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Abstract

Microneedles are microscale needle-shaped devices that have attracted attention from the biomedical engineering community for transdermal
drug delivery, sensing, and vaccine delivery. These devices do not inflict significant discomfort during skin penetration. Microneedles have recently
been used to detect physiologically relevant molecules in interstitial fluid for health monitoring. In this review, technical challenges associated with
microneedle processing are considered. The mechanical requirements associated with microneedle penetration of the skin are described. The use
of polymers, bioceramics, and natural materials in microneedle fabrication is described. Recent uses of microneedles in biosensing, drug delivery,

and vaccine delivery are described.

Introduction
The skin is the largest organ of the body, which protects the
body from harmful external materials and microorganisms; in
addition, it prevents water evaporation.['! Efforts at transdermal
drug delivery are described in ancient Babylonian and Egyptian
history.[?! The use of ointments and salves can be considered an
early form of drug delivery. In the 1940s and 1950s, nitroglyc-
erin ointment was used to treat Raynaud’s disease and angina
pectoris.’] The transderm-Scop patch, which administered the
anticholinergic agent scopolamine for preventing nausea and
vomiting, was approved by the US Food & Drug Administra-
tion in 1979.17 Patches for some small lipophilic drugs such
as nitroglycerine, nicotine, and fentanyl were subsequently
developed.®

Oral delivery is a common route for delivering drugs; how-
ever, oral delivery is not suitable for some drugs due to poor
absorption in the gastrointestinal tract or high rates of first-
pass metabolism.[’) The conventional syringe-based injection
is associated with pain and injury at the injection site; in addi-
tion, specialized training is required for the appropriate use of
a syringe.l'” Microneedles are an alternative approach for drug
delivery!'"); these devices penetrate the outermost layer of the
epidermis, the stratum corneum layer, which acts as an obsta-
cle to the transdermal delivery of non-lipophilic drugs.l'>!3!
Other methods for transdermal drug delivery have also been
demonstrated, including thermal ablation, ultrasound-facili-
tated delivery, iontophoresis, and the use of chemical enhanc-
ers. There are several benefits of microneedles over other
techniques for transdermal drug delivery.l'*!*] Furthermore,
microneedles with have been integrated with various sensor
platforms to fabricate wearable biosensors.['®! These devices
can be used to detect biomarkers, including glucose, lactate,
ions, cytokines, proteins, and immunoglobulins.!'”"'8! For
example, microneedle-incorporated wearable patches may be
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used to detect transdermal pH levels in interstitial fluid (ISF).
These wearable biosensors allow for the long-term assessment
of biomarker levels.[!*2]

In this review paper, we consider recent studies involving
novel materials that are used for microneedle fabrication. The
use of microneedles for sensor, drug delivery, and vaccine
delivery applications is also considered. For example, devices
containing microneedles and biosensors may be used to detect
glucose and other biochemicals in a continuous manner.!*']

The stratum corneum is the outermost skin layer; it exhibits
a thickness of 10-15 pm[®?! and serves as a barrier to the tran-
sepidermal delivery of many types of drugs. Microneedles can
be painless if they do not interact with the unmyelinated nerve
endings that detect pain or the mechanoreceptors that detect
pressure, which are located in a lower layer of the skin known
as the dermis (the thickness of the dermis varies based on the
body location).?324

Materials commonly used to make
microneedles

Non-biodegradable (e.g., polystyrene (PS) and
poly(methylmethacrylate) (PMMA)) and biodegradable poly-
mers (e.g., poly lactic acid (PLA) and polylactic-co-glycolic
acid (PGLA)) are the two major types of materials that are
used for fabricating microneedle arrays.! Chitosan/*®! and
silk!*”) are some of the natural polymers that are used to prepare
microneedle arrays.?®! Polyvinyl alcohol (PVA), poly (methyl
vinyl ether-co-maleic acid) (PMVE/MA), polystyrene-block-
poly (acrylic acid) (PS-b-PAA), and hyaluronic acid (HA)
acrylate are hydrogel-forming polymers that are used to pre-
pare microneedles.*! Crosslinking polymers such as ethylene
glycol dimethacrylate and poly(2-hydroxyethyl methacrylate)
(PHEMA) are photoactive hydrogel-forming polymers™®! that
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are used to prepare microneedle arrays.[*!! Microneedles must
possess sufficient mechanical properties to pierce the topmost
layers of skin; in addition, they need to be biocompatible with
cells in the epidermis and underlying dermis. Both biodegrad-
able and non-biodegradable materials are used for micronee-
dle fabrication. The following sections will consider the use
of polymers, bioceramics, natural materials, and metals for
microneedle fabrication.

Polymers

A variety of synthetic polymers have been used for microneedle
fabrication. For example, Pere et al. coated insulin and carriers
(e.g., trehalose, mannitol, and xylitol) using an inkjet printer on
microneedles made from a biocompatible Class I resin called
Dental SG. They fabricated microneedles in two shapes, coni-
cal and pyramidal; the release time for both microneedle types
was below 30 min.*?! Another study used fused deposition
modeling (FDM) to prepare microneedles out of polylactic
acid; a post-fabrication etching protocol was used to obtain
tip sizes as small as 1 um. A drug was subsequently coated on
the microneedles. Drug diffusion using the microneedles was
demonstrated in porcine skin.!** Poly lactic acid (PLA), car-
boxymethyl cellulose (CMC), and polylactic-co-glycolic acid
(PGLA) microneedles were fabricated using a molding process;
the microneedle tips were then dip-coated in bleomycin.[*¥]
The hydrophobic PLA surface was converted into a hydro-
philic surface by ozone treatment. 80% of the coated drug was
released in skin within 15 min. A study that involved piercing

the microneedle in porcine skin showed that the microneedle
possessed sufficient skin penetration properties for transder-
mal use.?* Pamornpathomkul et al. described the use of a
microneedle made of the commercial biodegradable polymer
Gantrez® S-97 to deliver acyclovir. The acyclovir Gantrez®
microneedle was dissolved in porcine skin in two hours. Acy-
clovir-loaded microneedle arrays showed better topical delivery
than a commercial cream formulation in terms of delivering
the drug to the basal epidermis. In vivo studies showed that
the drug-loaded microneedles delivered acyclovir success-
fully to the skin, and a very low concentration of the drug was
detected in the blood. ! In another study, a patient-controlled
drug delivery system for analgesia was developed, which con-
tained a photo-triggered microneedle. Near-infrared (NIR) light
stimulation was used for enabling on-demand delivery of pain
medication to the skin. Polymeric microneedles were fabri-
cated using the combination of NIR absorbers, analgesics, and
poly(L-lactide-co-D,L-lactide). The NIR absorbers®**! absorb
the light energy in order to increase the phase transition by
NIR light irradiation; drug release is induced by this process.
The lidocaine was absorbed into the blood circulation in ten
minutes, enabling rapid onset of pain relief. Figure 1 shows
the schematic of the microneedle used in this study, which con-
tains a polycaprolactone (PCL) microneedle.!*” Table I shows
different polymers, drugs, and microneedle shapes that were
evaluated as well as the relevant results from recent studies.
This table shows that most microneedles have a range between
450 um and 1.2 mm. The lower limit of microneedle height
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Figure 1. Schematic of PCL-PLA microneedle patch fabrication process. Republished with permission of the Royal Society of Chemistry
from Ref. 37; the permission was conveyed through the Copyright Clearance Center.
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Table I. Microneedle properties from recent studies.

# Polymer Drug Length Width or Shape Significant results ~ References
Radius
(hm)
1 Resin Insulin 1000 pm 1x1 mm Pyramidal Both pyramidal [32]
and conical drug
release time are
the same
2 CMC + Dextrin Protein 480 pm 370 Conical Designing reusable  [50]
Al mold
3 Bio ceramic Clonidine 450 ym & 285 Pyramidal Flexible and swella- [42]
hydrochlo- 600 um ble substrate
ride
PLA-PLGA Bleomycin Pyramidal Treating wart [26]
Gantrez S-97 Acyclovir 589+£929 um  0.15 mm Treating the herpes  [35]
labialis
6 PVP/PVA- PCL Lidocaine 1400 pm 300%300 Pyramidal Rapid release of the [37]
drug
7 PMVE/MAH, Donepezil 600 um 300 Conical Hydrogel-forming  [93]
PMVE/MA hydrochlo- microneedle
ride
8 PVP/Methacrylic Tranexamic 1000 pm 280%280 Pyramidal Tranexamic [103]
acid acid &conical acid polymer
microneedle
9 PPF/DEF Dacarbazine 1000 pm Conical tip Potential treatment  [104]
of skin carcinomas
10 PCL Doxorubicin 1200 pm 300%300 Pyramidal Repeated and [90]
reproducible drug
delivery
11 poly-y-glutamic Insulin 1200 pm 300%300 Pyramidal Full insertion of [105]
acid Protein drug in
skin
12 PDA/LA-coated Metformin 600 pm 200 Pyramidal Bioavailability of [92]
HMSNs microneedle-
NIR groups was
95.8+£2.7%
13 Gantrez® S-97 Vitamin K 600 um 300%300 Conical 24 h for delivery of [106]
vitamin

is determined by two considerations: (a) skin penetration is
less uniform at lower microneedle heights due to individual-to-
individual variations in skin thickness and roughness, and (b)
microneedle application protocols are a more dominant consid-
eration in determining microneedle penetration depth at lower
microneedle heights. The upper limit of microneedle height is
determined by the presence of nerve endings that detect pres-
sure and pain, which are located in the upper (papillary) layer
of the dermis.

Bioceramics

Microneedles have many benefits for transdermal drug deliv-
ery; however, many polymers have poor mechanical properties
that make them unsuitable for some skin penetration applica-
tions.**3>] The controlled porosity of certain types of ceram-
ics makes them a strong candidate for use in microneedle
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applications.’83%1 Cai et al. presented a self-setting bioceramic
for use in microneedle fabrication. They developed CaS-based
and CaP-based ceramic microneedle arrays; monocalcium
phosphate monohydrate, beta-tricalcium phosphate, calcium
sulfate alpha hemihydrates, and citric acid were used to syn-
thesize self-setting ceramics. They adjusted the drug release
properties by modifying the needle dimensions and porosity.
The results of this study showed that the drug release rate was
dependent on the bulk surface area, porosity, and resorption
rate of the ceramic needles. The capability of sustained release
from porous ceramic microparticles is related to the surface
pore size distribution as well as the electrostatic interactions
between both the interior and exterior microparticle surface
and the drug.[*) Another study used a self-swelling flexible
substrate and bioceramic microneedles to optimize the drug
release profile. The microneedles on the flexible substrate were
released into the skin faster than those on the rigid substrate.
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Figure 2. Drug release from bioceramic microneedles with a
flexible and swellable substrate with 450 pm and 600 um needle
length. SCMN microneedle arrays with a rigid substrate. Reprinted
from Ref. 42, Copyright 2015, with permission of Elsevier.

Figure 2 shows drug release from BCMN-G450, BCMN-G600,
SCMN-450, and SCMN-600 microneedle devices; the BCMN-
G450 and BCMN-G600 bioceramic*!! microneedles on the
swellable substrate exhibited needle lengths of 450 pm and
600 pum, respectively. The result showed that the model drug,
clonidine hydrochloride, was released faster from microneedles
with a flexible and self-swelling substrate than from micronee-
dles with a rigid substrate.[**] Vallhov et al. covered patches
with biodegradable ceramic (calcium sulfate) to deliver oval-
bumin (OVA) into the epidermis. Two different lengths (300
and 600 pm) were fabricated; the penetration ability of the
devices was evaluated. The taller microneedle with an aver-
age pore size of 12+ 1 pm was shown to be more efficient in
delivering OVA. 90% of the loaded OVA was released in one
hour from microneedles with a height of 600 um. This study
demonstrated the use of ceramic microneedles for the penetra-
tion of human ex vivo skin. Sharper needles, which were pre-
pared by increasing the aspect ratio, were more successful in
penetrating human stratum corneum.**! Alumina (Al,0;) is one
of the frequently used ceramics for making microneedle arrays;
the covalent bonding between the Al and O atoms provides
the material with unusual chemical stability.[**] The devices
also show good mechanical strength under compression but can
fail by brittle fracture under tensile stress. Another material for
making microneedles is silica glass,*! which can be fabricated
into devices with different geometric shapes.

Natural materials

Natural polymers are a suitable candidate for biocompatible
microneedle fabrication due to their relatively low cost and
compatibility with straightforward processing procedures.
These materials need to exhibit suitable biocompatibility and
appropriate mechanical properties for skin penetration. Sev-
eral natural polymers have been utilized in recent years to

manufacture microneedles.[**) The popular natural polymers
for microneedles fabrication are CMC (a soluble polysaccha-
ride),[*"! silk fibroin (a protein in silk that is usually produced
by various insects),[*”) fish scale (a material extracted from
the scales of tilapia and other types of fish),[*®! alginate (a salt
of alginic acid),*”! and chitosan (a derivative of glucose).[*®!
Hwa fabricated polysaccharide-based microneedle arrays.!>")
Dextrin, CMC, amylopectin (AMP), and trehalose (TRE) were
used for micromolding; CMC is a derivative of cellulose, dex-
trin is a water-soluble carbohydrate that is produced by the
hydrolysis of starch, AMP is a water-soluble polysaccharide,
and TRE is a natural disaccharide by two glucose units. Alu-
minum was used to create the mold that was used for micro-
molding of the microneedles.>” Another study confirmed that
CMC and TRE possess no cytotoxicity.>! Several efforts have
been made to evaluate microneedles made of silk fibroin,[4¢->2]
Silk fibroin microneedles containing influenza, Clostridium
difficile, and Shigella vaccines were shown to successfully
vaccinate mice.l** Another study demonstrated the use of silk
fibroin microneedles to deliver insulin. Insulin was dissolved in
Tris—HCI buffer solution (pH 7); different mass ratios of insulin
and fibroin were prepared using a lithography approach. Insulin
stability in the microneedles, dissolution performance, swell-
ing performance, in vitro release of insulin, pharmacodynamics
delivery of insulin, and pharmacokinetics of insulin delivery
were demonstrated.l** Recently, Bletilla striata polysaccharide
(BSP)-based dissolving microneedles were prepared for use
in transdermal drug delivery.>>) BSP is a natural glucoman-
nan material made from the Chinese ground orchid that shows
very good moldability. Other natural materials have been con-
sidered for use in microneedles, including chitosan, maltose,
alginates,[56] hyaluronic acid,’”! and zein.’?!

Metals

Microneedles have been made from several types of metals via
laser cutting, micromolding, and micromachining methods.[>”!
Laser cutting and electrodeposition are typical techniques for
producing metallic microneedles. Hot embossing of 316 stain-
less steel microneedle arrays followed by sintering at 1100°C
and successive electropolishing has been described.[*” One
issue that limits the use of hollow metal microneedles is clog-
ging of the microneedle core during skin entry; moreover, the
walls of hollow microneedles must resist fracture during the
skin penetration process.['! Permeable Ti microneedles have
been produced by casting-based methods in a polydimethylsi-
loxane (PDMS) mold, followed by drying and sintering steps.
The Ti microneedles showed appropriate strength; however, a
limitation of these devices is their high manufacturing cost.[*”!

Applications of microneedles

One of the applications of microneedles technology involves
the use of microneedles for drug delivery in place of a con-
ventional injection. A number of studies have been conducted
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on vaccine delivery with microneedles. Another application
involves the detection of biomolecules in skin interstitial fluid
using microneedles, with most of the attention being focused
on glucose sensing. Microneedles can be used in different
ways. One approach involves the use of a solid microneedle
for creating transient micropores in the skin, followed by the
use of a conventional transdermal patch. Another approach
involves the use of a solid microneedle containing a drug such
that the microneedle will be removed after the drug is dis-
solved. Another approach involves the use of a biocompatible
polymer microneedle that dissolves and releases a drug over
time after insertion into the skin. Another approach involves
the application of a hollow microneedle to the skin, which
delivers a fluid containing the drug. Another approach for
delivering drugs involves applying hydrogel-forming poly-
meric microneedles to the skin, which form conduits between
the skin and the drug reservoirs that are connected with the
microneedles.!*!

Microneedles biosensors
Microneedles may be used to detect physiologically related
analytes under the skin surface. One advantage of microneedle

sensors is that they can be used to monitor chemical and physi-
cal processes under the skin surface in a continuous manner.
For example, microneedles can be incorporated with thermal
flow sensors to measure low speed liquid flow.l%?] In addition,
chemical sensors for ascorbic acid, lactate, hydrogen perox-
ide, and glucose have been incorporated with microneedles in
previous studies.[®76%] Several recent studies have focused on
the simultaneous detection of multiple analytes using a single
microneedle device. For example, pH, lactate, and glucose were
detected using an array of acrylate-based polymer microneedles
that contained electrochemical sensors within their bores. The
device was able to detect pH, lactate, and glucose in complex
solutions. (6!

Several methodologies are used to monitor blood alcohol
levels. Urine testing, blood testing, saliva testing, breath test-
ing, and sweat testing are commonly used. Although blood test-
ing is accurate, the administration of blood tests can be painful.
A microneedle-based biosensor was proposed by Mohan et al.
to assess alcohol levels in a continuous manner. Ag and Pt wires
were incorporated within the hollow microneedles; the plati-
num wire was modified using o-phenylene diamine, alcohol
oxidase, a chitosan layer, and a Nafion layer.
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Figure 3. SEM images of uncoated titanium alloy microneedle arrays of (a) N-UNCD-coated microneedle array and (b) single N-UNCD-
coated microneedle. Linear sweep voltammograms on N-UNCD electrodes in a 1 x PBS (pH 7.4) solution that contains (c) uric acid
concentration in the range of 1 to 200 uM and (d) dopamine concentration ranging from 0 to 30 uM versus Ag/AgCl reference and Pt wire
counter electrode. Reprinted from Ref. 69, Copyright 2015, with permission of Elsevier.
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This structure was used to continuously monitor alcohol in
an artificial interstitial fluid.[”! In another recent study, titanium
alloy microneedles were coated with nitrogen-incorporated
ultra-nanocrystalline diamond (N-UNCD) thin films.!*! In vitro
detection of dopamine and uric acid was demonstrated using
linear scanning voltammetry [Fig. 3(a), (b)]'*). Figure 3(c), (d)
shows linear sweep voltammograms on N-UNCD electrodes in
a 1 xPBS (pH 7.4) solution that contains uric acid concentra-
tion over the range of 1 to 200 pm, and a dopamine concentra-
tion over the range of 0 to 30 um versus an Ag/AgCl reference
and a Pt wire counter electrode, respectively. Song et al. pre-
sented a novel approach to detect vascular endothelial growth
factor (VEGF) in the blood for potential use in cancer diagno-
sis. These sensors were incorporated with a peptide aptamer-
based microneedle for the electrochemical detection of VEGF.
The biosensor was able to detect VEGF over the range from
0.1 to 1000 pM."% Ciui et al. created microneedle biosensors
for the rapid detection of melanoma; the microneedle device
was used for the detection of melanoma biomarker tyrosinase
in porcine skin and a tyrosinase-containing agarose phantom
gel.”! Another study described the electrochemical monitor-
ing of levodopa for the management of Parkinson’s disease. A
new dual-mode sensing approach, which involved independ-
ent enzymatic-amperometric and nonenzymatic voltammetric
detection methods, provided built-in redundancy for the levo-
dopa measurements; the sensor demonstrated high selectivity,
high sensitivity, and stability when tested in artificial interstitial
fluid.?! Senel et al. made gold microneedle sensors by casting
conductive gold ink; the microneedles were modified with an
epoxy- and ferrocene-functional polymeric mediator; urease
was covalently immobilized on the surface of the sensor. The
sensor was tested with a skin mimic and artificial interstitial
fluid. The sensor was used to detect urea over a 50-2500 pm
range; a 2.8 um limit of detection was demonstrated using this
approach.l’?

Another study demonstrated the use of microneedles con-
taining nanoparticulate palladium powder and either a poly-
carbonate binder or a polystyrene binder for transdermal sens-
ing.l”3] Samavat et. al. detected glucose using microneedles
that were created using three different methods, including spray
deposition of materials in subsequent layers (SL), conventional
drop-cast of tetrathiafulvalene and glucose oxidase compounds
in the subsequent layer, and spray mixing of the compounds
as one uniform layer (SM). A uniform sensing layer of mixed
aerosol particles of tetrathiafulvalene and glucose oxidase was
produced by the SM technique. Glucose sensors made using
this approach can be mass produced at low cost.[*

Thermocurable materials were used to fabricate a wire-
less glucose sensor containing microneedles. Microneedles
made from gold provided an interface with electrical conduc-
tivity and biocompatibility. Nafion™ membrane was used
to prevent detachment of the enzyme layer. Terthiophene
carboxylic acid was employed for stable immobilization of
FAD-glucose oxidase onto the electrode surface. The glu-
cose concentration was measured wirelessly by a transmitter

that was attached to a sensing module. The sensing module
included an analog-to-digital converter, miniaturized poten-
tiostat, Bluetooth, near-field communication, and flexible
lithium-ion polymer battery. Finally, this device was assessed
by performing glucose level measurements in finger prick
blood samples. The sensor showed an excellent linear glu-
cose concentration response.l’> Dardano et al. synthesized
microneedle arrays from polyethylene glycol, diacrylate
hydrogel, an enzyme (glucose oxidase), as well as a redox
mediator (vinylferrocene). The microneedle array was used
as a working electrode. The redox reaction with glucose
created a charge transfer that was enhanced by the redox
mediator, which resulted in a current proportional to the glu-
cose concentration.”®! Lee et al. described the incorporation
of graphene within a microneedle biosensor. Graphene is a
versatile material in microelectronics because of its carrier
mobility, flexibility, conductivity, and optical transparency;
however, the low electrochemical density of bare graphene
limits its biosensing ability. The incorporation of gold mesh
with graphene provided better electrochemical activity than
bare graphene. The device included sensors for humid-
ity, temperature, glucose, and pH as well as a polymeric
microneedle for drug delivery. The fabricated patch was ther-
mally actuated to deliver metformin and was able to reduce
the blood glucose level in diabetic mice.l””] Hegarty et al.
prepared carbon-loaded polystyrene microneedle patches for
transdermal sensing. Figure 4 shows the basic composition
of the measurement system. Carbon-loaded polystyrene was
the main component of the working and reference electrodes;
the polymer was used to facilitate skin penetration. Tomato

Carbon fiber stub embedded
in carbon/polystyrene
base plate to provide
electrical connection

Enamel paint

dielectric coating Working MN

outer surfaces of Electrode Array Reference
microneedle g : Electrode
patch

Carbon nanoparticles
homogenously distributed
in a polystyrene binder

Similar construction to the working
electrode array but incorporting either
silver nanoparticles or electrodeposited
silver/silver chloride.

Figure 4. Configuration of the proposed carbon-loaded polysty-

rene microneedle sensing array. Reprinted from Ref. 78, Copyright
2019, with permission of Elsevier.
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skin was used to examine the electroanalytical performance
of the carbon-loaded microneedles.”®!

Valadeiro et al. demonstrated a microneedle device in
which the probes were able to record electric and magnetic
fields simultaneously with micrometer spatial resolution. The
microneedles were integrated with magnetoresistive sens-
ing elements and a thin film electrode. The fabricated probe
was inserted into a mouse hippocampus brain slice for the
magnetic recordings.l””! The pH is precisely controlled by

the kidney, lung, and buffer systems; small changes in the
pH levels may affect many organs. Mani et al. proposed a
novel technique for determining real-time pH.[%% A study by
Sulaiman et al. identified nucleic acid biomarkers in liquid
biopsies that are used for early cancer diagnosis. Micronee-
dles coated with an alginate-peptide nucleic acid hybrid were
used for the sequence-specific sampling and monitoring of
nucleic acid biomarkers in interstitial fluid. Figure 5 shows
the microneedle sampling and detection mechanism.!!!
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Figure 5. (a) Mean fluorescence microscopy data, (b) microneedle patch ability to discriminate between a complementary and a noncom-
plementary DNA target, (c) mechanisms for sensing, (d) significant difference in fluorescence between microneedle sampling DNA-210
and control group, and (e) PNA:DNA duplex into solution plot. Reprinted with permission from Ref. 81, Copyright 2019, American Chemi-

cal Society.

218 M MRS COMMUNICATIONS - VOLUME 13 - ISSUE 2 - www.mrs.org/mrc



Prospective

— Iridium oxide
— Iridium oxide + beta-lactamase hydrogel

500

> Sensitivity: -58.5+3.6 mV/pH
E 400~
s
5
5 300+
[N
.\‘\o
200 - t\SeEmvnty: -33.245.6 mV/pH
\
:\t\‘
100 4 T . : ; . :
4.5 50 55 60 6.5 70 75
pH

Figure 6. pH responses of MNs coated with iridium oxide only
(purple) and both iridium oxide and B-lactamase hydrogel layers
(blue). Reprinted with permission from Ref. 82, Copyright 2019,
American Chemical Society.

o
o Il

‘O/NO\Q\ 'O/N

(o}
\/O\A/O\/ OH
Il 4-Nitrophenol

~ OPH

OP nerve agent

CE WE RE (Ag/AgCl)

Figure 7. Schematic of the electrochemical detection of OP nerve
agents by OPH microneedle sensor. Republished with permis-
sion of the Royal Society of Chemistry from Ref. 83, permission
conveyed through Copyright Clearance Center.

One recent study proposed a novel approach for track-
ing antimicrobial concentrations in real time to allow for
individualized drug dosing. The electrode surface of the
microneedle biosensors was coated with a layer of iridium
oxide that detected changes in pH. The fabricated biosensor
was stable for up to two weeks at a temperature of — 20°C.
B-lactam concentrations were measured in vivo using this
approach. Figure 6 shows the pH responses for pure iridium
oxide and both iridium oxide and B-lactamase hydrogel lay-
ers.®2 In another study, microneedle biosensors were pro-
posed for detecting organophosphate (OPs) chemical agents.

-y

Figure 8. Polycarbonate structure of four 4 x4 microneedle arrays
metallized with gold and silver. Reprinted from Ref. 85, distributed
under the terms of the Creative Commons CC BY license.

An organophosphorus hydrolase (OPH) was reported in this
study that detected OP compounds under the skin. The OPH
microneedle sensor was validated using skin samples col-
lected from mice that were exposed to various levels of
OP methyl paraoxon (MPOx). Microneedle arrays contain-
ing CP transducers coated with OPH-Nafion ™ reagents
were used to electrochemically monitor the nerve agents.
Figure 7 contains a schematic, which shows the approach
for electrochemical detection of OP nerve agents with the
OPH microneedle sensor containing carbon and Ag/AgCl
components.[83]

Microneedle-based wearable sensors

Microneedle sensors include wearable miniaturized devices
containing microneedles and sensors. Tehrani et al. described
the fabrication of a portable and wireless microneedle-based
wearable device for real-time monitoring, specifically for the
simultaneous detection of glucose, lactate, and alcohol level in
human participants while conducting daily activities.[**! This
fully integrated device was connected to mobile software,
which may be able to overcome challenges associated with
cross-talk-free detection and analysis. The device was com-
posed of disposable and recyclable components, which enabled
the fabrication of a low-cost wearable biosensor. Bollella et al.
developed a painless microneedle-based wearable biosensor for
real-time probing of lactate levels in ISF.[%%] The gold-plated
microneedle was surface functionalized with multiwalled car-
bon nanotubes (MWCNTSs) by electrodeposition and modified
with a redox couple, methylene blue (MB). Figure 8 shows the
microneedle structures metallized with gold (for use as work-
ing electrodes) and metallized with silver. The Au-MWCNTs/
polyMB microneedle array platform was later modified with a
lactate recognition enzyme, lactate oxidase. The device may be
used for the detection of lactate in vitro as well as in realistic
samples (human serum) for potential sport medicine and clini-
cal care applications.!*”! In another study, Gao et al. fabricated
a mechanically flexible and portable wearable multiplexed sen-
sor for monitoring sweat metabolites (e.g., glucose and lac-
tate), electrolytes (e.g., potassium and sodium), and surface
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temperatures.®®! The device was integrated with electronic
components for rapid signal transduction, amplification, and
processing.

Microneedles for drug delivery

Drugs can be loaded in polymeric microneedles; drug delivery
can be accomplished by the dissolution of the polymer in the
interstitial fluid that is located in the skin. Drugs can also be
coated on non-biocompatible microneedles; the microneedles
penetrate the skin barrier and enable the delivery of the drug
to deeper layers of the skin and eventually to the systemic cir-
culation. In recent years, the delivery of anticancer drugs has
become increasingly important. For example, an alternative
approach to the surgical treatment of cancer involves intra-
tumoral delivery of anticancer drugs. Ma et al. used PLGA
that encapsulated with doxorubicin (DOX)®") in order to
deliver anticancer drugs; a near-infrared (NIR)-light-activated
microneedle was developed to repeatedly release encapsulated
drugs. The tip of the microneedles is fabricated from plasmonic
lanthanum hexaboride nanoparticles (LaB6), PCL, and the anti-
cancer drug doxorubicin (DOX). The supporting array patch
was made from PVA and PVP. The LaB6 nanomaterials®®8]
were used to absorb NIR irradiation and served as an alter-
native plasmonic material for cancer cell thermal ablation.
Furthermore, it was encapsulated in microneedles to prevent
rapid clearance from the tumor, thus minimizing the need for
repeated dosing. The laser energy was converted to heat by
LaB6; the microneedles were released when 50°C was reached.
Upon insertion into the interstitial fluid of the skin, the support-
ing array was released, and the tip component containing the
drug was left at the target tissue for localized cancer therapy.”)
The same approach was used in another study for delivering
doxorubicin hydrochloride in rat skin. In this technique, the
laser was used to heat the polymer chain in order to release
the drug.[°!]

Another study described a NIR-responsive polymer hollow
mesoporous SiO, microneedle that was loaded with metformin
and coated with polydopamine/lauric acid. Using a diffusion-
based approach, an antidiabetic drug was loaded into hollow
mesoporous SiO, nanoparticles (HMSNs). A photothermal
conversion agent (PDA) and phase change material, lauric
acid, were incorporated in a subsequent step. The microneedle

package was encapsulated with a biocompatible polymer,
PVP. After insertion into the skin, the effect of NIR light on
the PDA will melt the lauric acid, releasing the encapsulated
metformin. After insertion of fabricated microneedles in dia-
betic rats, the bioavailability of 95.8£2.7% was achieved.
One advantage associated with the use of the NIR-responsive
polymer is that the drug release can be adjusted by chang-
ing the time and power density.”?! Another study consid-
ered the use of microneedles for the treatment of melanoma.
Microneedles were fabricated using hyaluronic acid combined
with pH-sensitive dextran nanoparticles (NPs), which were
encapsulated with glucose oxide and PD1. Blood glucose is
converted to gluconic acid by glucose oxide; this acidic envi-
ronment increases the self-dissociation of NPs and facilitates
PD1 release.[**! Kearney et al. delivered donepezil hydrochlo-
ride through hydrogel-forming microneedles. They inserted
hydrogel-forming microneedles into the skin; the drug loaded
in the reservoir moved through the microneedles into the skin.
Figure 9 shows the hydrogel-forming technique for micronee-
dle fabrication. The microneedles, which exhibited a conical
shape and a height of 600 um, were made from PMVE/MAH
and PMVE/MA. A in vitro study demonstrated the delivery
of 854.71 ng+122.71 ng donepezil hydrochloride in neonatal
porcine skin.[**!

Microneedles for vaccine delivery
The accessibility of the dermal route and the presence of
dermal immune cells (e.g., Langerhans cells) make the skin
an ideal route for vaccine delivery. Microneedles are able to
deliver vaccines to the dermis, which can enhance the efficacy
of immunization.®>! Almost all of the fabrication techniques
for microneedle manufacturing are based on micromolding.
One consideration is that heat can be disruptive to vaccines
or protein-based drugs. The high melting temperature (160°C)
of molten galactose during the microneedle fabrication has
been associated with significant changes to 5-aminolevulinic
acid and bovine serum albumin (BSA).’Y A subsequent study
examined the effect of thermal exposure (135°C) on BSA in
melted PLGA; little difference was noted in the a-helix/B-sheet
of heated BSA compared with that of intact BSA.[°7]

The microneedle release time is dependent on the type
of polymer and can be prolonged or shortened based on the

Figure 9. Hydrogel-forming microneedles in combination with drug-loaded reservoir. Reprinted from Ref. 94, Copyright 2015, with permis-

sion of Elsevier.

220 M MRS COMMUNICATIONS - VOLUME 13 - ISSUE 2 - www.mrs.org/mrc



Prospective

application. For example, a recent study evaluated the per-
formance of carboxymethylcellulose (CMC) and hyaluronan
(HN) microneedles. Both polymeric microneedles were dis-
solved completely in rat skin after 5 min of insertion. Com-
pared to conventional injections, both microneedles were
associated with increased antigen-specific IgG levels; both
microneedles were used to deliver antigens to resected human
dermal tissue. Finally, no significant skin irritation was seen
after microneedle insertion into human skin.”®! The deliv-
ery of vaccines is limited by poor immunogenicity and low
transfection efficiency. The delivery of vaccines to antigen-
presenting cells and the subsequent stimulation of CD4+and
CD8+T cell immunity are not efficient for current DNA vac-
cines. Several studies have attempted to enhance the immuno-
genicity of DNA vaccines. An array of microneedles coated
with polyelectrolyte multilayers and reversible pH-responsive
copolymer and heparin was developed for the rapid delivery
of polyplex-based DNA vaccines. A pH-responsive copolymer
that contains oligo(sulfamethazine)-b-poly(ethylene glycol)-
b-poly(amino urethane) (OSM-b-PEG-b-PAEU) was used as
a triggering layer in the polyelectrolyte multilayer. The elec-
trostatic repulsion between heparin and OSM-b-PEG-b-PAEU
released the DNA vaccine. Another study developed a smart
DNA vaccine delivery system containing nanoengineered
DNA vaccines, ultra-pH-responsive OSM-(PEG-PAEU), and
an immunostimulatory adjuvant poly(I:C).!'"°! Another recent
study described a double-decker microneedle that is suitable for
use with various vaccine antigens. Two types of microneedle
patches were made, which were made of polyglycolic acid and
Nylon-6. Both microneedles could deliver antigens into the
dermal tissue; antigen-specific IgG levels increased after using
microneedles in comparison with conventional injection. PGA
microneedles were noted to be better than Nylon micronee-
dles for puncturing human skin.!'"!! Silk fibroin protein was
used to produce microneedles for the delivery of Clostridium
difficile, influenza, and Shigella vaccine. Fibroin protein from
the silkworm Bombyx mori has suitable properties for use in
microneedle manufacturing such as appropriate mechanical
strength in dry form, biocompatibility, and the ability to stabi-
lize biomacromolecules.[** The other study used corn protein,
zein, for microneedle fabrication. Micromolding was used for
the microneedle fabrication process; the delivery of an antigen,
ovalbumin, was confirmed via confocal microscopy and histo-
logical evaluation. Both OVA-coated microneedles and OVA
intradermal injection showed significantly greater antibody
production than the control group.!'*?!

Conclusions

Microneedle technology has evolved since it was introduced
in 1976.1193-105] Microneedles have been constructed using a
variety of materials, including biocompatible polymers and
silicon. Both natural polymers and synthetic polymers have
been considered for use in microneedles. In addition to the
delivery of drugs and vaccines, the use of microneedles for

transdermal sensing has been demonstrated. The major mate-
rials challenge related to microneedle technology involves
creating microneedles with sufficient mechanical strength to
pierce the skin without fracture. Moreover, the costs associ-
ated with large-scale microneedle fabrication must be reduced
(e.g., through the elimination of steps that involve human labor)
before microneedle technology can be successfully translated
to commercial-scale manufacturing and large-scale clinical use.
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