150
http://dx.doi.org/10.1016/j.ijpharm.2009.12.021
http://www.ncbi.nlm.nih.gov/pubmed/20025946
http://dx.doi.org/10.1080/21645515.2016.1223000
http://www.ncbi.nlm.nih.gov/pubmed/27668759
http://dx.doi.org/10.2174/0929867324666170526124053
http://www.ncbi.nlm.nih.gov/pubmed/28552053

Pharmaceutics 2020, 12, 1101 25 of 27

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Bhatnagar, S.; Kumari, P,; Pattarabhiran, S.P.; Venuganti, V.V.K. Zein Microneedles for Localized Delivery of
Chemotherapeutic Agents to Treat Breast Cancer: Drug Loading, Release Behavior, and Skin Permeation
Studies. AAPS PharmSciTech 2018, 19, 1818-1826. [CrossRef] [PubMed]

Bhatnagar, S.; Chawla, S.R.; Kulkarni, O.P,; Venuganti, V.V.K. Zein Microneedles for Transcutaneous Vaccine
Delivery: Fabrication, Characterization, and In Vivo Evaluation Using Ovalbumin as the Model Antigen.
ACS Omega 2017, 2, 1321-1332. [CrossRef] [PubMed]

Nagalingam, A.; Arbiser, J.L.; Bonner, M.Y.; Saxena, N.K.; Sharma, D. Honokiol activates AMP-activated
protein kinase in breast cancer cells via an LKB1-dependent pathway and inhibits breast carcinogenesis.
Breast Cancer Res. 2012, 14, R35. [CrossRef]

Shigemura, K.; Arbiser, J.L.; Sun, S.-Y.; Zayzafoon, M.; Johnstone, P.A.; Fujisawa, M.; Gotoh, A.; Weksler, B.;
Zhau, H.E.; Chung, L.W. Honokiol, a natural plant product, inhibits the bone metastatic growth of human
prostate cancer cells. Cancer 2007, 109, 1279-1289. [CrossRef]

Deng, J.; Qian, Y.; Geng, L.; Chen, J.; Wang, X.; Xie, H.; Yan, S.; Jiang, G.; Zhou, L.; Zheng, S. Involvement of
P38 mitogen-activated protein kinase pathway in honokiol-induced apoptosis in a human hepatoma cell line
(hepG2). Liver Int. 2008, 28, 1458-1464. [CrossRef]

Gao, X.; Patel, M.G.; Bakshi, P.; Sharma, D.; Banga, A.K. Enhancement in the Transdermal and Localized
Delivery of Honokiol Through Breast Tissue. AAPS PharmSciTech 2018, 19, 3501-3511. [CrossRef] [PubMed]
Mojeiko, G.; De Brito, M.; Salata, G.C.; Lopes, L.B. Combination of microneedles and microemulsions to
increase celecoxib topical delivery for potential application in chemoprevention of breast cancer. Int. |. Pharm.
2019, 560, 365-376. [CrossRef] [PubMed]

Patil, A.; Narvenker, R.; Prabhakar, B.; Shende, P. Strategic consideration for effective chemotherapeutic
transportation via transpapillary route in breast cancer. Int. J. Pharm. 2020, 586, 119563. [CrossRef] [PubMed]
Chen, L.; Zhang, C.; Xiao, J.; You, J.; Zhang, W.; Liu, Y.; Xu, L.; Liu, A; Xin, H.; Wang, X. Local extraction and
detection of early stage breast cancers through a microneedle and nano-Ag/MBL film based painless and
blood-free strategy. Mater. Sci. Eng. C 2020, 109, 110402. [CrossRef]

Zandi, A.; Khayamian, M.A ; Saghafi, M.; Shalileh, S.; Katebi, P; Assadi, S.; Gilani, A.; Parizi, M.S.; Vanaei, S.;
Esmailinejad, M.R.; et al. Microneedle-Based Generation of Microbubbles in Cancer Tumors to Improve
Ultrasound-Assisted Drug Delivery. Adv. Health Mater. 2019, 8, €1900613. [CrossRef]

Simoes, M.E,; Sousa, ].S.; Pais, A.C. Skin cancer and new treatment perspectives: A review. Cancer Lett. 2015,
357,8-42. [CrossRef]

Aractingi, S.; Kanitakis, J.; Euvrard, S.; Le Danff, C.; Péguillet, I.; Khosrotehrani, K.; Lantz, O.; Carosella, E.D.
Skin Carcinoma Arising From Donor Cells in a Kidney Transplant Recipient. Cancer Res. 2005,
65, 1755-1760. [CrossRef]

Miller, K.D.; Nogueira, L.; Mariotto, A.B.; Rowland, J.H.; Yabroff, K.R.; Alfano, C.M.; Jemal, A.; Kramer, J.L.;
Siegel, R.L. Cancer treatment and survivorship statistics. CA Cancer J. Clin. 2019, 69, 363-385. [CrossRef]
Chen, J.; Fan, T.; Xie, Z.; Zeng, Q.; Xue, P; Zheng, T.; Chen, Y.; Luo, X.; Zhang, H. Advances in nanomaterials
for photodynamic therapy applications: Status and challenges. Biomaterials 2020, 237, 119827. [CrossRef]
Yu, Z.; Guo, Y.; Dai, H.; Zeng, B.; Zheng, X,; Yi, C.; Jiang, N.; Liu, Y.; Huang, X. On-demand drug release
and re-absorption from pirarubicin loaded Fe304@ZnO core-shell nanoparticles for targeting infusion
chemotherapy for urethral carcinoma. Mater. Express 2019, 9, 467-474. [CrossRef]

Riley, R.S.; June, C.H.; Langer, R.; Mitchell, M.]. Delivery technologies for cancer immunotherapy. Nat. Rev.
Drug Discov. 2019, 18, 175-196. [CrossRef] [PubMed]

Hao, Y.; Li, W.; Zhou, X,; Yang, E; Qian, Z. Microneedles-Based Transdermal Drug Delivery Systems:
A Review. |. Biomed. Nanotechnol. 2017, 13, 1581-1597. [CrossRef] [PubMed]

Zhou, X.; Hao, Y.; Yuan, L.; Pradhan, S.; Shrestha, K.; Pradhan, O.; Liu, H.; Li, W. Nano-formulations for
transdermal drug delivery: A review. Chin. Chem. Lett. 2018, 29, 1713-1724. [CrossRef]

Ye, Y.; Wang, C.; Zhang, X.; Hu, Q.; Zhang, Y.; Liu, Q.; Wen, D.; Milligan, J.; Bellotti, A.; Huang, L.; et al.
A melanin-mediated cancer immunotherapy patch. Sci. Immunol. 2017, 2, eaan5692. [CrossRef]

Gu, Z.; Wang, C.; Ye, Y. Enhanced Cancer Immunotherapy by Microneedle Patch-Assisted Delivery.
U.S. Patent 20190083703; Status: Pending,

Wang, C.; Ye, Y.; Hochu, G.M.; Sadeghifar, H.; Gu, Z. Enhanced Cancer Inmunotherapy by Microneedle
Patch-Assisted Delivery of Anti-PD1 Antibody. Nano Lett. 2016, 16, 2334-2340. [CrossRef]


http://dx.doi.org/10.1208/s12249-018-1004-5
http://www.ncbi.nlm.nih.gov/pubmed/29616489
http://dx.doi.org/10.1021/acsomega.7b00343
http://www.ncbi.nlm.nih.gov/pubmed/30023631
http://dx.doi.org/10.1186/bcr3128
http://dx.doi.org/10.1002/cncr.22551
http://dx.doi.org/10.1111/j.1478-3231.2008.01767.x
http://dx.doi.org/10.1208/s12249-018-1158-1
http://www.ncbi.nlm.nih.gov/pubmed/30259402
http://dx.doi.org/10.1016/j.ijpharm.2019.02.011
http://www.ncbi.nlm.nih.gov/pubmed/30772460
http://dx.doi.org/10.1016/j.ijpharm.2020.119563
http://www.ncbi.nlm.nih.gov/pubmed/32569813
http://dx.doi.org/10.1016/j.msec.2019.110402
http://dx.doi.org/10.1002/adhm.201900613
http://dx.doi.org/10.1016/j.canlet.2014.11.001
http://dx.doi.org/10.1158/0008-5472.CAN-04-2783
http://dx.doi.org/10.3322/caac.21565
http://dx.doi.org/10.1016/j.biomaterials.2020.119827
http://dx.doi.org/10.1166/mex.2019.1525
http://dx.doi.org/10.1038/s41573-018-0006-z
http://www.ncbi.nlm.nih.gov/pubmed/30622344
http://dx.doi.org/10.1166/jbn.2017.2474
http://www.ncbi.nlm.nih.gov/pubmed/29490749
http://dx.doi.org/10.1016/j.cclet.2018.10.037
http://dx.doi.org/10.1126/sciimmunol.aan5692
http://dx.doi.org/10.1021/acs.nanolett.5b05030

Pharmaceutics 2020, 12, 1101 26 of 27

160.

161.
162.
163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Stinchcomb, A.L.; Banks, S.L.; Golinski, M.J.; Howard, J.L.; Hammell, D.C. Use of Cannabidiol Prodrugs in
Topical and Transdermal Administration with Microneedles. U.S. Patent US9533942B2, 3 January 2017.
Edelson, J. Transdermal Delivery of Large Agents. International Patent WO 2018/093465, 21 November 2016.
Edelson, J. Improved Delivery of Large Agents. International Patent WO 2020/117564, 6 November 2020.
Lu, Y.; Mantha, S.N.; Crowder, D.C.; Chinchilla, S.; Shah, K.N.; Yun, Y.H.; Wicker, R.B.; Choi, J.-W.
Microstereolithography and characterization of poly(propylene fumarate)-based drug-loaded microneedle
arrays. Biofabrication 2015, 7, 045001. [CrossRef]

Hamdan, I.M.; Tekko, I.A.; Matchett, K.B.; Arnaut, L.G.; Silva, C.S.; McCarthy, H.O.; Donnelly, R.F.
Intradermal Delivery of a Near-Infrared Photosensitizer Using Dissolving Microneedle Arrays. J. Pharm. Sci.
2018, 107, 2439-2450. [CrossRef]

Al-Mayahy, M.H.; Sabri, A.H.; Rutland, C.S.; Holmes, A.; McKenna, J.; Marlow, M.; Scurt, D.J. Insight into
imiquimod skin permeation and increased delivery using microneedle pre-treatment. Eur. J. Pharm. Biopharm.
2019, 139, 33-43. [CrossRef]

Sabri, A.; Ogilvie, ].; McKenna, J.; Segal, ].; Scurr, D.; Marlow, M. Intradermal Delivery of an Inmunomodulator
for Basal Cell Carcinoma; Expanding the Mechanistic Insight into Solid Microneedle-Enhanced Delivery of
Hydrophobic Molecules. Mol. Pharm. 2020, 17, 2925-2937. [CrossRef]

Falo, D.L., Jr.; Erdos, G.; Ozdoganlar, O.B. Microneedle Arrays for Cancer Therapy Applications. U.S. Patent
US20160136407A1, 6 November 2015.

Ye, C.; Zhang, R. Semiconductor Microneedle Assembly Based on Gene Therapy, Manufacturing Method
and Manufacturing Mold. Chinese Patent CN106426729A, 9 November 2016.

World Cancer Research Fund International. Cancer Facts and Figures: Worldwide Data. 2018.
Available online: https://www.wecrf.org/dietandcancer/cancer-trends/worldwide-cancer-data (accessed on
11 October 2020).

Morote, ].; Maldonado, X.; Morales-Bérrera, R. Prostate cancer (English Edition). Med. Clin. 2016, 146,121-127.
Mulcahy, N. Futile: Prostate Cancer Vaccine Phase 3 Trial Ends, Medscape. 2017. Available online:
https://www.medscape.com/viewarticle/885877 (accessed on 11 October 2020).

McCaffrey, J.; Donnelly, R.E; McCarthy, H.O. Microneedles: An innovative platform for gene delivery.
Drug Deliv. Transl. Res. 2015, 5, 424—437. [CrossRef]

Chen, M.-Y,; Tsai, H.-T.; Tzai, T.-S. Transdermal Delivery of Luteinizing Hormone-releasing Hormone
with Chitosan Microneedles: A Promising Tool for Androgen Deprivation Therapy. Anticancer Res. 2017,
37,6791-6797. [CrossRef]

Choi, S.-O.; Kim, Y.-C.; Lee, J.W,; Park, J.-H.; Prausnitz, M.R.; Allen, M.G. Intracellular Protein Delivery
and Gene Transfection by Electroporation Using a Microneedle Electrode Array. Small 2012, 8, 1081-1091.
[CrossRef] [PubMed]

Choi, S.-O.; Kim, Y.C.; Park, J.-H.; Hutcheson, J.; Gill, H.S.; Yoon, Y.-K.; Prausnitz, M.R.; Allen, M.G.
An electrically active microneedle array for electroporation. Biomed. Microdevices 2010, 12, 263-273.
[CrossRef] [PubMed]

Cole, G.; Ali, A.A.; McErlean, E.; Mulholland, E.J.; Short, A.; McCrudden, C.M.; McCaffrey, J.; Robson, T.;
Boyd, P.; Coulter, ]J.A.; et al. DNA vaccination via RALA nanoparticles in a microneedle delivery system
induces a potent immune response against the endogenous prostate cancer stem cell antigen. Acta Biomater.
2019, 96, 480-490. [CrossRef] [PubMed]

Gittard, S.D.; Miller, PR.; Jin, C.; Martin, T.N.; Boehm, R.D.; Chisholm, B.].; Stafslien, S.J.; Daniels, ].W.; Cilz, N.;
Monteiro-Riviere, N.A; et al. Deposition of antimicrobial coatings on microstereolithography-fabricated
microneedles. JOM 2011, 63, 59-68. [CrossRef]

Uddin, J.; Scoutaris, N.; Klepetsanis, P.; Chowdhry, B.; Prausnitz, M.R.; Douroumis, D. Inkjet printing
of transdermal microneedles for the delivery of anticancer agents. Inf.  J. Pharm. 2015,
494, 593-602.[CrossRef] [PubMed]

Uddin, J.; Scoutaris, N.; Economidou, S.N.; Giraud, C.; Chowdhry, B.Z.; Donnelly, R.E.,; Douroumis, D.
3D printed microneedles for anticancer therapy of skin tumours. Mater. Sci. Eng. C 2020, 107, 110248.
[CrossRef] [PubMed]

US National Library of Medicine. 2020. Available online: https://clinicaltrials.gov/ct2/results?
term=microneedles&cond=Cancer&cntry=US&Search=Apply&recrs=a&age_v=&gndr=&type=&rslt=
(accessed on 29 July 2020).


http://dx.doi.org/10.1088/1758-5090/7/4/045001
http://dx.doi.org/10.1016/j.xphs.2018.05.017
http://dx.doi.org/10.1016/j.ejpb.2019.02.006
http://dx.doi.org/10.1021/acs.molpharmaceut.0c00347
https://www.wcrf.org/dietandcancer/cancer-trends/worldwide-cancer-data
https://www.medscape.com/viewarticle/885877
http://dx.doi.org/10.1007/s13346-015-0243-1
http://dx.doi.org/10.21873/anticanres.12139
http://dx.doi.org/10.1002/smll.201101747
http://www.ncbi.nlm.nih.gov/pubmed/22328093
http://dx.doi.org/10.1007/s10544-009-9381-x
http://www.ncbi.nlm.nih.gov/pubmed/20012696
http://dx.doi.org/10.1016/j.actbio.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31299353
http://dx.doi.org/10.1007/s11837-011-0093-3
http://dx.doi.org/10.1016/j.ijpharm.2015.01.038
http://www.ncbi.nlm.nih.gov/pubmed/25617676
http://dx.doi.org/10.1016/j.msec.2019.110248
http://www.ncbi.nlm.nih.gov/pubmed/31761175
https://clinicaltrials.gov/ct2/results?term=microneedles&cond=Cancer&cntry=US&Search=Apply&recrs=a&age_v=&gndr=&type=&rslt=
https://clinicaltrials.gov/ct2/results?term=microneedles&cond=Cancer&cntry=US&Search=Apply&recrs=a&age_v=&gndr=&type=&rslt=

Pharmaceutics 2020, 12, 1101 27 of 27

181.

182.

183.

184.

185.

186.

187.
188.

189.

190.

191.

Bediz, B.; Korkmaz, E.; Khilwani, R.; Donahue, C.; Erdos, G.; Falo, L.D.; Ozdoganlar, O.B.
Dissolvable Microneedle Arrays for Intradermal Delivery of Biologics: Fabrication and Application.
Pharm. Res. 2014, 31, 117-135. [CrossRef] [PubMed]

Munavalli, G.S.; Zelickson, B.D.; Selim, M.M.; Kilmer, S.L.; Rohrer, T.E.; Newman, J.; Jauregui, L.; Knape, WA ;
Ebbers, E.; Uecker, D.; et al. Safety and Efficacy of Nanosecond Pulsed Electric Field Treatment of Sebaceous
Gland Hyperplasia. Dermatol. Surg. 2020, 46, 803-809. [CrossRef] [PubMed]

Hruza, G.J.; Zelickson, B.D.; Selim, M.M.; Rohrer, T.E.; Newman, J.; Park, H.; Jauregui, L.; Nuccitelli, R.;
Knape, W.A.; Ebbers, E.; et al. Safety and Efficacy of Nanosecond Pulsed Electric Field Treatment of
Seborrheic Keratoses. Dermatol. Surg. 2020, 46, 1183-1189. [CrossRef] [PubMed]

Zahn, ].D.; Deshmukh, A_; Pisano, A.P,; Liepmann, D. Continuous On-Chip Micropumping for Microneedle
Enhanced Drug Delivery. Biomed. Microdevices 2004, 6, 183-190. [CrossRef] [PubMed]

Alimardani, V.; Abolmaali, S.; Tamaddon, A.M.; Ashfag, M. Recent advances on microneedle arrays-mediated
technology in cancer diagnosis and therapy. Drug Deliv. Transl. Res. 2020, 1-29. [CrossRef] [PubMed]

Gill, H.S.; Denson, D.D.; Burris, B.A.; Prausnitz, M.R. Effect of Microneedle Design on Pain in Human
Subjects. Clin. ]. Pain 2008, 24, 585-594. [CrossRef]

Gill, H.S.; Prausnitz, M.R. Does Needle Size Matter? ]. Diabetes Sci. Technol. 2007, 1, 725-729. [CrossRef]
Bal, S.M.; Caussin, J.; Pavel, S.; Bouwstra, J.A. In vivo assessment of safety of microneedle arrays in human
skin. Eur. J. Pharm. Sci. 2008, 35, 193-202. [CrossRef]

Hartmann, X.H.M.; Van Der Linde, P.; Homburg, E.FG.A.; Van Breemen, L.C.; De Jong, A.; Liittge, R.R.
Insertion Process of Ceramic Nanoporous Microneedles by Means of a Novel Mechanical Applicator Design.
Pharmaceutics 2015, 7, 503-522. [CrossRef]

Sivamani, R.K.; Liepmann, D.; Maibach, H.I. Microneedles and transdermal applications. Expert Opin.
Drug Deliv. 2006, 4, 19-25. [CrossRef]

Serhan, H. Is galvanic corrosion between titanium alloy and stainless steel spinal implants a clinical concern?
Spine ]. 2004, 4, 379-387. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11095-013-1137-x
http://www.ncbi.nlm.nih.gov/pubmed/23904139
http://dx.doi.org/10.1097/DSS.0000000000002154
http://www.ncbi.nlm.nih.gov/pubmed/31592824
http://dx.doi.org/10.1097/DSS.0000000000002278
http://www.ncbi.nlm.nih.gov/pubmed/31809349
http://dx.doi.org/10.1023/B:BMMD.0000042047.83433.96
http://www.ncbi.nlm.nih.gov/pubmed/15377827
http://dx.doi.org/10.1007/s13346-020-00819-z
http://www.ncbi.nlm.nih.gov/pubmed/32740799
http://dx.doi.org/10.1097/AJP.0b013e31816778f9
http://dx.doi.org/10.1177/193229680700100517
http://dx.doi.org/10.1016/j.ejps.2008.06.016
http://dx.doi.org/10.3390/pharmaceutics7040503
http://dx.doi.org/10.1517/17425247.4.1.19
http://dx.doi.org/10.1016/j.spinee.2003.12.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	General Characteristics of MNs 
	History 
	Approaches for Drug Delivery 
	Manufacturing Methods and Materials 
	Clinical Applications 
	Clinical Benefits 
	Clinical Challenges 
	Clinical Applications with Improved Therapeutic Outcome 

	Design and Geometry 

	Different Cancer Treatments Using MNs 
	Sensor Technology Based MNs 
	MNs in the Treatment of Breast Cancer 
	MNs in Skin Carcinoma 
	MNs for Prostate Cancer 

	More Recent Method of Manufacturing MNs—Printing Method 
	Clinical Trials (CTs) on MNs of Anti-Cancerous Drugs 
	Recruiting 
	Active, Not Recruiting 

	Limitations and Safety Concerns of MNs in Treatment of Cancer 
	Conclusions 
	References

