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Abstract: Therapeutic drugs administered systematically are evenly distributed to the whole body
through blood circulation and have to cross many biological barriers before reaching the pathological
site. Conventional drug delivery may make drugs inactive or reduce their potency as they may be hy-
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drolyzed or degraded enzymatically and are rapidly excreted through the urinary system resulting in suboptimal concen-
tration of drugs at the desired site. Controlled drug delivery aims to localize the pharmacological activity of the drug to the
desired site at desired release rates. The advances made by micro/nanofluidic technologies have provided new opportuni-
ties for better-controlled drug delivery. Various components of a drug delivery system can be integrated within a single
tiny micro/nanofluidic chip. This article reviews recent advances of controlled drug delivery made by microflu-
idic/nanofluidic technologies. We first discuss microreservoir-based drug delivery systems. Then we highlight different
kinds of microneedles used for controlled drug delivery, followed with a brief discussion about the current limitations and

the future prospects of controlled drug delivery systems.
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1. INTRODUCTION

A drug delivery system plays a vital role in controlling
various processes of drug administration such as absorption,
distribution and elimination, either by immediately releasing
the drug or lengthening the release from days to months.
Therapeutic drugs that are administered systematically are
distributed to the whole body through blood circulation and
can also be hydrolyzed or degraded enzymatically and rap-
idly excreted through the urinary system, resulting in subop-
timal concentration of drugs at the desired site. Controlled
and targeted drug delivery improves the bio-distribution of a
drug, increases the circulation half-life and also protects the
drug from the microenvironment, to increase the efficiency
and reduce related side effects. The ultimate goal of the drug
delivery system is to deliver drugs to the target site and re-
lease drugs at a desired rate [1, 2].

1.1. Conventional Drug Delivery and Its Limitations

Conventional drug delivery methods administer therapeu-
tic compound through mouth, trans-mucosal area, skin, inha-
lation or injection. One of the major challenges of these con-
ventional drug delivery systems is that it is difficult to
achieve targeted and effective administration. Most of the
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drugs, which are in the clinical phase, do not give reassuring
results as they fail to reach the destined site of action [3].
Most of the therapeutic drugs do not concentrate selectively
in the targeted cells, tissues or organs but are evenly distrib-
uted throughout the body and have to cross many biological
barriers before reaching pathological sites of action and may
get inactivated on their way. Different new drugs including
DNA-based therapeutics, proteins and peptides are more
susceptible to enzymatic degradation; conventional drug
delivery may make the drug inactive or reduce its potency. In
addition, the drug may become less effective, as the effective
concentration of the drug is lowered at the site of action [4].
Hence, drugs may have to be used in higher quantity, which
not only increases the cost of treatment, but also may cause
undesirable effect to normal cells and tissues in the body,
especially when the therapeutic drugs are cytotoxic. Addi-
tionally, there is burst release of a therapeutic drug in con-
ventional methods, which not only reduces the efficacy of
the therapy but also increases the risk of side effects and
toxicity. Finally, low affinity between drugs and pathological
sites may decrease the desired action of the therapeutic drug
[5]. These conventional drug delivery methods are often con-
fronted with limitations due to a drug’s poor solubility and
aggregation, high toxicity, non-specific delivery and high
dosage.

Drug delivery and release with the subsequent therapeu-
tic efficacy depends upon several factors including route of
application, mechanism of release, particle size, and delivery
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and targeting methods [6]. Sethi ef al. demonstrated that drug
release kinetics could affect the therapeutic efficacy of
nanoparticle (NP) docetaxel (DTX) and wortmannin both in
vitro and in vivo, where hepatotoxicity decreased with de-
crease in drug release kinetics [7]. In the immediate release
profile or the conventional drug release there is a sudden
burst release of the drug after the administration where the
drug concentration might reach the toxic range, followed by
a sharp decrease in the concentration of the drug reaching the
sub-therapeutic range after a short duration of time. The op-
timum drug concentration lasts only for a short period of
time, minimizing the therapeutic efficacy (Fig. 1A). The
effectiveness of these conventional drugs is also limited by
the side effect and their toxicity when the drug concentration
reaches the toxic range. Sustained release of the drug is de-
sired as the release of the drug in this case is within the
therapeutic range, although the drug concentration might
decrease with the time. With the controlled release of a drug,
drug concentration can be sustained within the therapeutic
window over a long period of time (Fig. 1B), increasing
therapeutic efficacy as well as patient compliance. It helps to
minimize local and systemic side effects of the drug and im-
proves bioavailability of the drug. Sustained release provides
a promising way to decrease side effect by preventing fluc-
tuation of the therapeutic concentration of drugs in the body
as they are designed to release drugs at a predetermined rate
in order to maintain constant drug concentration for a spe-
cific period of time [8]. An ideal condition would be the
zero-order kinetics for the release of the drug where the re-
lease of the drug is within the therapeutic range (Fig. 1B),
maximizing the therapeutic efficacy. For some specific drugs
like insulin and hormones it is desired to have a pulsatile
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release of the drug to mimic the natural pulsatile release as in
human body. Diseases including peptic ulcer, asthma, arthri-
tis, and diabetes where rhythmic circadian organization of
the body plays an important role and the pharmacokinetics is
not constant within 24 hr usually require pulsatile release of
the drug [9]. There are several studies for the controlled pul-
satile release of drugs [10,11].

1.2. Microtechnology for Controlled Drug Delivery

Microtechnology for drug delivery can be described as
the fabrication or assembly of different constituents that de-
velop into a drug delivery system with its facets in the micro-
scale. These microdevices have their channels/reservoirs in
micro-scale while the overall dimension of the devices may
be few square millimeters/centimeters. The advances made
in the field of micro/nanotechnologies have made it possible
to shorten the delivery pathway and make it highly targeted.
Now, due to the miniaturization made by the mi-
cro/nanotechnologies, it is also possible to integrate various
components of the drug delivery system within a single mi-
cro/nanofluidic chip. These microdevices can be either im-
planted within the body in specific tissues/organs, given
orally or may be applied externally through the skin. Since
the microfluidic lab-on-a-chip (LOC) device is small and
more compacted [12-16], it has advantages including ease of
use, reduced pain, portability and improved safety. Drug
delivery systems based on LOC technologies are advanced
enough to administer the controlled amount of therapeutic
drugs in a continuous manner. In addition, both the synthesis
and delivery of drugs may be integrated into a single device
[17,18].
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Fig. (1). Drug release profiles. (A) Conventional and immediate release. (B) Pulsatile, zero-order, and sustained drug release.
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Hence, after a brief introduction of microfabrication
technologies, this article reviews recent advances of con-
trolled drug delivery systems using microtechnologies,
which can be categorized into microreservoir and micronee-
dle (MN)-based delivery systems based on the shape of the
drug delivery microstructures and modes of application. Mi-
croreservoir-based drug delivery systems include silicon and
polymer-based devices, while MNs cover different kinds of
MNss including solid, hollow, coated, dissolvable, and porous
MNs. Other nanoparticle-based drug delivery systems and
applications have been reviewed in a few other articles [19-
23].

2. MICROFLUIDIC FABRICATION

Microfluidic LOC, one of the booming technologies with
potential to significantly transform engineering, chemistry,
and bio-health science field has attracted intensive interest in
diverse fields including particle synthesis [24], drug discov-
ery [25], disease diagnostics and biosensors [26-28], drug
and gene delivery [21, 29-31], single cell analysis [32-34],
and single molecule detection [35]. Microdevices for the
delivery of drugs are usually fabricated with polymers or
silicon. Photolithography, etching and deposition steps from
standard microelectromechanical systems (MEMS) manufac-
turing technologies are usually followed to fabricate these
microfluidic devices or reservoir and MN-based devices [2,
36, 37]. Although photolithography is one of the most
widely used techniques, replica molding and surface machin-
ing technique are also used to fabricate these devices. Nan-
ofluidic devices have also been used to deliver drugs, but
these devices need cleanroom for fabrication and use tech-
niques such as bulk nanomachining, surface nanomachining,
buried channel technology, and nanoimprinted lithography
[2]. In addition, laser micromachining is one of the non-
contact single-step method to fabricate polymeric materials
for drug delivery application. Different kinds of lasers have
been used for microfabrication including ultra-violet (UV)
lasers, pulsed CO, lasers, and solid-state femtosecond lasers
[38-41]. MNs have been fabricated using technologies in-
cluding photolithography, micromoulding, droplet-born air
blowing (DAB), and layer-by-layer (LbL) assembly [42-46].
Since the focus of this article is not to review microfabrica-
tion technologies, we will briefly introduce the photolithog-
raphy technique in the following paragraph. Details of dif-
ferent microfabrication techniques can be found in the book
entitled “Microfluidic Devices for Biomedical Applications”

[2].

Figure 2 shows the schematic of a typical SU-8 photo-
lithography process. Drawing of the pattern to be created is
first transferred to a photomask or a transparency film. A
silicon wafer is taken and treated with photoresist then ex-
posed to UV light through the photomask to create a positive
relief of photoresist on a silicon wafer (master). Replica
molding is then performed to form microstructures in the
polymer once a pre-polymer is poured in the master mold
and solidified. The polymeric structure is then peeled off.
The cured polymer replica can be bonded to another layer of
polymer or glass to form a closed system.
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Fig. (2). Schematic of photolithography for polymer microdevice
fabrication.

3. MICRORESERVOIR-BASED DRUG DELIVERY
SYSTEMS

Microreservoir-based drug delivery has made possible
the existence of the delivery system with smaller size and
features to control drug delivery rates at different target sites
in a more precise way. Drugs can even be delivered to target
tissues or cells in a controlled manner that is usually unfeasi-
ble using traditional therapeutic methods. These reservoirs
provide a well-controlled environment for drug formulation
to increase drug stability and delivery times. Reservoir sys-
tems, which may be either external or implanted within the
body, have the flexibility of the choice of delivery methods
including pulsatile, on demand dosing and zero order [47].
These devices typically consist of reservoirs containing
drugs, release control systems, and biodegradable polymer or
metallic layers as the membrane. Therapeutic drugs which
are sealed in a reservoir by metallic or polymer layers can be
triggered to open or degrade when desired to release the drug
by different approaches including pH, magnetic field, elec-
tric field, and temperature [22, 48, 49].

3.1. Silicon-based Microdevice

Microreservoir-based devices made up of silicon have
been developed over years [50]. Macro- and nano-porous
silicon has been widely used in drug delivery applications
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[51]. Silicon-based reservoirs can achieve drug release by
different triggers including electrochemical dissolution,
magnetic force, telemetry, electronic force, and temperature.
They typically have an array of cavity shape; with metallic
lateral surface wall, the top and bottom of which is usually
sealed by either a polymeric or metallic layers. Once the
sealed layer is triggered to open, the loaded drug can be re-
leased from the microreservoir.

Loading of drugs into a microreservoir may degrade the
drug due to harmful solvents or high temperatures. Initiated
chemical vapor deposition (iCVD) coating does not expose
the drug to harmful solvents and high temperatures, and it is
independent of the surface chemistry and pore size of the
nanoporous matrix. Mclnnes et al. did a proof of concept
development of a pH controlled drug delivery system fabri-
cated by functionalizing biodegradable porous silicon (pSi)
by iCVD, with no drug degradation after loading into the pSi
matrix [54]. Model drug camptothecin (CPT) was loaded
into pores and capped with a thin film of pH responsive co-
polymer, poly(methacrylic acid-co-ethylene dimethacrylate)
(p(MAAco-EDMA)) through iCVD. CPT release from un-
coated pSi was the same in two buffers of pH 1.8 and 7.4,
while drug release from pSi matrix coated with p(MAA-
coEDMA) was 13.1 nmol/(cm’ h) at pH 7.4 and 3.0 nmol/
(cm® h) at pH 1.8, respectively. There was a significantly
higher quantity of the drug release in a controllable rate at
pH 7.4 (13.1% of the original payload over 10 h) than that at
pH 1.8 (3.0% of the original payload over the same time
frame).

MEMS manufacturing technologies have been widely
used for the fabrication of different components of silicon-
based drug delivery systems. Elman et al. developed an elec-
tro-thermally induced structural failure actuator (ETISFA) as
an activation mechanism for implantable controlled drug
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delivery using MEMS [55]. The device consists of a reser-
voir (drugs stored in liquid or solid form), a sealing layer of
silicon nitride (insulating the drug from the exterior and con-
tains active portion of device), and a base port layer (orifice
to fill the device). They performed the in vitro release ex-
periments based on Joule heating to show repeatable release
curves of mannitol-C'*. The drug release showed a first order
release kinetics. The device provides a method to vary the
flux and release rate on demand due to the ability to control
the burst area of the membrane. Gensler ef al. developed an
implantable MEMS micropump system for the delivery of
drugs in small animals with controlled timing and location of
dosing [56]. The refillable device with inert drug reservoirs
had an integrated electrolysis micropump. The fully inte-
grated system under applied constant current of 1.0 mA and
a power consumption of only ~3 mW, generated a flow rate
of 4.72+0.35 pL/min. They showed the ability to deliver
drugs to small animals with control over delivery rates and
volume, with a preliminary success in using gene therapy in
combination with radiation to combat cancerous tumors.
Jeon et al. fabricated electrically responsive nanoporous
membrane based on polypyrrole doped with dodecylben-
zenesulfonate anion (PPy/DBS) that was electropolymerized
on the upper surface of anodized aluminium oxide (AAO)
membrane [11]. The pore size was actuated electrically (Fig. 3).
They confirmed the actuation by in situ flux measurement
and atomic force microscopy. They demonstrated pulsatile
(or on-demand) drug release by using fluorescently labeled
protein as a model drug. In addition, Masi et al. developed
MEMS-based microreservoir for temozolomide (TMZ) de-
livery in a 9L rat gliosarcoma model [52]. They confirmed
the safety of implanting the device intracranially with pre-
liminary in vivo studies. The silicon-based microreservoir
had the inner dimensions such that it would contain a 10 mg
payload of TMZ when loaded in a powder form and could be
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Fig. (3). Schematic to fabricate an electrically responsive microreservoir. (a) Fabrication of AAO membrane. (b) A thin gold layer on top
and side wall of the membrane. (¢) Polypyrrole electropolymerized on gold layer, and electrically responsive nanoporous membrane was
fabricated at the oxidation state. (d) Reversible change of pore size (and drug release rate) between oxidation and reduction states. Copy-

right® with permission from 2011 American Chemical Society [11].
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capped by a 3-membrane chip. The overall reservoir dimen-
sions were 3.7 X 3.2 x 2.2 mm. Briefly, one side of the wafer
was 720 x 720 wm regions of bare silicon. Titanium (30 nm)
and gold (250 nm) layers were sputtered onto the same side
of the wafer as the nitride membranes. Thin (40 mm) metal-
lic ‘fuses’ were then defined using standard photolithogra-
phy. TMZ delivered from the device was effective at pro-
longing animal survival.

A few reports of microreservoir-based drug delivery sys-
tems have been used for in-human testing. Farra et al. dis-
cussed the first in-human testing of a wirelessly controlled
and implantable microchip-based drug delivery system [57].
Human parathyroid hormone fragment [hPTH(1-34)] was
delivered from the device in vivo for the treatment of osteo-
porosis. The 13.0 mm x 5.4 mm x 0.5 mm silicon chip hav-
ing 10 individually addressable, 600-nL reservoirs, contain-
ing discrete doses of lyophilized hPTH(1-34), were im-
planted in eight osteoporotic postmenopausal women for 4
months. The device was wirelessly programmed to release
doses once daily for up to 20 days, which increased bone
formation and produced similar pharmacokinetics to multiple
injections but with lower coefficients of variation. The
pharmacokinetics, safety, tolerability, and bioequivalence
assessment showed no toxic or adverse events from the de-
vice, and patients stated that the implant did not affect qual-
ity of life.

3.2. Polymer-based Device

Polymer-based devices have been widely used in targeted
and controlled drug delivery, due to the ease of fabrication
and biocompatibility. Low-cost polymers have been success-
fully fabricated for administration in biopharmaceuticals as
they are biocompatible, biodegradable and easily obtained
naturally or be synthesized artificially. Biodegradable poly-
mer-based microreservoirs are preferred to silicon-based
microreservoirs for drug delivery as they can completely
biodegrade and release the drug at a controlled rate at the
desired site. In addition, there is no requirement of surgical
removal of empty microreservoir device after the release of
the drug. The diffusion coefficient of the drug can be altered
according to needs by altering the size of drug molecules, the
pore size or spacing between the polymer chain, and the
composition of different polymers. Initiation of the release of
the desired drug from multi-microreservoirs with different
drugs can also be programmed into the device by controlling
the composition and thickness of each membrane cap in the
multi microreservoir system.

Polymer-based devices can be fabricated in a 3D format
for drug delivery. Petersen et al. reported hot punching as a
modified hot embossing method of fabricating high aspect
ratio 3D polymeric microstructures forming a reservoir with
a volume in the nanoliter range for drug delivery [58]. An
elastic PDMS layer was deposited between the poly-L-lactic
acid (PLLA) layer and the hard Si substrate. The 3D micro-
containers had a diameter of 300 um and depth of 90 um
resulting in a volume of approximately 4 nL per container.
The fabrication process can be applied to other drug delivery
devices or other application like tissue engineering where
fabrication of individual 3D microstructures in polymer is
required.
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The development of stimuli-responsive controlled release
system plays a pivotal role for the targeted drug delivery
system to specific cells or tissues. Drugs loaded onto a po-
lymeric microreservoirs can be triggered to release through
different external stimuli including light and magnets. Timko
et al. developed an implantable reservoir that was capped by
a nanocomposite membrane whose permeability could be
regulated by irradiation with a near infrared laser [59]. The
reservoir displayed sustained and reproducible drug release
for at least 3 h and short pulses over at least 10 cycles with
an on/off ratio of 30 (Fig. 4). The device that was loaded
with aspart (insulin analog) achieved glycemic control after
implantation in diabetic rats over a 2-wk period with repro-
ducible dosing. Dosing was controlled by the intensity and
timing of irradiation with negligible leakage between doses.
In vivo studies were performed by implanting diabetic rats.
The blood glucose concentration decreased after each dose,
with minimum concentration occurring 150 min after the
start of laser pulse (Fig. 4). Similarly, Zaman et al. fabricated
micro-patterned drug delivery device for light-activated drug
release [60]. An ultraviolet cured biocompatible polyure-
thane device with 3 x 6 x 1.5 mm’ dimensions were fabri-
cated with 82 pum thick cap made from 3% poly-1,1-
dichloroethylene. The device containing 10 % sodium fluo-
rescein dye was implanted in the rabbit’s eye with the cap
facing towards the exterior of the eye. A suture, 6-0 prolene,
was used to hold down the eyeball to create space for the
implant. The device was implanted horizontally with respect
to the cornea and placed between the sclera and sub-tenons
space of rabbit's eye that was 0.5 mm away from the corneal
limbus. After animal recovered from implant surgery, anhy-
drous glycerol was topically applied and the dye was re-
leased from the reservoir by a needle or an ophthalmic Q-
switched Nd:YAG laser with the ablation threshold between
6 and 10 mJ to create 100-500 um holes. The device elicited
minimal inflammatory response and could be used for con-
trolled release of drugs for certain ocular diseases. Pirmoradi
et al. developed a magnetically controlled PDMS-based
MEMS device for controlled release of an anti-proliferative
drug, DTX, for the treatment of diabetic retinopathy for 35
days [53]. The drug-loaded microreservoir (36 mm x ~550
pm), was sealed by an elastic magnetic PDMS membrane
(@6 mm % 40 um), which deforms and releases drug once the
device is actuated in an external magnetic field. This proof-
of-concept device controlled DTX release at a rate of 171 +
16.7 ng per actuation interval for 35 days using 255-mT
magnetic field. They tested the biological activity of released
drug using human umbilical vein endothelial cells (HUVEC)
and prostate cancer (PC3) cells and found that anti-
proliferative effect of DTX was maintained over two months.

Microreservoir-based devices can have one or more res-
ervoirs for the storage of drug formulation based on the re-
quired therapeutics. Tobias et al. developed reservoir-based,
bioresorbable and elastomeric device for the controlled re-
lease of ciprofloxacin-HCL (CIP) [61]. They performed an in
vitro evaluation of the implantable device made of
poly(glycerol-co-sebacic acid) (PGS) casted in a tubular ge-
ometry with solid drug powder packed into its core and a
short term release through osmosis and diffusion mecha-
nisms from the orifice drilled through its wall. The in vitro
testing showed the device was stable to function as a semi
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permeable material and orifices with 100-150 um were
found to allow zero-order release kinetics. Approximately 4
pg/ml of CIP per hour could be released into the 3-4 ml fluid
capacity of the seminal vesicle and would be capable of kill-
ing most species of gram negative bacteria responsible for
chronic prostatitis (CP). Sometime it is desired to release
multiple drugs at different dosage at a desired rate based on
the property of the polymer. Chirra et al. developed a
poly(methyl methacrylate) (PMMA) based multiple reservoir
bioadhesive microdevice using photolithography and reac-
tive ion etching for independent rate controlled multiple drug
delivery [62]. They entrapped three different model drugs
through photo-polymerization within separate reservoirs to
provide simultaneous release solely dependent upon the
property of the respective encompassing polymer/hydrogel
matrix. It was used to deliver multiple drugs at different rates
in localized regions. They also observed enhanced bio-
adhesion of the microdevices in the presence of a conjugated
targeting protein (tomato lectin) to the PMMA surface. The
device may be effective for administration of a broad range
of therapeutics to orally deliver and treat intestinal diseases
including inflammatory bowel disease (IBD) and irritable
bowel syndrome (IBS) or for co-delivery of permeation en-
hancers.

4. MICRONEEDLE-BASED DRUG DELIVERY SYS-
TEMS

Transdermal drug delivery is an alternative to conven-
tional drug delivery methods including oral administration
and injection, but many therapeutic drugs are limited to

reach systemic circulation due to the presence of biological
barrier of the skin like stratum corneum (SC). Transdermal
delivery of hydrophilic drugs and macromolecules (molecu-
lar weight > 500 Da) may not be successfully administered
transdermally. Reversible disruption or by-pass of SC mo-
lecular architecture may be required for the drug to penetrate
the SC. Microneedles (MNs) that can puncture skin, and by-
pass the SC to form transient aqueous transport pathways,
were developed to increase the permeability of the drug.
These MNs puncture the skin for the delivery of hydrophilic
drugs and macromolecules, including peptides, DNA and
other molecules, which cannot penetrate the SC of the skin
[43]. MNs penetrate the skin through the SC and into the
viable epidermis (VE) so that they avoid contact with the
dermal layer with nerve fibers and blood vessels [63]. MNs
consist of several micro-projections of different shapes at-
tached to a base support and generally 25-2000 um in height.
In addition, MNs have reduced needle insertion pain and
tissue trauma. They have been widely used as devices for
pain-free intradermal delivery of bio-macromolecules [64].

Figure 5 shows the schematic of different types of MNss.
Solid MNs can be applied and then removed to create micro-
pores in the skin. Transdermal patches can be applied over
the micropores in the skin so that the drugs are released to
the targeted site through the micropores. Coated MNs are the
MNs coated with drug molecules and they can be applied
directly to the desired area for the instant delivery of the drug
after which they can be removed. Polymeric MNs remain in
skin and dissolve over time to deliver the drug within the
targeted site at the rate pre-determined by the dissolution rate
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Fig. (5). Schematic of different methods of MN's application across the skin.

of the MN. Hollow MNs can be used for continuous drug
delivery or body fluid sampling. Drug solutions stored at the
top reservoir are released from the hollow MNs at the de-
sired site by the application of pressure. Porous MNs, which
differ from hollow MNs by the presence of the porous tips,
have the solid or liquid formulation of the drug within the
MNs. Drug diffuses to the targeted site when hydrated with
the interstitial fluid. Table 1 summarizes the applications and
delivery routes of different MN-based drug delivery systems.

MNs ought to be inserted into the skin in a controlled and
reproducible manner for a successful reproducible delivery
of the drug. The application of MNs requires the aid of ap-
plicator devices to present the MN array to the biological
target or have to be manually applied, which is unlike the
conventional patch-based delivery system. Applicator de-
vices provide uniform pressure and penetration, which is
difficult to achieve by manual application [65]. Recently, the
penetration ability of low-density arrays (42 MNs/cm®) with
750-um long MNs, applied manually or by using a snap-
based applicator, was investigated with no serious adverse
events associated with the use of patches [66]. Similarly,
Coleman et al. compared two groups receiving either self-
administration or healthcare-provider-administration of in-
fluenza vaccine using a hollow microneedle (HMN) device
to see the immunogenicity, reactogenicity, success rate, and
acceptability of self- versus nurse-administered intradermal
trivalent seasonal influenza vaccine [67]. Self-administered
vaccine was immunologically non-inferior and reached all
European medicines agency (EMA) immunogenicity criteria

as compared to nurse-administered intradermal influenza
vaccine. These kinds of study suggest that it may be feasible
for adult people to self-administer intradermal influenza vac-
cine using the devices. In addition, self-administered vaccine
may also reduce the cost of vaccination. Simple administra-
tion with MN patches may enable vaccination by patients
themselves in rural settings or by minimally trained workers.
More researches need to be done to improve the reliability of
MN patches administration, reproducibility, and acceptabil-
ity. In addition more clinical trials on the immunogenicity of
vaccine, efficiency of the drug, and safety of self-
administration should be conducted.

4.1. Solid Microneedles (SMN5s)

In SMNs-based drug delivery systems, SMNs are pressed
against the skin’s surface to physically disrupt the SC to cre-
ate micron sized transient pores through which drug can be
transported, either for local effect in the skin or for systemic
delivery after uptake by skin capillaries. Therapeutic drugs
can then be applied over the surface by drug-loaded patches
or using semi-solid topical formulation including gel, lotion,
cream or ointment. It has been shown that SMNs can in-
crease permeability even four orders of magnitude in vitro
for molecules up to 100 nm in diameter. The mechanical
strength of SMNs can be varied by the choice of MN mate-
rial and geometry while the force needed to insert MNs into
tissue can be controlled by the tip sharpness. SMNs have
been fabricated from different materials including silicon,
photolithographic epoxy, co-polymer of methylvinyl ether
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Table 1. Summary of different microneedle systems for controlled drug delivery.

Drug delivery device Application Delivery route Drug Fabrication material Ref.

SMNs Insulin therapy GI tract Insulin Acrylic [71]
Anti-Hypertension Transcutaneous Verapamil & Amlodipine Stainless steel [72]
Immunization Transcutaneous Ovalbumin Antigen - [73]
Delivery of therapeutic peptides Transdermal Peptides - [74]
Multiple drug delivery Transdermal Insulin Silicon [75]

Coated MNs Vaccination Intraepidermal Asparginase - [77]
Genetic skin disease & immunization | Skin Plasmid DNA Stainless steel [78]
Cancer treatment Intratumoral DOX Stainless steel [79]
Neovascularization Intracorneal Bevacizumab - [80]
Analgesic Skin Lidocaine/Prilocaine Polymer [81]
Vaccination Skin Influenza vaccine Titanium [82]
Vaccination Skin Influenza (HIN1) vaccine - [83]
Vaccination Lip & tongue HIV Antigen Stainless steel [84]

HMNs Fecal incontinence Perianal skin Phenylephrine - [85]
Eye treatment Sclera Sulforhodamine B Borosilicate [86]
Treatment for diabetes Subcutaneous Lispro insulin - [88]
Polio vaccination Intradermal Polio vaccine Silica [89]

Porous MNs Vaccination Skin DC-SIGN Ceramic [91]
Insulin therapy Skin Insulin Titanium [92]
Analgesic Skin Lidocaine Poly(ethylene glycol) [93]

diacrylate

Dissolvable MNs Insulin therapy Transdermal Insulin PMVE/MAH [98]

Growth hormone Skin hGH Carboxymethyl cellulose | [96]
& trehalose

Influenza vaccination Skin Influenza virus PVP [100]
Vaccination Transcutaneous Ovalbumin Antigen PVP [101]

and maleic anhydride (PMVE/MA), polycarbonate, PMMA,
PLGA, polyglycolic acid (PGA), polylactic acid (PLA), and
metals like titanium, tantalum, nickel and ceramics [43, 68,
69]. Before using MNs for clinical practice it is essential to
understand how the skin penetration is effected by different
factors such as force applied and the diameter of these MNs.
Romgens et al. monitored the penetration process of individ-
ual MNs with varying tip diameters [70]. Single MNs were
inserted in human ex vivo skin and the surface of the skin
was monitored while measuring the force of MN. The aver-
age penetration depth at 1.5 mm displacement was similar
for all tip diameters and MNs with a tip diameter of 5 um
were smoothly inserted into the skin, while the penetration
depth of MNs with a larger tip diameter suddenly increased
after initial superficial penetration. Force at insertion linearly
increased with tip diameters ranging from 20 to 167 mN. It

shows that sharp MNs are essential to insert MNs in a well-
controlled way to a desired depth.

Although oral administration of drugs is the most con-
venient route, it is not preferred because of the hostile envi-
ronment of the gastrointestinal (GI) tract. Traverso et al.
presented a proof-of-concept use of MNs for the delivery of
biologics via the GI tract [71]. The device fabricated from
clear acrylic had 25G needles protruding 5 mm from the sur-
face and were fitted into the orifice. The device, 2cm in
length and 1 cm in diameter, was endoscopically adminis-
tered in the stomach of the Yorkshire pigs. Both the hollow
and solid MNs device gets revealed in the desired location in
the GI tract when the coating of the device dissolves. In
HMNs, the drug reservoir is compressed through peristalsis
to release a drug, while in coated SMNs, the MNs penetrate
tissue and break off of the pill leaving the needle to release
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drug in controlled manner depending upon the drug formula-
tion. The blood glucose response kinetics of insulin was sig-
nificantly improved compared to the subcutaneous route.
They also showed that device with radially exposed protrud-
ing MNs could safely pass via the GI tract without any evi-
dence of tissue damage.

The efficiency of drug delivery can be improved by sev-
eral methods including the use of rollers and patches. Kaur et
al. studied the effect of stainless steel SMNs and MN rollers
on percutaneous penetration of verapamil hydrochloride and
amlodipine besylate [72]. 2-(3,4-dimethooxyphenyl)-5-[2-
(3,4 dimethoxyphenyl)ethyl-methyl-amino]-2-propan-2-yl-
pentanenitrile commonly called as Verapamil and (R, S)-2-
[(2-aminoethoxy) methyl]-4-(2-chlorophenyl)-3-ethoxycarbonyl-
5-methoxycarbonyl-6-methyl-1, 4-dihydropyridine called as
Amlodipine are calcium channel blockers and their passive
penetration across the skin is low. They used scanning elec-
tron microscopy to view stainless steel MNs and microcon-
duits. The created microconduits determined the disruption
of SC, a barrier to transdermal penetration, showing success-
ful penetration of skin to create micropores. Passive diffu-
sion through untreated porcine skin was taken as control.
Transcutaneous flux of verapamil increased from 8.75 pg/
cm’/h to 49.96 pg/em*h in the MN-roller treated porcine
skin, while percutaneous flux of amlodipine besylate in-
creased from 1.57 pug/cm’/h to 22.39 pg/cm/h after the use
of stainless steel MNs. These studies could lead to develop-
ment of transdermal MN patches for these antihypertensive
drugs. Conjugation of drugs with NPs or biocapsules can
also increase the efficiency of drug delivery. Kumar et al.
studied the permeation of antigen protein-conjugated NPs
(230 nm) and live bacteria through MN treated mouse skin
[73]. They found that SMNs with ovalbumin conjugated on
their surface could permeate through mouse skin pretreated
with MNs. In addition, transcutaneous immunization induced
a stronger antiovalbumin antibody response than using oval-
bumin alone. They also found that transcutaneous immuniza-
tion on a MN treated skin could potentially induce a stronger
immune response. The risk of bacterial infection associated
with microneedle treatment was similar to hypodermic injec-
tion, as the skin permeation of live Escherichia coli was not
greater than that enabled by hypodermic injection.

Microneedle arrays have been used widely for the deliv-
ery of drugs as they can enhance the delivery of the desired
drugs. Zhang et al. studied the use of solid microneedle ar-
rays (SMNA) (150 um in length) in transdermal peptide de-
livery and examined the relationship between peptide per-
meation rates and D,O flux [74]. The influence of MN pre-
treatment on skin permeation was evaluated using porcine
ear skin with Franze diffusion cell. It was found that peptide
permeation increases significantly after MN pretreatment
and its rate was inversely related to the molecular weight of
peptide (Permeation rate of peptides decreases with the in-
crease in molecular weight). Convective solvent flow may
contribute to the enhanced transdermal peptide delivery be-
cause positive correlation was found between D,O flux and
acetyl hexapeptide-3 clearance. The study shows that
SMNAs are effective devices to enhance skin delivery of
peptides and to provide a sustained release during 24 h. Vi-
nayakumar et al. fabricated an array of rectangular cup
shaped silicon MN with a height of 200 um and length and
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breadth of 60 um each [75]. The cups were filled with drug
using an in-house built drop coating system. It was possible
to fill the cups selectively with different drugs for simultane-
ous multiple drug delivery. Successful drug dissolution was
observed when the coated MN was used on female nude
mice (Nude HSD-Fox N1) of 6-8 weeks age, weighing be-
tween 18 and 22 g. Maaden et al. fabricated a pH sensitive
MNA with inactivated polio vaccine (IPV) and N-trimethyl
chitosan chloride (TMC)[76]. The immunogenicity was as-
sessed after the topical application of the coated MNs in rats.
The 200 pm long MNs were alternately coated with 10 lay-
ers of IPV and TMC (Fig. 6). IPV specific antibody was in-
duced, illustrating that they were practically applicable.

Fig. (6). SEM images of MNs. (A and B) Nanomodified MNs and
(C) MNA coated with 10 layers of IPV alternated with TMC at a
magnification of 500 (1) 1000 (2) and 8000 times (3). Copyright®
with permission from 2015, American Chemical Society [76].

4.2. Coated Microneedles

MNs coated and dried with therapeutic drugs on the sur-
face may enhance the long-term stability of the drugs, which
is a rapid method for drug delivery, especially for vaccine
delivery to the skin. MNs can be coated with a drug in a
formulation suitable for coating and subsequent dissolution
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so that the drug can be delivered as soon as the MNs are in-
serted into the tissue. Coated MNs are limited by the amount
of drugs that can be coated onto the tip and shaft of the MNs.
The summary in Table 1 shows that the coated MNs have
been mostly used for vaccination.

Coated MNs can be used for the delivery of different
therapeutics including protein, DNA, and anticancer drugs.
Witting et al. did the feasibility study for intra-epidermal
delivery of protein using SMNA with needle length of 300
pm [77]. MNs were coated with protein concentration be-
tween 10 and 23 pg. They reported 90% of the bioactivity of
the model protein asparaginase for 3 months. Skin experi-
ments showed 68.0 £ 11.7% of intraepidermal deposition of
the coated model protein after single application with minor
skin irritations. Following intradermal application, the coat-
ing formulation dissolved rapidly resulting in homogene-
ously distributed protein in the epidermal layer. Pearton et al.
excised human skin explants to investigate and optimize the
parameters for stable and effective MN facilitated pDNA
delivery [78]. They optimized a dip-coating method to in-
crease the loading capacity up to 100 pg of pDNA per 5-
MNA. They were able to reproducibly perforate human skin
at low (<1 N) insertion forces using coated MNs. Addition
of saccharide excipients increased the physical activity with-
out decreasing the biological functionality of pDNA. They
reported the gene expression of the reporter gene in viable
human skin by the use of pDNA-coated MNs. This kind of
MN delivery of nucleic acids to the skin can represent a new
potential approach for the clinical management of genetic
skin diseases and cutaneous cancers, along with intracutane-
ous genetic immunization. Ma et al. developed coated MNs
as a direct and minimally invasive intratumoral delivery of
anti-cancer drugs [79]. Microscopic evaluation of 3D tissue
phantoms and porcine cadaver buccal tissues that were
treated with inplane (1D) MNs coated with DOX encapsu-
lated PLGA NPs demonstrated that DOX could diffuse both
laterally and vertically into tissues and produce cellular cyto-
toxicity. Similarly, out of plane (2D) MNAs measuring 1 cm
x 1 cm with 57 MNs coated with free DOX could produce
uniform distribution of DOX in a porcine cadaver buccal
tissue up to a depth greater than 3 mm. Hypodermic injection
into a porcine buccal tissue however, confirmed significant
leakage of the injected volume (about 25% of the injected
80 pL) in addition to causing pain to patients and poor
distribution of the drug in the tumor.

Coated MNs have also been used for the treatment of
injury either for the delivery of analgesic agents or for
neovascularization. Kim ef al. used SMNs for the intracor-
neal delivery of bevacizumab to treat injury induced neovas-
cularization [80]. SMNSs, 400 pum in length were coated with
bevacizumab using a rapidly dissolving formulation. Corneal
neovascularization was first induced in the eye of New Zea-
land white rabbits by a 7-gauge silk suture that was placed
Imm from the limbus. The MN delivery (a single bolus of
approximately 1.1 pg of bevacizumab) was compared
against topical eye drop (bevacizumab, 25 mg/mL, given
three times per day for 14 consecutive days) and subconjunc-
tival injection (100 pL of bevacizumab, 25 mg/mL). Digital
photographs were taken, and the area of neovascularization
was also measured for 18 days. It was found that the MN
approach was more effective in suppressing neovasculariza-
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tion after suture-induced injury using much lower dose as
compared to other conventional methods. It shows that MNs
could be used to deliver protein therapeutics locally and with
minimal invasion into the intrastromal space of the cornea.
Zhang et al. developed Lidocaine-coated MN for rapid, safe
and prolonged analgesic action [81]. They fabricated polym-
eric MNs dip-coated with aqueous lidocaine formulation, the
amount of which was determined by high performance liquid
chromatography (HPLC) and then inserted into domestic
swine. They used commercial lidocaine/prilocaine Eutectic
Mixture of Local Anesthetic (EMLA) cream as a control.
Skin punch biopsies were then collected and lidocaine con-
centration in skin was analyzed by HPLC-mass spectroscopy
(LC-MS) to access drug delivery and pharmacokinetics.
They found that lidocaine dissolved into the skin in ~1 min
and exceeded the lidocaine level needed to cause analgesia
(100 ng/mg). Co-formulation with 0.03 wt% vasoconstrictor-
epinephrine maintained the concentration of lidocaine in the
tissue above 100 ng/mg for approximately 90 min. It showed
that these coated MNs could be used to deliver drugs to the
skin within minutes. MNs provide rapid onset of local anal-
gesia and facilitate routine or emergency procedures.

MN patches for vaccine delivery have received increas-
ing attention, as it is a simple, reliable, and low-cost ap-
proach. It can be self-administered, and patches can be re-
moved after a while. They even show stronger immune re-
sponse than IM vaccinations. Most of these studies were
done using freshly prepared MNs, so the long-term stability
of the vaccine coated onto MNs needs to be studied further.
Choi et al. studied the long term stability of the whole inac-
tivated influenza vaccine coated onto MNs [82]. Their in-
vitro studies showed that vaccine lost its stability as meas-
ured by hemagglutination activity in proportion to the degree
of coating matrix crystallization and phase separation. They
observed damaged morphology of the inactivated virus vac-
cine as seen through transmission electron microscopy
(TEM). Reduced vaccine immunogenicity was also observed
after influenza vaccination using MNs with crystallized or
phase-separated coatings in the in vivo studies. Inhibition of
the phase changes in the vaccine coating film is needed for
the long-term stability of the vaccine-coated MNs because
crystallization and phase separation of the vaccine coating
damages the vaccine and can render it completely non-
immunogenic. As the vaccines delivered by coated MNs are
effective, it is desired to study the effects of adjuvants using
this approach. Weldon et al. studied the effect of adjuvants
(TLR ligands; Toll-like receptors such as lipopolysaccharide,
poly(I:C) and imiquimod) on response to skin immunization
by MNs coated with Influenza subunit vaccine [83]. BALB/c
mice were given 1 ug of monovalent HIN1 subunit vaccine
alone or with 1 pg of imiquimod or poly(I:C) individually or
in combination through coated MN patches inserted into the
skin. Although, poly(I:C) adjuvanted subunit influenza vac-
cine induced similar antigen-specific immune responses,
imiquimod-adjuvanted vaccine elicited higher levels of se-
rum IgG2a antibodies and increased hemagglutination inhi-
bition titers compared to vaccine alone. In addition, it in-
duced a robust IFN-y cellular response compared to vaccine
alone. It supports the use of TLR7 ligands as adjuvants for
skin based influenza vaccines. Similarly, Ma et al. studied
the feasibility of the use of coated MNs to deliver vaccines
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into the oral cavity so as to induce systemic and mucosal
immune responses [84]. MNs were first coated with sulfor-
hodamine, ovalbumin and two HIV antigens and then in-
serted into the inner lower lip and dorsal surface of the
tongue of rabbits. The penetration of MNs into the lip and
tongue of rabbit was confirmed by histological evaluations.
It was found that the lip and the tongue are equally immuno-
genic sites for vaccination by using ovalbumin as a model
antigen as both sites induced a significant secretory IgA in
saliva as compared to pre-immune saliva. Two HIV antigens,
a virus-like particle (E2V3) and a DNA vaccine (gp160 HIV
DNA) were used to compare MN-based oral cavity vaccina-
tion to the intramuscular route. They expressed similar levels
of antigen-specific immunoglobulin G (IgG) in serum, and
only MN-based oral cavity vaccination group stimulated a
significantly higher antigen-specific Immunoglobulin A
(IgA) response in saliva, but not intramuscular injection. It
was found that the coated MN delivery of vaccines to the
oral cavity could activate both systemic and mucosal immu-
nity, and the intramuscular method could only activate sys-
temic immunity.

4.3. Hollow Microneedles (HMNs)

HMNs consist of MNs with fine perforates. These MNs
have drug solutions, which can be delivered continuously
and don’t require the replacement of MNs with drug patches
as in case of SMNs-based drug delivery systems. They pro-
vide a defined duct for pressure driven flow of the formula-
tions of therapeutic drugs into the skin or tissue at a desired
flow rate. HMNSs can also be used as a conduit for drug de-
livery into the tissue from a non-pressurized drug reservoir.
Jun et al. used 1.5 mm HMNs for targeted delivery of phen-
ylephrine for the treatment of fecal incontinence into the anal
sphincter muscle through the perianal skin to increase the
resting anal sphincter pressure [85]. Compared to intrave-
nous (IV) injection, subcutaneous (SC) injection and intra-
muscular (IM) injection treatments, HMN treatment pro-
duced greater anal pressure with the maximum anal pressure
between 5 and 6 h with no increase in blood pressure in fe-
male Sprague—Dawley rats. 12-hour increase in the resting
sphincter muscle pressure showed the possibility of treat-
ment of fecal incontinence. This new treatment could be of
great potential because of the ease of use, minimal pain and
dose-dependent response.

HMNs have been successfully used to deliver drugs to
different parts of the body including eyes and skin. There are
several reports of ex-vivo delivery of drugs to the eye of hu-
mans and other animals. Patel et al. inserted a single HMN
into the sclera and infused sulforhodamine B, NPs and mi-
croparticles suspensions into the suprachoroidal space to
target the posterior segment of the eye in a simple and mini-
mally invasive way [86]. They used whole rabbit, pig, and
human eyes ex-vivo for the experiments. Successful particle
delivery was imaged using bright field and fluorescence mi-
croscopy as well as microcomputed tomography. Needle
lengths of 800-1,000 um and applied pressures of 250-300
kPa was found to be most reliable to deliver volumes up to
35 pL consistently. This experiment shows that MNs may
provide a minimally invasive method for controlled drug
delivery to the back of the eye. Lyon ef al. fabricated carbon
nanotube-polyimide composite HMNs for transdermal deliv-
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ery of a drug [87]. Pattern bundle of carbon nanotube was
first used as a porous scaffold after which polyimide resin
was wicked through for the structure and support to penetrate
the skin. Simple and scalable HMNs could be created in a
single step owing to high aspect ratio and bottom-up assem-
bly of carbon nanotubes. They successfully demonstrated the
delivery of aqueous methylene blue dye into hydrogel and
swine skin in vitro. MNs did not sustain any structural dam-
age, which was confirmed by electron microscopy of MNs
after delivery.

HMNs have also been widely used for the in vivo deliv-
ery of drugs either in the human bodies or the experimental
model animals. Norman et al. showed that there is faster
pharmacokinetics and increased patient acceptance of in-
tradermal delivery of insulin using a single HMN in children
and adolescents with type 1 diabetes (T1DM) [88]. 16 chil-
dren and adolescents with TIDM were given Lispro insulin
by a MN and subcutaneous administration. It was found that
the MN insertion pain was significantly lower compared to
subcutaneous catheter. In addition, the insulin onset and off-
set time was 22 min and 34 min faster respectively after the
HMN delivery as compared to subcutaneous delivery.
Maaden et al. studied the depth-controlled microinjection
mediated dermal delivery of polio vaccine in rats using
HMNs [89]. HMNs with an inner diameter of 20 pm pro-
duced by hydrofluoric acid etching of fused silica capillaries
and electromagnetic applicator were used for the controlled
delivery in ex-vivo human skin with controlled insertion
speed (1-3 m/s), depth (0—1,000 um), and angle (10°-90°)
without clogging or breakage of the needles. Rats were then
immunized with inactivated poliovirus vaccine (IPV) by an
intradermal microinjection of 9 pL at a depth of 300 um and
an insertion speed of 1 m/s. Intradermal microinjection of
IPV induced immune responses (IPV-specific IgG and virus-
neutralizing antibodies) comparable to those elicited by con-
ventional intramuscular immunization.

4.4. Porous Microneedles

Porous MN is a single unit drug delivery system with the
whole porous MNA along with the backplate containing a
liquid or dry formulation of a drug. In liquid formulation,
drug diffuses from the MN matrix into the skin where it is
pierced. MNs remain inside the skin and the drug diffuse
from the drug reservoir via the MNs into the skin. For the
dry formulation, dried drug is loaded into the pores of the
MNs and when it pierces the skin the drug formulation is
hydrated with the interstitial fluid (ISF), which can occur
through the capillary force of the pores and the drug diffuses.
Basically porous MNs-mediated drug delivery is a diffusion-
based process [90].

Different fabrication procedures including micromolding,
etching, and photolithography have been used to fabricate
the porous MNs for different applications. Verhoeven et al.
used ceramic nanoporous MNA as a transport interface in
eggplants and an ex-vivo human skin model [91]. Micro-
molding process using a PDMS mold, generated through a
double replication process from a SU-8/Si-master, was used
as a template to prepare nanoporous MNA of Al,0;. MNA in
which porosity was related to the temperature used for sintering
(80 nm between 1300-1500 °C) was shown to allow both the
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delivery of substance and extraction of compounds using
eggplants. Ex vivo human skin model was then used to de-
liver a labeled monoclonal against a specific marker, DC-
SIGN (FITC labeled), which is representative for dendritic
cells when activated by an antigen using a MNA. Post stain-
ing analysis revealed that intradermally targeted DCs were
fully active. Yan et al. fabricated Ti MNs for drug delivery
[92]. MNs were fabricated by the process of cutting and wet
etching where each MN (height > 400 pm and pitch ~ 800
um) consisted of connecting micro holes (20 um in diameter)
that delivered drug into organisms conveniently and effi-
ciently. The MNs could resist large shear forces and pierce
into the skin easily. They did the in vivo experiment into the
rats by a patch of the MNs, which demonstrated that the
MNs could deliver drugs into organisms to treat diseases
without fracture. Kochhar et al. developed MN integrated
transdermal patch (MITP) for fast onset and sustained deliv-
ery of Lidocaine [93]. Figure 71 shows images of the fabri-
cated MITP containing rthodamine B and various layers of
MITP. MNs fabricated by photolithography-based process
can create micrometer-sized channels in the skin to deliver
lidocaine rapidly. The reservoir patch holding the bulk of the
drug enabled higher drug loading and carried on to release
the drug for prolonged periods so that drugs were diffused
out of MNs through the porous channels. These MITP could
encapsulate up to 70 mg of lidocaine. In vitro studies in rat
skin showed that a significantly higher amount of lidocaine
was delivered with a faster onset of drug permeation (within
5 min of application) by MITP as compared to commercial
patches. As can be seen from Fig. 71I a tightly packed poly-
mer structure is observed and the increase in concentration
makes the surface more rough and irregular which allows
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better interaction with the release medium, increasing the
drug release. SEM images of MNs taken after the release of
drug had smooth surface indicating most of the drug was
released.

4.5. Dissolvable Microneedles

In dissolvable MNs-based drug delivery systems, the MN
material dissolves or get biodegraded when it comes in con-
tact with the interstitial fluid of the skin so that drug mole-
cules are released from the matrix either for systemic or local
delivery. These polymeric MNs in contrast to coated MNs
are developed so that they can completely dissolve in the
skin and leave no sharp biohazards waste after the treatment.
They can be used as skin pretreatment to increase drug per-
meability or drugs can be encapsulated within MNs to re-
lease into the skin. Polymeric MNAs are gaining attention as
minimally invasive transdermal drug delivery devices due to
their effective localized drug delivery along with improved
patient convenience and safety [94].

Polymer dissolvable MNA can be fabricated and/or repli-
cated in a considerably more cost effective way as compared
to a MNA made of silicon and metals [96]. Cha ef al. devel-
oped a simple and cost effective method for fabrication of
solid biodegradable polymer MNA for the transdermal drug
delivery using acupuncture MNs [97]. A master template
with acupuncture MNs, was prepared by fixing them onto a
plastic substrate with selectively drilled holes, which deter-
mine the aspect ratio. MNA was fabricated from a biode-
gradable polymer, polylactic acid (PLA) by a micromolding
process with a PDMS mold containing the cavity of the
MNs, which was obtained by the PDMS replica molding

Afterrelease

Beforerelease

Fig. (7). Porous MNs. (I) Images of MN integrated transdermal patch (MITP) during fabrication. (A) MNs with encapsulated thodamine B.
(B) A scanning electron microscope (SEM) image of single porous MN. (II) SEM of MITP before and after release test. MNs containing (A)
2.2 %, (B) 15 %, and (C) 21 % (w/w) lidocaine before release and (D), (E), and (F) after release, respectively. Copyright® with permission

from 2013 American Chemical Society [93].
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against the master template. Pig cadaver was then used for
two different methods of penetration and staining to examine
the efficiency of transdermal drug delivery. Martin et al.
fabricated biodegradable sugar glass MNs for transdermal
drug delivery applications [95]. They created solid amor-
phous sugar glasses, which contained low residual quantities
of water. It was created by dehydration of trehalose and su-
crose sugar combination. The low temperature vacuum
deposition micromoulding method was optimized to fabri-
cate biodegradable sugar glass MNs that had sufficient struc-
tural rigidity to efficiently penetrate excised human breast
skin. Sugar glass MNs with a marker compound dissolved
rapidly and completely in situ to release a dye into deeper
skin layers. These kinds of MNs can be used to deliver
therapeutic drugs through the transdermal route.

The structure, height, and application pressure of the
MNs directly impact the delivery of the therapeutic drugs.
Garland et al. developed dissolvable polymeric MNA for
electrically assisted transdermal drug delivery [98]. They
studied the effect of MN height and MN density on the
transdermal delivery of small hydrophilic compounds (theo-
phylline, methylene blue, and fluorescein sodium) across
neonatal porcine skin in vitro. They found that an increase in
MN height and density led to an increase in the extent of
transdermal drug delivery of peptide (bovine insulin) and
protein (fluorescein isothiocyanate-labeled bovine serum
albumin (FITC-BSA)) with highest transdermal drug deliv-
ery in MN design containing 361 MNs/cm® of 600 pm. It
was found that the extent of peptide/protein release was sig-
nificantly enhanced when iontophoresis (ITP) was used in
combination with the soluble poly (methyl vinyl ether co
maleic acid) (PMVE/MA) MNA for precise electric control
of transdermal delivery. In addition, the secondary structure
of model peptide insulin or model protein FITC-BSA was
not adversely affected by incorporation of bio-
macromolecules into the PMVE/MA MNA. The application
of electric current also enabled the permeation of macro-
molecules from the entire MNA matrix, and not just from the
MN alone, thus increasing the efficiency.

Use of the polymeric dissolvable MN shows higher effi-
ciency than the conventional injection. Lee ef al. designed a
dissolvable MN patch for simple and painless administration
of biopharmaceuticals, human growth hormone (hGH) [96].
They encapsulated hGH within a 600 um long dissolvable
MNs composed of carboxymethylcellulose and trehalose.
They observed complete hGH activity after storage at room
temperature and humidity for up to 15 months. Pharmacoki-
netics of the hormone when the patch was manually inserted
into the skin of hairless rats was similar to the conventional
subcutaneous injection. After the patch was removed, MNs
were almost completely dissolved, leaving behind blunt
stubs and caused only slight transient erythema. Liu et al.
delivered relatively high molecular weight drugs (fluorescein
isothiocyanate-labeled dextran with an average molecular
weight of 4 kDa (FD4)) using self-dissolving MNA that was
fabricated from hyaluronic acid [99]. MNA significantly
increased transepidermal water loss (TEWL) and reduced
transcutaneous electrical resistance (TER), which indicated
successful skin puncture to create drug permeation pathways.
Histological analysis of the MNA showed uniform puncture
of the skin and delivery of FD4 to the dermis and its rapid
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release after the dissolution of the MNs. Both TEWL and
TER recovered rapidly as compared to tape stripping treat-
ment, which showed that skin disruption caused by MNA
was reversible. It was found that transdermal permeability of
FD4 using the MNA was much higher than that of the FD4
solution and MNA increased the amount of FD4 accumu-
lated in the skin more effectively.

Dissolvable MNs have also been used for vaccination or
immunization. Sullivan et al. developed dissolvable polymer
MN patches for influenza vaccination using a simple patch-
based system that targets delivery to skin’s antigen-
presenting cells [100]. Inactivated influenza viruses were
encapsulated in a biocompatible polymer for insertion into
the skin and dissolution in the skin within minutes. Com-
pared to intramuscular injection, MN vaccination generated
robust antibody and cellular immune responses in mice that
provided complete protection against lethal challenge as ob-
served by more efficient lung virus clearance and enhanced
cellular recall responses after the challenge. Guo et al. de-
veloped a transcutaneous immunization (TCI) device con-
sisting of dissolvable polyvinylpyrrolidone (PVP) MNA in
which the tips were loaded with antigen and adjuvant
encapsulated in liposomes [101]. For co-delivery of antigens
and adjuvants, ovalbumin (OVA), CpG
oligodeoxynucleotides (CpG OND), and cationic liposome
(Lip) were taken as a model antigen, adjuvant, and
microparticulate vehicle, respectively. Then, mice were
immunized transcutaneously with dissolvable MNAs
containing OVA, OVA-CpG OND, OVA encapsulated in
Lip, OVA-CpG OND encapsulated in Lip and conventional
IM injection with an OV A solution, respectively. They found
that dissolvable MNAs containing OVA-CpG OND
encapsulated in Lip had significantly higher amount of anti-
OVA IgG antibody, and an increased level of I[gG2a. MNAs
containing OVA-CpG OND encapsulated in Lip also
achieved the shift of immune type from predominate Th2
type to a balance Th1/Th2 type than that of the other groups.

5. CONCLUSION & FUTURE PROSPECTS

Microtechnologies offer new opportunities to develop
miniaturized biocompatible devices for controlled drug de-
livery. Microtechnologies have the capability for the devel-
opment of new controlled delivery systems and translate
them into clinical practices by allowing one to explore the
response and behavior of multiple tissues and organs in a
highly integrated and defined way.

Multiple reservoir-based devices allow people to perform
multiple drug delivery simultaneously with desired rates for
each therapeutic. These microreservoirs can deliver both
small and macromolecular therapeutics with specific target-
ing and control. Varieties of stimuli triggered controlled drug
release system have been developed including pH, tempera-
ture, enzyme, and electro-magnetic fields. There is an in-
creasing interest in drug delivery devices that can modulate
the release of drug in response to some specific stimuli by
different controlling approaches, which provides more op-
tions to selectively deliver therapeutic drugs in local cells or
tissues according to different physiological environments
and needs. Furthermore it is desired to exhibit low amounts
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of leakage and easier to tune on-state release profiles in real
time.

Microfabrication technology has enabled a variety of
different MN designs for drug delivery to the skin and other
targets depending upon the therapeutic drugs or the target
site. Optimization of different parameters of MNs including
sharpness, length, insertion force and velocity has also re-
ceived extensive attention, which will assure more reliable
MN insertion into the desired area and improve patient com-
pliance and treatment. Several studies have shown that pa-
tients prefer MN-based delivery compared to hypodermic
injections as they cause less pain and only cause mild tran-
sient erythema. The risk of infection at the target site was
rarely reported. MNs have been studied for a range of medi-
cal applications, where delivery of bioactive substances to
the skin has been the main focus.

Animal and human studies have demonstrated more effi-
cient delivery of different therapeutic drugs and vaccines
using microreservoir and microneedle-based systems. How-
ever, more efforts and research studies are needed to trans-
late these encouraging technologies into effective, safe, and
well controlled drug delivery for better clinical treatment and
patient compliance. Microdevices should show long-term
stability both outside and inside the body. The ideal drug
delivery system also requires a monitored and triggered
feedback to manage the drug release in response to a pa-
tient’s body. We envision that microdevices will have great
potential for a wide range of application in controlled drug
delivery and release with distinct advantages over conven-
tional drug delivery systems for effective personalized treat-
ment, especially for effective cancer treatment with less side-
effect.
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