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Biodegradable polymeric microneedles were developed as a method for achieving sustained transdermal
drug release. These microneedles have potential as a patient-friendly substitute for conventional sus-
tained release methods. However, they have limitations related to the difficulty of achieving separation
of the needles into the skin. We demonstrated that microneedle separation into the skin was mediated
by hydrogel swelling in response to contact with body fluid after the needles were inserted into the skin.
The hydrogel microparticles were synthesized by an emulsification method using poly-N-
isopropylacrylamide (PNIPAAm). The microneedles were fabricated by micromolding poly-lactic-co-
glycolic acid (PLGA) after filling the cavities of the mold with the hydrogel microparticles. The failure
of microneedle tips caused by hydrogel swelling was studied in regard to contact with water, insertion of
microneedles into porcine cadaver skin in vitro, stressestrain behavior, and insertion into the back skin of
a hairless mouse in vivo. The drug delivery property of the hydrogel particles was investigated qualita-
tively by inserting polymer microneedles into porcine cadaver skin in vitro, and the sustained release
property of PLGA microneedles containing hydrogel microparticles was studied quantitatively using the
Franz cell model. The hydrogel particles absorbed water quickly, resulting in the cracking of the
microneedles due to the difference in volume expansion between the needle matrix polymer and the
hydrogel particles. The swollen particles caused the microneedles to totally breakdown, leaving the
microneedle tips in the porcine cadaver skin in vitro and in the hairless mouse skin in vivo. Model drugs
encapsulated in biodegradable polymer microneedles and hydrogel microparticles were successfully
delivered by releasing microneedles into the skin.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Various kinds of drugs must be delivered continuously over
a predetermined period to maintain a therapeutic dose and to
reduce side effects caused by too rapid delivery [1]. The most
frequently used drug delivery systems, which can release drugs
over a prolonged period of several days, involve parenteral injec-
tion of biodegradable microspheres, liposomes, and emulsions
[2,3]. Sustained drug delivery using a transdermal patch has been
developed to provide controlled, non-invasive release of medica-
tion. Transdermal drug delivery avoids the pain and inconvenience
of injection [4]. However, the transdermal delivery system has
limits because of the low permeability of drugs into the skin and
the molecular weight limit of drugs for transport through the
: þ82 31 750 8757.
ark).
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stratum corneum [5]. The microneedle system has been developed
to overcome these limitations.

Previous studies with microneedles have demonstrated that
skin permeability can be increased by orders of magnitude for
delivery of peptide, protein, vaccines and nanoparticles [6e10].
Various types of microneedles have been developed for active
transdermal drug delivery and are classified as solid, drug-coated
[11], and drug-loaded [12,13], depending on the method of drug
application. (1) Solid microneedles have been used to pierce the
skin, increasing the permeability of drugs through the stratum
corneum [14]. However, the delivery rate of drugs through holes
generated by solid microneedles is diminished by the quick closing
of the holes, and there is a chance of cross-contamination by
a sharps hazard [15]. (2) Drug-coated microneedles are prepared by
applying a specially formulated drug solution to in-plane micro-
needles using a dip-coating process [16e18]. These microneedles
have advantages of easy application and rapid delivery. However,
there is biohazardous waste of sharp microneedles and sustained
delivery is difficult due to the rapid dissolution of the coating
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material. (3) Drug-loaded microneedles are made of water-
dissolving cellulose, maltose, and dextrin [6,12,19e23]. These
microneedles do not leave sharp tips after use and provide effective
drug delivery by leaving microneedle material in the skin as a drug
depot. However, upon contact with water in the skin, they hydrate
and quickly form a weak gel, resulting in too rapid drug delivery,
and it is difficult to sustain drug delivery because the needle
material dissolves quickly [12].

Previous work has demonstrated that a biodegradable polymer
canbeutilized for controlleddrugdelivery byencapsulating amodel
drug inside microneedles, which can release the model drug over
a predetermined period according to the formulations. A previous
study showed the possibility of these biodegradable microneedles
as a patient-friendly substitute for conventional sustained delivery
methods [24]. However, these microneedles must be inserted and
remain in the skin for several days to effectively utilize the degra-
dationproperty of biodegradable polymer. The use of biodegradable
polymermicroneedles is therefore subject to the limitation of a long
period of insertion [24]. Thus, to achieve patient-friendly use, it is
necessary to develop a feasible microneedle system using biode-
gradable polymer to replace conventional sustained release
methods of transdermal drug delivery.

Hydrogel is defined as a polymeric network of microparticles
that swell to several times their original volume while remaining
insoluble in aqueous solutions [25,26]. Hydrogel differs from
hydrophobic polymers such as poly-lactic acid (PLA) and poly-
lactic-co-glycolic acid (PLGA), which have limited water absorp-
tion capabilities (below 5%) [27]. Because the favorable properties
of hydrogel are its hydrophilicity and biocompatibility, hydrogel
has been studied as a drug delivery carrier [28,29]. Hydrogel
response has been designed by a gelling mechanism determined by
pH, ionic strength, and temperature [30e32]. Materials selection
and network fabrication govern the rate and mode of drug release
from hydrogel matrices [33e37].

In this paper, we describe the design of PLGA microneedles
encapsulating hydrogel microparticles. This design is intended as
an effective way to deliver both hydrophilic and hydrophobic drugs
in a sustainedmanner by facilitating the failure of themicroneedles
as a result of the swelling of hydrogel particles after the micro-
needles have been inserted into the skin. Hydrogel particles expand
quickly by absorbing water, which triggers cracks and partial
mechanical failure of the microneedles due to the difference in
volume expansion between the needle matrix polymer and the
particles. Then, highly swollen hydrogel microparticles cause
mechanical failure of microneedles quickly due to mechanical
weakness of swollen gel. In addition to causing the failure of the
inserted microneedles, the hydrogel particles serve as a carrier of
hydrophilic drugs. The capability of carrying hydrophilic and
hydrophobic drugs can be achieved by using hydrogel particles and
biodegradable polymers simultaneously. In this paper, we report
the measurement of (1) the physicochemical properties of hydrogel
particles and (2) the response of the microparticles to water
absorption as a function of time. The mechanical failure of PLGA
microneedles as a result of the swelling of hydrogel particles was
observed by optical investigation as function of contact time with
water and the content of hydrogel microparticles in microneedles.
The drug delivery properties of the dual delivery system were
observed to demonstrate the potential of the new system by using
in vitro and in vivo experiments.

2. Materials and methods

2.1. Preparation and characterization of hydrogel particles

Hydrogel synthesis was conducted by free radical cross-linking copolymeriza-
tion at room temperature in a nitrogen atmosphere. Using sonication for 10 min,
26.5 mmol of N-isopropylacrylamide (NIPAAm, SigmaeAldrich, St. Louis, MO),
0.778 mmol of N,N0-methylenebisacrylamide (MBAAm, SigmaeAldrich), and
1.31 mmol of ammonium persulfate (SigmaeAldrich) were dissolved in deionized
water. Nitrogen bubbling for 30 min was used to mix 8.75 mmol of SPAN 80 and
150 ml of n-hexane (J.T. Baker, Phillipsburg, NJ). Then 30 ml of the aqueous solution
with monomers, a cross-linking agent, and an initiator were added to 150 ml of the
hexane with SPAN 80 (SigmaeAldrich) for 30 min under nitrogen gas. Three milli-
liters of tetramethylethylenediamine (TEMED, SigmaeAldrich) with 20.1 mM of
concentration was slowly added dropwise into the mixture. This reaction was
maintained for 4 h. The cross-linked microparticles were intensively washed with
a mixture of acetone (Daejung Chemicals & Metals Co., Ltd., Shiheung, South Korea)
and deionized water (1:1 vol%) to remove surfactant. In addition, the reaction
mixture was washed with deionized water for 3 days, and finally hydrogel micro-
particles were obtained by freeze-drying (Freeze dryer DC400, Yamato Scientific Co.,
Ltd., Tokyo, Japan).

A glass slide was placed on a silicone rubber heater (Silicone Rubber Heater,
Nissi-Ygc Co., Ltd., Anyang, South Korea) and a K type thermocouple (Flexible view
probe, Cole Parmer, Chicago, IL) was attached to the slide. The response of hydrogel
particles was investigated at 32 �C. The silicon rubber heater was controlled by using
a thermo-controller (Digi-Sense, Vernon Hills, IL) for maintaining the pre-
determined temperature of the sample. Dry hydrogel particles were spread on the
slide (Microscope Slide 7101, Woody International Trading Co., Ltd., Yancheng,
China) and then the slide was put on a fluorescence microscope (Eclipse TE2000-U,
Nikon, Tokyo, Japan) with a video recording program. 100 ml of phosphate buffered
saline (PBS) was dropped onto the hydrogel particles and the volume change of the
particles as a result of water absorptionwas observed using the microscope at 100�
magnification. Streaming video from the microscope recorded the volume change
for a predetermined period (Camtasia, TechSmith, Okemos, MI). After recording was
completed, the images were captured every 0.5 s for 1 min and the diameter of
particles at each time point was measured. Then the increase in average volume of
the particles was calculated.

2.2. Fabrication of microneedles with hydrogel particles

Microneedles with hydrogel particles were prepared by micromolding PLGA 50/
50 (inherent viscosity 0.58 dL/g, Sur Modics Pharmaceuticals Inc., Birmingham, AL)
in a poly-di-methyl siloxane (PDMS, Sylgard 184, Dow Corning, MI) microneedle
mold. Six kinds of microneedles were prepared by filling hydrogel particles in
cavities 1, 2, 3, 4, 5, and 6 times, respectively. The hydrogel particles were spread on
the mold cavities and then pushed into the cavities using the master microneedle
structure. The same filling procedure was repeated sequentially up to the pre-
determined filling number. Residual particles on the surface of the mold were
removed using adhesive tape (3 M Company, St. Paul, MN). The mold was then filled
with melted PLGA and placed in a vacuum oven at 150 �C under 100 kPa of pressure
for 30 min. The resulting microneedles containing hydrogel particles were manually
removed from the mold after being cooled (Fig. 1). Salt particles (sodium chloride,
SigmaeAldrich) were pulverized and then filtered with sieves (ChungGye Industrial
Mfg., Seoul, South Korea) to obtain particles between 10 and 50 mm in size. PLGA
microneedles with salt particles and solid PLGA microneedles without hydrogel
particles were fabricated in the same way.

2.3. Insertion test of microneedles with hydrogel particles

To examine the successful insertion into the skin of hydrogel-containing
microneedles regarding hydrogel particle content in microneedles, three arrays of
100 microneedles with 18% (v/v), 31% (v/v), 53% (v/v), and 68% (v/v) hydrogel
microparticle content, respectively, were pushed into the full thickness of human
cadaver skin with a strength of 20 N for 5 s using a compression force station (HAP-
0015, Hana Technology, Seoul, South Korea). Then the pierced skinwas stained with
Trypan Blue (SigmaeAldrich) for 5 min. Excess dye was removed and the skin was
evaluated for the appearance of blue dots on the stratum corneum using an optical
microscope (sv-35, Sometech, Seoul, South Korea). The number of stained holes was
counted in each of the three arrays.

2.4. Characterization of microneedle failure by hydrogel swelling

The effect of volume expansion on microneedle failure caused by hydrogel
swelling was observed during contact with water without applying external force to
the microneedles. Microneedle failure caused by both mechanical weakness and
volume expansion of hydrogel was studied by measuring stressestrain behavior
after water contact and by inserting and removing microneedles into hydrated skin
layers in vitro and in vivo.

To verify the effect of volume expansion of hydrogel particles on microneedle
failure, we investigated the gradual failure of microneedles by contact with PBS
solution at 32 �C. Microneedles containing hydrogel particles were placed on a glass
slide at 32 �C constant temperature, and 100 ml of PBS at 32 �C was dropped on
microneedles containing 53% (v/v) of hydrogel particles. Then residual PBS on the
surfacewas removed at 0,10, 30 and 60 s and quickly vacuum dried. The geometrical



Fig. 1. Diagram of fabrication process of hydrogel integrated biodegradable polymer microneedle (a) preparation of PDMS female mold out of PDMS male master, (b) PDMS female
mold, (c) cover of hydrogel particles (d) filling hydrogel particles in the cavities of micromold using master structure (e) PLGA on the PDMS mold and molding PLGA in vacuum oven,
and (f) thermally molded PLGA microneedles integrating hydrogel particles.
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changes in the dried microneedles were compared by taking images using a scan-
ning electron microscope (SEM, JSM-7001F, JEOL Ltd., Tokyo, Japan).

The gradual failure of microneedles containing 31% (v/v) of hydrogel micro-
particles after insertion into the full thickness of porcine cadaver skin in vitro was
investigated optically. Microneedles were compressed into porcine cadaver skin for
predetermined times of 1 min, 5 min, 15 min, and 30 min with 20 N of force
generated by a compression mold press (HAP-0015, Hana Technology) at 32 �C. The
same investigation process by SEMwas repeated for the samples that had come into
contact with PBS. The length of remaining microneedles was measured from SEM
images, and the change in length was investigated in terms of insertion time.

To compare the stressestrain behavior of PLGAmicroneedles regarding hydrogel
content, 100 ml of PBS at 32 �C was dropped on three arrays of microneedles con-
taining 0% (v/v), 18% (v/v), and 31% (v/v), respectively, of hydrogel particles for 5 min.
PLGA microneedles with 31% (v/v) hydrogel microparticle content were placed in
contact with PBS for 0 min, 5 min, and 15 min, respectively, to observe the effect of
water exposure time on the mechanical behavior of the microneedles. Residual PBS
was then removed. To determine the stressestrain behavior of the microneedles,
a displacement-force test station (Model 921A, Tricor System, Elgin, IL) was used.
Stressestrain curveswere generated bymeasuring force and displacement while the
test station pressed an array of microneedles against a metal surface at a rate of
1.1 mm/s. The applied force was divided by the number of microneedles and then
the force applied to a microneedle, and its displacement was calculated.

Microneedles with 31% (v/v) hydrogel particle content were inserted into the
back skin of a hairless mouse (20e25 g, Orient Bio., Seongnam, South Korea) and
were fixed by bandage (Derma Plast, IVF Hartmann, Neuhausen, Switzerland) for
60 min. For comparison, solid PLGA microneedles and PLGA microneedles encap-
sulating salt particles with a similar range in size and a similar volume of hydrogel
particles were also inserted into the back skin of a hairless mouse for 60 min. Using
SEM, the morphological change in microneedles containing hydrogel particles was
compared with changes in solid PLGA microneedles and PLGA microneedles con-
taining salt microparticles. All animal care and experimental procedures were
approved by the Animal Care and Use Committee of Kyungwon University.

2.5. Storage stability of microneedles at high humidity condition

To examine the stability of microneedles containing hydrogel microparticles
against high humidity, microneedles with hydrogel microparticles were stored in
a high humidity condition and their water stability was compared with that of
water-dissolving microneedles made of sodium carboxymethyl cellulose (CMC;
SigmaeAldrich). Microneedles containing 31% (v/v) of hydrogel microparticles and
CMC microneedles were stored in the incubator (Sanyo MIR-162, Sanyo Electric Co.,
Ltd., Osaka, Japan) at 95% humidity. Samples were taken out of an incubator at 1, 5,
and 12 h and dried in a desiccator. Then the morphological change of individual
microneedles in an array was investigated by SEM.

2.6. Drug delivery property of dual system

Calcein (SigmaeAldrich) was used as a hydrophilic model drug delivered by
using hydrogel microparticles. Microparticles were dispersed in a 1 mM calcein
solution for 30 min, then trapped on a membrane filter with 0.8 mm pore size
(cellulose acetate filter, Advantec MFS, Inc., Pleasanton, CA), and subsequently
washed with anhydrous ethanol (J.T. Baker) to remove calcein solution remaining on
the surface. Finally, particles with calcein were dried under vacuum at room
temperature.

An array of microneedles was inserted into the full thickness of porcine cadaver
skin at 32 �C in vitro for 15 min and removed. The diffusion of calcein in the porcine
cadaver skin was observed at 0 min, 15 min, and 60 min after removal of the
microneedles, and the intensity and distribution of calcein was measured using
identical exposure conditions by a fluorescence microscope (Eclipse 80i, Nikon). The
fluorescence image of the skin was repainted to get a clear vision through color-
mapping by using a homemade code for better understanding of the relative
difference in intensity. First, pixel information about the green color was extracted
by filtering out red and blue colors to eliminate unnecessary light information from
the fluorescence image. Then the intensity information of the green color images
was repainted to show the gradual change in color from blue (0 intensity) to red
(max intensity).

Rhodamine salt particles (101 inner salt, SigmaeAldrich), 1e3 mm in diameter,
were mixed with PLGA melted on a 200 �C hot plate, and the mixture was cooled
down to be a solid at room temperature. Hydrogel microparticles filled the cavities
of the mold. The solid PLGA with rhodamine particles was placed on the mold, and
PLGA microneedles encapsulating hydrogel microparticles and rhodamine salt were
copied from the mold in an oven set at 150 �C under vacuum. The release pattern of
PLGA microparticles with hydrogel and rhodamine was compared with that of
water-soluble microneedles to demonstrate the sustained release property of the
PLGA microneedle system. Two different microneedle arrays were inserted through
100-mm thick sealing film (parafilm, Curwood Inc., Oshkosh, WI) and then sealed
with parafilm so that only the needle tips were exposed. Then the microneedle tips
were pressed into a human cadaver epidermis layer about 250 mm thick (Hans
Biomed., Seoul, Korea) with 20 N of force. The human cadaver epidermis containing
microneedles was mounted on a Franz cell, and the microneedles were removed
from the epidermis after 1 h. The receptor chamber was filled with PBS as soon as
the epidermis with microneedles was placed between the chambers of the Franz
cell. Then 100 ml of solution was sampled and the same volume of PBS was placed in
the receptor chamber at predetermined times of 20 min, 2 h, 6 h, 24 h, 48 h, 72 h,
120 h, and 144 h. The fluorescent intensity of the sample solution was measured
using a fluorescence spectrophotometer (Cary Eclipse, Varaian Inc. Palo Alto, CA).
The concentration was calculated using a calibration curve.

To investigate the remaining hydrogel particles and PLGA needles in the skin and
the skin covering the tips of the microneedles after microneedle separation because
of hydrogel swelling, fluorescein-5-isothiocyanate (FITC)elabeled hydrogel particles
were utilized. FITC was conjugated to hydrogel copolymerized with acrylic acid (AA,
SigmaeAldrich) within the molar ratio of AA to NIPAAm. First, AA (0.26 mmol, 1 mol
% to NIPAAm) was copolymerized with NIPAAm and cross-linked with the same
synthetic scheme. Free amine was introduced to a carboxylic group of AA by using
EDC and NHS protocol. Then FITC was conjugated to free amine by forming a thio-
urea linkage. FITC-labeled particles were encapsulated in PLGA microneedles by the
molding method described earlier. Microneedles were inserted into the back skin of
a hairless mouse and were fixed by bandage (Derma Plast, IVF Hartmann, Neu-
hausen, Switzerland) for 30min. Then the part of the skin treated withmicroneedles
was investigated at 1 h,1 day, and 3 days using a fluorescencemicroscope (SMZ1500,
Nikon). The tips of microneedles containing hydrogel microparticles left in the
mouse skin layer were observed in vivo.
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The skin sample was placed vertically in a freezing block filled with an optimal
cutting temperature solution (Tissue-Tek O.C.T., Sakura� Finetechnical Co., Ltd.,
Tokyo, Japan). Then the sample was frozen to�72 �C before being taken for cryostat
cutting. The frozen sample was sectioned using a cryostat microtome (HM 560,
Microm, Walldorf, Germany) and investigated to define the status of PLGA micro-
needles and hydrogel particles in mouse skin using a fluorescence microscope
(Eclipse 80i, Nikon).

3. Results and discussion

3.1. Polymer microneedles with hydrogel microparticles

3.1.1. Characterization of hydrogel particles
The physicochemical properties of prepared hydrogel particles

were investigated by measuring their volume expansion quanti-
tatively. First, we compared the size of the air-dried powder form of
hydrogel particles and pre-swollen hydrogel particles in PBS, which
were imaged by SEM and optical microscopy (OM; TE-2000,
Nikon), respectively (Fig. 2). The hydrogel microparticles had
a spherical shape as a result of the emulsification method. The size
of dry microparticles was controlled by a surfactant and agitation
condition that kept them around 30 mm in diameter, an optimum
size that facilitates filling the cavities of the mold with the micro-
particles. The dried hydrogel particles averaged 30 � 10 mm in
diameter, while those swelled by PBS averaged 70 � 15 mm in
diameter. As confirmed by SEM and OM measurements, volume
expansion of hydrogel microparticles encapsulated in PLGA
microneedles significantly influences mechanical failure of micro-
needles when they are in contact with body fluid under the skin.
PNIPAAm was selected as the hydrogel material because its
swelling behavior and mechanical properties are well defined. We
needed hydrogel with fast volume expansion and rapid loss of
Fig. 2. (a) Scanning electron microscope image of air-dried hydrogel particles and (b) opt
distribution of (c) change in volume of swollen hydrogel particles compared to the volume
mechanical strength as a result of water absorption. Also, a micro-
spherical shape 10e40 mm in diameter was needed to encapsulate
them in microneedles with a base diameter of 250 mm using the
micromolding method and to maximize the effectiveness of
hydrogel swelling on needle failure. PNIPAAm hydrogel has a fast
water absorption rate and a high swelling ratio. Also, PNIPAAm
hydrogel microspheres could be obtained with the emulsification
method used in this study. Young’s moduli of a highly swollen state
of PNIPAAm gel at 30 �C is 200 times lower than for a dry state at
room temperature, and such a drastic loss of mechanical strength
was appropriate for causing mechanical failure of microneedles. In
this study, PNIPAAm hydrogel particles not only triggered the
mechanical fracture of PLGA microneedles by well-controlled
volumetric expansion and rapid loss of mechanical strength, but
they also played a role as a depot for delivery of hydrophilic drugs.
PNIPAAmhydrogel is controversial from the point of view of human
safety of the new microneedle system because the microneedles
with hydrogel microparticles remain in the skin for some time.
Thus the toxicity and biodegradability of PNIPAAm hydrogel should
be considered. PNIPAAm hydrogel was reported to have no toxicity
toward dermal fibroblasts [38], and few hydrogel systems have
been developed recently that are clinically safe to remain in the
skin for 24 months [39]. Non-degradable PNIPAAm hydrogel was
used in this study primarily because it was easier to control its
swelling behavior. PNIPAAm hydrogel can be made biodegradable
by using biodegradable oligopeptide crosslinker instead of MBAAm
[40]. However, PNIPAAm segment is not usually biodegradable and
therefore a PNIPAAm hydrogel system should be carefully design-
ed to allow clearance of the hydrogel from the body after
PNIPAAm hydrogel is degraded into PNIPAAm segments [41]. Non-
biodegradable polymer segments from hydrogel are cleared mainly
ical image of swollen hydrogel particles in PBS at 32 �C. Histogram showing the size
of dried particles at 32 �C regarding time.
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by renal excretion, which is controlled primarily by the hydrody-
namic volume of the polymer chains. PNIPAAm segments with
molecular weight below 40 kDa can be cleared from the body by
renal excretion [42,43]. Thus PNIPAAm gel can be excreted by the
renal filtration process by degrading segments below 40 K molec-
ular weight using an appropriate cross-linking method. For prac-
tical application, a biodegradable hydrogel system will be utilized
in our next experiment. In this study, the feasibility of responsive
failure of microneedles was examined by using hydrogel micro-
particles for separation of microneedle in skin. The volumetric
expansion of PNIPAAmhydrogelmicroparticles levels off after 6 s as
the microneedles make contact with PBS, maintaining approxi-
mately eight times the volume of the original particles. The stan-
dard deviation and average size of hydrogel particles were
determined by image analyzer of captured image of particles by
microscope at predetermined conditions. The eight-fold volume
expansion at 6 s after contact with PBS is sufficient to cause the
mechanical breakdown of microneedles. In addition to volume
expansion, the mechanical failure of microneedles was caused by
a drastic reduction of mechanical strength because dried PNIPAAm
hydrogel has 914 kPa of Young’s moduli and highly swollen PNI-
PAAM has 2.8 kPa of Young’s moduli at room temperature [44]. The
successful mechanical failure of the microneedles was based on the
cracking of PLGA microneedles caused by hydrogel expansion and
the mechanical weakness of highly swollen hydrogel, as shown in
Fig. 3.

3.1.2. Polymer microneedles with hydrogel particles
Responsive failure of biodegradable polymeric microneedles as

a result of contact with body fluid is intended to provide sustained
drug release over a predetermined period by leaving the biode-
gradable polymermicroneedle tips and the hydrogel microparticles
in the skin. The microneedles with hydrogel microparticles shown
in Fig. 5(a) have a square base measuring 250 mm by 250 mm and
a shaft height of 600 mm. Because the number of hydrogel micro-
particles encapsulated in microneedles ultimately influences the
mechanical breakage of PLGA microneedles, the number of parti-
cles was controlled by varying the number of microneedles copied
in the fabrication process. We quantified the number of hydrogel
microparticles with a hemacytometer by counting the number of
hydrogel microparticles encapsulated in the microneedles
(Supplement S-1). The matrix of microneedles previously dissolved
in acetonitrile, a selective solvent for PLGA. As shown in Figure S1,
the hydrogel contents were increased by increasing the number of
hydrogel microparticles added in cavities of microneedle mold. The
average number of microparticles in an array of 100 microneedles
was approximately 7000 after a single application, 12,000 after 3
applications, and 20,000 after 6 applications, corresponding to
about 18%, 31%, and 53% (v/v) of average content in an array of 100
Fig. 3. Schematic diagram of mechanism of responsive failure of microneedle using volume
by absorbing water. The quick expansion of the particles caused mechanical failure of the
polymer and the hydrogel particles. (II) PLGA microneedles are broken by the mechanical
microneedles, respectively. Traditional micromolding technique
was accompanied by high temperature and high pressure, resulting
in the denaturation of proteins and thermally sensitive drugs. Thus,
it is not easy to encapsulate thermally sensitive compounds inside
a polymeric microstructure using a conventional molding process
[24]. To minimize thermal damage, the polymer microparticles
were used to fabricate polymer microstructures by means of
ultrasonic welding [45,46]. Ultrasonic welding can be used with
micromolding to fabricate polymeric microneedles with hydrogel
microparticles encapsulating thermo-sensitive agents. However,
the aim of the present study is restricted to exploring the feasibility
of using hydrogel microparticles to cause separation of biode-
gradable polymer microneedles in the skin.

3.2. Insertion and failure of polymer microneedles with hydrogel
particles

3.2.1. Characterization of insertion of polymer microneedles with
hydrogel particles

The insertion of PLGA microneedles with hydrogel microparti-
cles was investigated as a function of the content of hydrogel
microparticles. Failure by water contact required successful inser-
tion of microneedles into the skin. The content of hydrogel particles
determined the rate of failure, and the highest possible content of
hydrogel particles was recommended for quicker failure to assure
successful insertion.

The successful insertion of microneedles was evaluated by
applying microneedles with hydrogel microparticles on human
cadaver skin. The mechanical strength of the polymer composite
structure depends on the content of the composite material in the
polymer matrix. Young’s moduli of PLGA with 50 kDa of M.W. is
about 1 GPa, and that of PNIPAAm hydrogel is reported to be about
914 kPa [47]. Thus the mechanical strength was determined by the
PLGA, and the content of the PLGA is critical for successful insertion.
When the insertion test was performed with microneedles with
53% (v/v) hydrogel particle content, microneedles were inserted
into skin successfully as shown in Fig. 4. However, microneedles
with 68% hydrogel particle content inserted only partially over the
array of microneedles. Thus microneedles with 53% hydrogel
particle content were appropriate for a fast response, but micro-
needles with 31% hydrogel particle content were used in the in vivo
test in consideration of the marginal safety of the mechanical
strength of microneedles.

3.2.2. Characterization of failure of polymer microneedles with
hydrogel microparticles

To investigate the effect of volume expansion of hydrogel on
mechanical failure of PLGA microneedles, microneedle failure by
volume expansion was observed in terms of contact time with PBS
expandable, water-absorbing hydrogel particles. (I) Hydrogel particles expand quickly
microneedles due to the difference in volume expansion between the needle matrix
weakness of highly swollen hydrogel and cracking of PLGA microneedles.



Fig. 5. SEM image of morphological change in microneedles with hydrogel micro-
particles regarding contact durationwith PBS (a) 0 s, (b) 10 s, (c) 30 s, and (d) 60 s. SEM
image of all microneedles broken mechanically after 60 s of contact (e). Microneedles
were made of PLGA and 53% (v/v) of hydrogel particles were encapsulated in an array
of microneedles.

Fig. 4. The change in the ratio of the number of holes generated by microneedles to
the number of microneedles concerns the content of hydrogel. Optical micrograph of
the underside of human cadaver epidermis pierced by an array of polymer micro-
needles with (a) 18%, (b) 31%, (c) 53%, and (d) 68% (v/v) of hydrogel microparticles and
subsequently exposed to Trypan Blue dye. The pattern of blue staining is the same as
the array of microneedles, indicating the presence of transdermal transport pathways
created in the epidermis by polymer microneedles.
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Fig. 6. SEM images of morphological change in PLGA microneedles with hydrogel
microparticles inserted into porcine cadaver skin for 1 min, 5 min, 15 min, and 30 min
with constant 20 N of compression force. Microneedles were made of PLGA and 31% (v/
v) of hydrogel particles were encapsulated in an array of microneedles.
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without applying external force. The mechanical failure of PLGA
microneedles was induced by volume expansion of hydrogel
particles, as shown in Fig. 5. When PLGA microneedles encapsu-
lating 53% (v/v) hydrogel microparticles made contact with PBS,
intact microneedles were broken rapidly as a result of volume
expansion of the particles. Swollen hydrogel microparticles located
near the surface of the microneedle matrix broke through the
surface after 10 s of contact with PBS, and microneedles began to
crack after 30 s of contact. All microneedles were broken
mechanically after 60 s of contact (Fig. 5(d)). This test confirmed
that one failure mechanism of polymeric microneedles was
induced by volume expansion of hydrogel microparticles within
a PLGAmicroneedlematrix as a result of water absorption. Once the
hydrogel microparticles began to expand on the surface of the
microneedle matrix, the cracking of the microneedles quickly fol-
lowed, allowing more space for water penetration and leading to
rapid breakdown of the matrix. Water should penetrate the PLGA
microneedle matrix to make contact with the hydrogel micropar-
ticles and delayed contact retards volume expansion of the
particles.

A needle failure test also was performed by inserting micro-
needles into the full thickness of porcine cadaver skin in vitro to
determine how long microneedle tips should be inserted in the
porcine cadaver skin for successful separation of microneedle tips.
External force was applied to insert the microneedles into the
porcine cadaver skin, and water contact and external force were
considered factors for needle failure. As shown in Fig. 6, swelling of
hydrogel microparticles in porcine cadaver skinwas insignificant at
60 s, whereas 60 s of contact with PBS was sufficient to induce
failure of the microneedles (Fig. 5(d)). Most microneedle tips broke
down in porcine cadaver skin after 15 min of insertion. Water
content in skin ranges from 20% to 60% depending on the layer of
skin [48], and the response of hydrogel particles to water in porcine
cadaver skin is slower than to PBS. Needle failure began from the
end of the microneedle tips, as shown in Fig. 6. This is because
water content increased gradually from the upper part of the
stratum corneum down to the epidermis, resulting in more water
absorption near the tip apex. Hydrogel microparticles were found
near the surface of the microneedles initially, but only a few intact
microparticles were found after 30 min of insertion into the skin.



Fig. 7. Mechanical behavior of PLGA microneedles. Force measured as a microneedle
displacement while pressing against a rigid surface (a) PLGA microneedles having 0%,
18%, and 31% (v/v) of hydrogel particles after 5 min exposure to PBS (b) PLGA micro-
needles with 31% (v/v) of hydrogel particles after exposure to PBS for 0 min, 5 min, and
15 min.
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This result confirms that the swelling of hydrogel microparticles
initiates the cracking of PLGA microneedles and then the hydrogel
is crushed by external force caused by insertion and removal due
to the low mechanical strength of highly swollen hydrogel
microparticles.

To obtain more comprehensive data, polymer needles are
pressed at constant velocity into a hard metal surface while needle
force and displacement are continuouslymeasured. Themechanical
behavior of microneedles is shown in Fig. 7. The force-displacement
curve (which is analogous to a stressestrain curve) exhibited a non-
linear differential modulus, which is parameterized in terms of
content of hydrogel microparticles and exposure time to water.
Fig. 8. SEM images of morphological changes in (a) poly-lactic-co-glycolic (PLGA) microne
integrated microneedles (31% (v/v)) after insertion into the back skin of a hairless mouse f
Comparison of the slope of the stressestrain curve, as presented in
Fig. 7, shows that the steeper the stressestrain relationship, the
stiffer the material. After 5 min of contact with PBS, solid PLGA
microneedles are stiff and PLGA microneedles with 31% (v/v)
hydrogel microparticle content are more ductile. Therewas a minor
change in the slope of solid PLGAmicroneedles afterwater exposure
(data not shown here). PLGA microneedles with 18% (v/v) hydrogel
microparticle content deformed less than those with 31% and more
than solid PLGA, as shown in Fig. 7(a). For 100 mm of displacement,
PLGA microneedles with 31% (v/v) hydrogel microparticle content
have less than one tenth the force of solid PLGA microneedles. As
expected, the increase in hydrogel content significantly decreased
the mechanical strength of the microneedles after water contact.
Microneedle disruption is indicated by thedrop in applied force, and
this may have happened at the interface of swollen hydrogel
particles and PLGA. After 15 min of contact time with water, PLGA
microneedles with 31% (v/v) hydrogel microparticle content have
less than one-twentieth the force of non-exposed PLGA micro-
needleswith the same hydrogelmicroparticle content for 200 mmof
displacement, as shown in Fig. 7(b). This result confirms that more
exposure to water induced more swelling of hydrogel microparti-
cles, resulting in easy deformation and disruption of PLGA micro-
needles because of mechanical weakness of hydrogel and cracking
of PLGA microneedles.

To compare the failure mechanism, PLGA microneedles con-
taining hydrogel particles were compared with solid PLGA micro-
needles and PLGA microneedles containing salt particles. After all
microneedles were inserted into the back of a hairlessmouse for 1 h
in vivo, microneedles with hydrogel particles showed breakdown,
whereas solid PLGA microneedles were intact (Fig. 8(a)). PLGA
microneedles with salt particles had pores of 1e4 mm in diameter
on the surface and almost intact bent tips were obtained after
removal, as shown in Fig. 8(b). The comparison with solid PLGA
microneedles showed that separation of PLGA microneedles was
successful as a result of the swelling of the hydrogel microparticles.
Also, the comparison with microneedles with salt particles
demonstrated that volume expansion of hydrogel particles accel-
erated the generation of a water pathway, resulting in rapid
mechanical failure of the microneedles. Contact with water at the
surface of microneedles with hydrogel microparticles and with salt
particles extended for the same duration. However, volume
expansion of hydrogel particles produced a quicker breakdown,
reducing the insertion time of the microneedle tips and thus
improving patient convenience.

3.2.3. Stability of microneedles with hydrogel particles in high
humidity

Microneedles with hydrogel microparticles were responsive to
water contact. Thus the response to high humidity was observed
because the storage stability of microneedles with hydrogel parti-
cles can be a critical issue in fully developing this new system. By
comparing water-dissolving microneedles, resistance to high
humidity was evaluated. Up to 1 h, there was no difference in
edles (b) salt particle integrated microneedles (about 30% (v/v)) (c) hydrogel particle
or 1 h.



Fig. 9. SEM images of morphological change in (a, b, c) water-soluble microneedles made of carboxy-methyl-cellulose and (a0 , b0 , c0) hydrogel particle integrated microneedles (31%
(v/v)) in high humidity (95%) at 1 h (a, a0), 5 h (b, b0), and 12 h (c, c0).
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morphological changes between water-dissolving microneedles
made of carboxymethyl cellulose (CMC) and microneedles with
hydrogelmicroparticles. The tips of CMCmicroneedles turned blunt
by absorbing water at 5 h, but PLGA microneedles with hydrogel
Fig. 10. Time-lapsed images showing the decrease in fluorescent intensity in porcine cadave
of calcein delivered into porcine cadaver skin using polymer microneedles are shown. A 1
inserted into full thickness cadaver skin for 15 min. The skin was imaged by fluorescence m
particles remained in their initial shape. The morphological change
resulting fromhigh humiditywasmore significant at 12 h, as shown
in Fig. 9(c). While hydrogel microparticles absorbed water rapidly,
a thin PLGA film on the microneedles served as a protective layer
r skin due to the diffusion of calcein through the skin. Fluorescence microscopy images
00-needle array of PLGA microneedles containing hydrogel particles with calcein was
icroscopy at (a) 0, (b) 15, and (c) 60 min after removal of the needles.
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against humidity. The amount of water absorbed in hydrogel
microparticles was retarded by the thin PLGA layer. However, direct
contact with water weakened the resistance of the PLGA layer to
water as a result of swelling of PLGA by water uptake [49].
3.3. Drug delivery property of microneedles with hydrogel
microparticles

3.3.1. Drug delivery property of hydrogel particles
In order to evaluate the feasibility of hydrogel as a carrier of

hydrophilic drugs, microneedles with hydrogel microparticles were
pre-incubated in a calcein solution. The hydrophilic model drug can
be tracked over time by the green fluorescence of calcein, which
was diffused through porcine cadaver skin surface (Fig. 10). Calcein
diffused out in all directions through the skin around penetration
sites over time. The initial intensity of calcein immediately after
insertion was strong near insertion points for 15 min, but the
intensity weakened over time. This evaluation suggests that
a hydrophilic model drug can be delivered by hydrogel particles,
and the release rate can be manipulated by controlling the
Fig. 12. (a) Microneedle system attached on the bandage. (b) Fluorescent microscopic image
microscopic image (top) and fluorescent microscopic image (bottom) of hairless mouse s
fluorescence-tagged hydrogel microparticles for 30 min. An array of PLGA 50/50 microneedle
in vivo.
properties of the hydrogel particles. We confirmed that hydrogel
microparticles were delivered successfully into the skin by hydro-
gel swelling and that hydrogel was very quickly exposed to the skin
layer once the microneedles were inserted. Fast exposure of
hydrogel to the skin layer facilitated quick delivery of calcein into
the skin layer. As shown in Fig. 10, the intensity of calcein around
penetration sites became much weaker after 1 h, showing that
most of the calcein was diffused out over the skin layer. Various
types of hydrogel particles have been developed to control the drug
release rate, and controlled delivery of a hydrophilic model drug
will be possible by utilizing the physical and chemical properties of
various types of pre-developed hydrogel.

3.3.2. Drug delivery property of biodegradable polymeric
microneedles in vitro

A drug release test was performed by inserting CMC micro-
needles and PLGA microneedles with hydrogel into epidermis for
1 h. After 1 h, both PLGA and CMC microneedle arrays remained in
the epidermis, enabling them to serve as a drug depot. Fig.11 shows
that 85% of the rhodamine was released from the CMC micro-
needles within 6 h of being placed in a PBS receptor compartment,
indicating that CMC microneedles had fast release and that their
release pattern depended on dissolution of CMC and rhodamine
salt. Fast release of all rhodamine into the receptor was expected
because of the quick dissolution of CMC in water. However, some
portion of CMC microneedles with rhodamine was placed above
the stratum corneum, slowing dissolution of the bottom part of the
microneedles in the receptor and resulting in 100% release after 6 h.
For the PLGA microneedles, 60% of the rhodamine was released
after approximately 2 days in PBS, suggesting that their release
pattern depended on bulk diffusion of rhodamine rather than the
slower polymer degradation because rhodamine salt particles were
distributed in a PLGA microneedle array and the degradation time
of PLGA is 1e2 months. However, if a model drug is distributed
through PLGA microneedles at the molecular level, the release
profile that depends on PLGA degradation can be obtained. PLGA
microneedles with hydrogel microparticles can deliver the needle
array into the skin by insertion in less than 1 h, and the remaining
needle array in the skin can release the drug over a few days to
a few months by diffusion of drug and degradation of the PLGA
microneedle array. A patch application also can be used for
of microneedles with fluorescence-tagged hydrogel microparticles (cee). Optical light
kin in vivo at (c) 1 h, (d) 1 day, and (e) 3 days after insertion of microneedles with
s with hydrogel particles in 100 microneedles (31% (v/v)) was inserted into mouse skin



Fig. 13. Transdermal drug delivery test using in vivo mouse. PLGA microneedles containing fluorescence-tagged hydrogel particles in the rat skin after needle insertion for 60 min
are shown. Vertical skin sections of penetration sites were investigated by optical microscopy (top) and fluorescence microscope (bottom) increasing magnification from (a) to (b).
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sustained release of a drug after the skin is pierced using solid
microneedles, but the patch should remain adhered to the skin for
a longer period over a few days to deliver the drug through holes in
the skin [15]. Another concern of drug delivery through holes in the
skin is that the holes close in a few hours, resulting in the reduction
of the delivery rate. This new system of transdermal drug delivery
through microneedles can achieve safe, sustained drug release for
a predetermined period because the remaining PLGA microneedle
array degrades by hydrolysis within a few months.

3.3.3. Drug delivery property of biodegradable polymeric
microneedles in vivo

Tips of microneedles remaining in skin were investigated using
fluorescence-tagged hydrogel microparticles in the microneedles
(Fig. 12). To examine whether the LCST change occurred by copo-
lymerization of PNIPAAm gels with AAc through fluorescent FITC
labeling, LCST of modified and primitive PNIPAAm hydrogels was
investigated by difference scanning calorimeter (DSC). DSC ther-
mogram showed that LCST value of P(NIPAAm-co-AA) hydrogels
(32.8 �C) was almost similar to that of unmodified PNIPAAm
hydrogels (31.4 �C), indicating that the chemical modification of
PNIPAAm did not significantly affect thermal behavior of
P(NIPAAm-co-AA) hydrogels (Figure S2). Fluorescence was tagged
on the surface of hydrogel particles and the change of microneedles
in in vivo skin was scanned for 3 days. Microneedles were applied
using a hydrogel bandage for a predetermined term (Fig. 12(a)). The
application by bandage provided good contact between micro-
needles and skin, ease of use, and prevention of dry skin [48].
Fluorescence-tagged hydrogel microparticles were located in
microneedles and the intensity of fluorescence was maintained
after the PLGA molding process, as shown in Fig. 12(b).

Microneedle tips were found in the skin immediately after
insertion of microneedles with fluorescence-tagged hydrogel
microparticles for 30 min, as shown in Fig. 12(c). Their exposure
was confirmed by SEM observation (Figure S3). Sites of solid
microneedle penetration have been studied by staining with Try-
pan Blue [9] because it was difficult to find the penetration sites by
optical microscope due to the tiny size of the holes [50]. Compared
to insertion sites caused by solid microneedle penetration using
a microneedle roller, insertion sites caused by microneedles with
hydrogel microparticles were easily seen with an optical micro-
scope at 10� of magnification, as shown in Fig. 12(c), because the
tips remain. As shown in Fig. 12(d) and (e), the insertion sites were
still visible after 1 day, and the ends of the tips were covered with
skin after 3 days. Skin recovery over tips of PLGAmicroneedles with
hydrogel microparticles was slower than that over holes generated
by other microneedle methods such as a solid microneedle or
a dissolving microneedle. Penetration sites were difficult to found
even immediately after insertion and removal of solidmicroneedles
[50] and a few hours after insertion and removal of water-
dissolving microneedles. Skin recovery rate is an important factor
for determining drug delivery method and safety. Even though
holes are blocked by microneedle tips, very tiny crevices around
microneedles may exist [50]. Thus drug may be delivered through
the crevices around microneedles [7]; however, it may be difficult
for microbes to penetrate through the crevices because the crevices
are extremely small [51]. By integrating microneedles into the
patch system, PLGAmicroneedle tips embedded in skin can serve as
the transport pathway through the skin over a few days. After 3
days, the ends of microneedle tips were difficult to find using an
optical microscope, and the intensity of fluorescence was not found
with a fluorescence microscope either. The loss of fluorescence
intensity can be attributed to skin recovery. After 3 days in vitro,
tagged fluorescence intensity on hydrogel microparticles in PBS
remained. Thus it can be concluded that skin recovery over
microneedles tips induced the loss of fluorescence intensity.

PLGA microneedles containing hydrogel microparticles were
investigated after being inserted in mouse skin for 60 min. As
shown in Fig. 13, penetration sites were investigated by optical
microscopy (top of Fig. 13) and fluorescence microscope (bottom of
Fig. 13); magnification was also increased (Fig. 13(a) and (b)).
Hydrogel microparticles were placed over the stratum corneum,
epidermis and the dermis layers, and they stayed near penetration
sites. The implantation of tips of biodegradable polymeric micro-
needles with hydrogel particles can achieve local delivery of depot
drugs through the skin, and long-term delivery of drugs is possible
by utilizing the sustained release property of biodegradable poly-
mer and hydrogel microparticles.

4. Conclusions

The tips of biodegradable polymeric microneedles encapsu-
lating volume expandable, water-absorbing hydrogel microparti-
cles were separated after being inserted into the skin because
hydrogel microparticles expand quickly and highly swollen
hydrogel loses mechanical strength rapidly. This method utilizes
the difference in volume expansion between the needle matrix
polymer (PLGA) and the encapsulated hydrogel microparticles and
lowmechanical strength of highly swollen hydrogel. The content of
hydrogel particles defined the rate of microneedle failure. Micro-
needle tips with hydrogel microparticles were successfully left
behind in porcine cadaver skin in vitro and in hairless mouse skin
in vivo within less than 1 h of insertion into skin by swelling of
hydrogel microparticles. Fast delivery and sustained delivery of
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drug could be achieved by utilizing the drug delivery property of
hydrogel and biodegradable polymer. Remaining PLGA tips with
rhodamine salt could release drugs over a few days below the
epidermis. This new system can provide practical and efficient
transdermal drug delivery by leaving biodegradable polymeric
microneedles in skin and by offering easy fabrication, patient
convenience, and responsive interaction. This new microneedle
system can be improved by combining it with pre-developed
hydrogel techniques for providing versatile sustained release
methods.
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