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Abstract

The outermost layer of skin, stratum corneum, being lipophilic limits the passive transport of hydrophilic and large
molecular weight drugs. Microfabrication technology has been adapted to fabricate micron scale needles, which are
minimally invasive, yet able to deliver the drugs across this barrier layer. In-this study, we fabricated microneedles
from a biocompatible polymer, namely, poly (ethylene glycol) diacrylate. A simple lithographical approach was
developed for microneedle array fabrication. Several factors including polymerization time, ultraviolet light intensity
and distance from light source were studied for their effects on microneedle formation. The microneedle length
and tip diameter can be controlled by varying these factors. The microneedles were shown to be able to penetrate
cadaver pig skin. Model drug rhodamine B was encapsulated in the range of 50 g to 450 pug per microneedle array.
The fabricated microneedles containing rhodamine B increased the permeability by four times than the control.
Altogether, we demonstrated that the microneedle arrays can be fabricated through a simple single-step process and
needles were mechanically strong to penetrate skin, increasing the permeability of encapsulated drug through skin.
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Introduction

Transdermal delivery systems include topical formula-
tions and more recently, transdermal patches. The out-
ermost layer of epidermis, stratum corneum, prevents
molecules larger than 500 Da from passively diffusing to
the subcutaneous tissues'. The macromolecules cannot
cross the stratum corneum at therapeuticallyuseful rates.
Therefore, creating delivery systems to deliver these big
molecules has been a major challenge for formulation
scientists in the past decade.

To deliver these big molecules, an array of methods
have been researched, including chemical penetration
enhancers?, iontophoresis, ultrasound?, laser* and elec-
troporation®. The high precision microelectronic tools
and miniaturization techniques, first adapted in the
semiconductor industry, have been tailored to design
micron scale drug delivery systems. Microneedles which
are small micron scale projections varying in height
and shape are an example of such an innovation. They

are applied to the skin in a manner similar to transder-
mal patches to create pores, allowing the passage of
hydrophilic drugs, mimicking the action of hypodermic
needles. They can therefore be considered a hybrid of
the safe and convenient transdermal patch and efficient
hypodermic injections.

Since microneedles are in the micron scale in length,
they do not penetrate deep into the skin to stimulate the
nerves and are relatively pain-free®. The pores created
by microneedles have been shown to close within 72 h
after removal of the microneedles’. This makes the use
of microneedles very appealing to patients with impaired
healing and those requiring frequent injections (e.g.
diabetic patients). Lastly, microneedles are amenable
to self administration. The drug moiety could either be
coated on the microneedles or encapsulated in the core
or the skin can be pre treated with microneedles followed
by conventional application of gel or patch.
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Microneedles have been fabricated from silicon®?,
metals'"3, zeolite’ and polymers®>*. Extensive and
complicated multi-step processes, requirement of clean
room facilities and biocompatibility are potential hin-
drances of using silicon as a material for biomedical use.
Some metals have been approved by FDA for biomedical
applications and are used for microneedle fabrication.
They are robust but pose the potential risks of infection
on reuse, breaking off in the skin and generate biohaz-
ardous sharps. These challenges have led the search for
more viable substitutes to fabricate microneedles.

Polymeric microneedles have received attention
recently with several fabrication methods being devel-
oped. Polymers including poly (vinyl pyrrolidone)®, its
co-polymer with methacrylic acid"® and poly-lactide-co-
glycolide® have been used. Sugars and sugar derivatives
like dextrose'?, maltose?®, galactose®, carboxymethylcel-
lulose'® and amylopectin'® have also been reported for
fabricating microneedles. These materials were found to
be biocompatible, cost-effective and generate no biohaz-
ardous waste.

Despite some special advantages over their silicon
and metallic predecessors, microneedles fabricated from
polymers and sugars present some processing concerns.
Microneedles developed from sugars'®** pose process-
ing difficulties due to high melting points of sugars
(140-160°C) and substantial losses in the drug content
have been observed*. Similarly, high temperatures have
been used for the casting methods used by other groups
for fabricating polymeric microneedles'®?'. A micronee-
dle roller device recently developed by their group also
involves the use of elevated temperatures®. Fabrication
from other sugars such as dextrin using a thread forming
process with polypropylene”!” or polyethylene tips¥, has
been adapted for single-needle/micropile fabrication,
which may limit the amount of drug encapsulation®.
Other methods involve techniques such as deep X-ray
lithography, ultraviolet lithography, wet silicon etching
and reactive ion etching, lens based lithographic pattern-
ing, photopolymerization with longer exposure to UV
light and laser based fabrication involve sophisticated
equipments which accrue the overall cost of the process
and make it potentially inaccessible to many researchers.

In this study, we develop a simple photo-polymer-
ization method to fabricate microneedles with poly
(ethylene glycol) diacrylate (PEGDA) owing to its known
biocompatibility?® and FDA approval for human use®. It
has a long history as non toxic and non immunogenic
polymer, widely used for several drug delivery applica-
tions*. Compared with the photo-crosslinkable mono-
mer vinyl pyrrolidone'?*', the macromer PEGDA can be
cross-linked in short time under UV (a few seconds).
In addition, PEGDA used in this study (Mn = 258) has
a larger molecular weight than vinyl pyrrolidone (MW
= 111), which may indicate better biocompatibility®.
Moreover, its extensive use as a substrate for tissue engi-
neering®** also makes it a potentially useful biomaterial
for microneedle fabrication. The fabrication method

is based on photolithography, involving exposure of
the polymer to UV light through a patterned mask in a
single step process. The method offers the advantage of
short exposure to UV light. It is similar to the commer-
cial manufacture of contact lenses, which also employs
a mask based photolithography method to polymerize
the monomers*, suggesting that our process lends itself
suitable to be scaled up commercially for industrial
applications.

Materials and methods

Materials

PEGDA (Mn=258), 2-hydroxy-2-methyl-propiophe-
none, (HMP), 3-(trimethoxysilyl) propyl methacrylate
(TMSPMA) and trypan blue solution (0.4%) were pur-
chased from Sigma-Aldrich (St. Louis, MO). Rhodamine
B was purchased from Alfa Aesar (Lancaster, UK).
All materials used were reagent grade and were used
as received. Water purified using Millipore Direct-Q
(Molsheim, France) was used in the studies.

Coating of glass coverslips

Glass coverslips (Menzel Glaser, Germany, 190 micron
thickness, 22 x 22 mm) were first rinsed with 70% etha-
nol and air dried. Later, they were immersed in 0.4%
TMSPMA solution overnight for coating. The coverslips
were then washed with water and baked for 2 h at 70°C.
TMSPMA molecules attach to the silanol groups on the
glass. The resultant chemical interaction is depicted in
Figure 1.

Fabrication of microneedle backing layer

Two uncoated coverslips were supported on either side
of a glass slide (Sail Brand, China) as ‘spacers’ as shown
in Figure 1A. A TMSPMA coated coverslip was placed
on this setup to create a cavity in the centre, approxi-
mately 190 pm thick. PEGDA, containing 0.5% w/w HMP
(referred as the prepolymer solution) was wicked by
capillary action into the cavity. The set up was then irra-
diated with high intensity ultraviolet light (11.0 W/cm?)
for 1.5 sec using UV curing station with a UV filter range
of 320-500 nm (OmniCure S200-XL, EXFO Photonic
Solutions Inc., Canada). The intensity of the UV light was
measured with the OmniCure’ R2000 radiometer. A col-
limating adaptor (EXFO 810-00042) was used with the
UV light probe. TMSPMA molecules bonded to the glass
coverslips are covalently linked to the acrylate groups
of PEGDA via free-radical polymerization®=" (Figure 1,
within dashed ellipses). The backing layer approximately
190 pm thick was then easily removed from the setup.

Fabrication of microneedles

The set up for fabrication of microneedles is similar to that
for microneedle backing except for number of ‘spacers!
Increased spacer thickness was achieved by increasing the
number of coverslips stacked on either side of the glass
slide as shown in Figure 1B. The prepolymer solution was
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Aftachmenl of PEGDA 1o PEGDA

backing forming microneedes

Figure 1. (A) Schematic representation of the fabrication process. PEGDA is attached to TMSPMA coated coverslip via free radical
polymerisation using UV irradiation, forming the backing for microneedles. (B) Using glass slides as support, the PEGDA backing is
mounted onto the set-up with PEDGA filled in the enclosed cavity. Subsequently, the set-up is irradiated with UV light. UV light is only
able to pass through the clear regions on the photomask, forming microneedles.

then similarly wicked by capillary action into the cavity. A
plastic film (called as photomask) was inked specifically
in the pattern of microneedle array. The background
of this film was inked leaving small circles in an array
pattern transparent to allow the UV light to pass through.
The transparent circles govern the base diameter of the
microneedles. Similarly, the center-to-center spacing
between two microneedles can be controlled. Such a film
was placed on the coverslip carrying the microneedle
backing and the setup was irradiated with UV light. The
use of photomask blocked the UV access in the inked
regions and allowed the UV light to pass through the
transparent circles, which resulted in the formation of
microneedles. The microneedles were covalently bonded
with the PEGDA macromers in the backing layer to form
an interpenetrating polymer network®** (Figure 1B,
within dashed rectangles). The microneedle structures,
attached to the coverslip, were carefully removed from the
glass slide and washed with water to remove the uncross-
linked prepolymer solution. The prepared microneedles
were imaged using Nikon SMZ 1500 stereomicroscope
(Nikon, Japan), to quantify the microneedle geometric
characteristics.

© 2012 Informa Healthcare USA, Inc.

Microneedle insertion in pig skin

Ascertaining that microneedles penetrate the skin, PEGDA
microneedles, in an 8 x 8 array were inserted into excised
cadaver pig skin obtained (after the pig was sacrificed using
CO, asphyxiation) from a local abattoir. The hair was first
removed using an electric hair clipper (Philips, Hong Kong)
followed by hair removal cream Veet (Reckitt Benckiser,
Poland) to completely remove the hair®. The skin samples
were cleaned and stored at —80°C until use. Prior to use, the
subcutaneous fat was removed using a scalpel. The skin was
fixed fully stretched on a thin (7-8 mm) layer of modelling
clay (Nikki, Malaysia), to mimic the tissue-like mechanical
support. Microneedles were inserted using the force of a
thumb on the backing layer for approximately 1 min.

The arrays were then removed and the area of insertion
was stained with trypan blue for 5 min, which specifically
stains the perforated stratum corneum sites. The excess
stain was washed away with water. The areas stained with
the dye were viewed by brightfield microscopy using Eikona
Image Soft Microscope (China). A positive control, which
consisted of a 27 gauge hypodermic needle, was used to
create perforations in the form of a 4 x 3 array. Intact skin
stained with trypan blue was used as a negative control.
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Histological examination of the skin was also carried out
by the microneedle-treated skin samples in to 10 pm sec-
tions using a microcryostat (Leica, Germany). The histolog-
ical sections were stained with hematoxylin and eosin and
imaged by stereomicroscopy. All animal experiments were
approved by Institutional Animal Care and Use Committee
(TACUCQ), National University of Singapore (NUS).

Encapsulation of a model drug: imaging and in vitro
release

Rhodamine B was dissolved in the prepolymer solu-
tion at a concentration of 0.09, 0.17 and 0.44 weight %,
respectively. The drug-laden microneedle samples were
imaged using a fluorescence stereomicroscope SMZ -
1500 (Nikon). The amount of drug encapsulated in the
microneedles was calculated from the percent weight of
the drugs in the prepolymer solution and the weight of
fabricated microneedles. Selective incorporation of rho-
damine B in the backing layer or microneedle shafts was
made possible by using the prepolymer solutions con-
taining the model drug to fabricate the backing layer or
microneedles respectively. In vitro release of rhodamine
B was tested by suspending fabricated microneedle arrays
in 15 ml of 1 x PBS, at 37°C and sampled at regular inter-
vals. At each sampling point, the whole 15 ml of release
medium was withdrawn and replaced with 15 ml of fresh 1
x PBS. The samples were stored at 4°C before analysis. The
amount released was quantified by measuring rhodamine
B fluorescence at excitation and emission wavelengths
of 554 nm and 586 nm, respectively, with a Tecan 2000
microplate reader (Tecan, Switzerland)®.

In vitro permeation through rat skin

To analyze the increase in skin permeability following
microneedle application, cadaver rat skin was used.
The subcutaneous fat was removed with a scalpel.
Microneedles containing 50 pg of rhodamine B were
applied to the skin samples. As a comparative control,
a similar concentration of rhodamine B in propylene
glycol solution in the donor compartment was used.
Skin was mounted on a side-by-side diffusion cell (TK-
6H1, Shanghai Kai Kai Science and Technology Co., Ltd,
China) with receptor compartment containing 4.5 ml of 1
x PBS with 0.005% v/v sodium azide (Alfa Aesar). For each
group, six replicates were used. Water was circulated at
37°C and the donor and receptor solutions were continu-
ously stirred at 250 rpm with magnetic stirrers. The sam-
ples were collected at regular intervals over a period of 48
hours. At each sampling point, 1 ml of receptor medium
was withdrawn and replaced with 1 ml of fresh PBS. The
samples were stored at 4°C before analysis. All the sample
vials were centrifuged at 10,000 rpm and supernatant was
analyzed by measuring rhodamine B fluorescence as pre-
viously mentioned. Cumulative amount of drug perme-
ated against time and skin permeability was calculated by
assuming steady state flux.

Statistical analysis

Testing of microneedle geometric properties, eight
microneedle arrays were fabricated for each parameter
studied and mean + standard deviation was reported.
For other experiments, results from triplicate or more
measurements were used to compute mean and standard
deviation. One-way ANOVA was used, for analyzing
multiple groups of data or statistical differences. Results
with p value of less than 0.05 were considered to be
statistically significant.

Results

Fabrication of polymeric microneedles

Effect of varying UV light parameters

Microneedles were fabricated to ascertain the effect of
various variables such as polymerization time, UV light
intensity and distance from UV light source on micronee-
dle length and tip diameter. All microneedles fabricated
had a base diameter of 300 pm and center-to-centre
spacing of 1500 um. The spacer thickness between the
base glass slide and the TMSPMA coated coverslip (with
the microneedle backing layer attached to it) was kept
constant at 1330 um. All microneedles were viewed and
the dimensions were measured by using a Nikon SMZ
1500 stereomicroscope.

Effect of varying polymerization time

Microneedles were fabricated at different polymeriza-
tion times ranging from 0.5 to 4 sec, keeping the UV light
intensity (11.0 W/cm?) and the distance from UV light
source (3.5 cm) constant. Uniform microneedle arrays
cannot form at times below 1 sec (supplementary Figure
SA). At polymerization times beyond 1 sec microneedles
started to form with an average length of 1218 + 18 pm
until the exposure time of 2 sec (p > 0.05). Beyond that,
the microneedle length increased to an average of 1268
+ 16 um till a maximum exposure time of 4 sec (p > 0.05)
(Figure 2A). Similarly, for times up to 2 sec, the tip diam-
eter averaged 131 + 18 pm, which increased to 163 + 17
pm with increase in exposure time between 2.5 and 4
sec (Figure 2B). Higher polymerization times may have
resulted in higher microneedle strength which is impor-
tant for microneedle penetration in skin.

Effect of intensity of UV light

The intensity was varied between 1.15 and 11.0 W/cm?
maintaining the polymerization time (3.5 sec) and dis-
tance from UV light source (3.5 cm) constant. Uniform
microneedle arrays cannot form below the strength of
2.21 W/cm? (supplementary Figure SB). Microneedle
length averaged at 1250 + 4 pm and varying the intensity
had insignificant effect on the microneedle length (p >
0.05) (Figure 2C). Average tip diameter of microneedle
tip was found to be 154 + 8 pm (p > 0.05) (Figure 2D). The
microneedles fabricated at 11.0 W/cm? were observed to
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Figure 2. Effect of UV parameters on microneedle geometry. Effect of (A) polymerization time, (C) intensity and (E) distance from UV
source on microneedle length. Effect of (B) polymerization time (D) intensity and (F) distance from UV source on tip diameter.

be strong enough to be used for subsequent penetration
experiments.

Effect of varying distance from UV light source

Variation of intensity of UV light with increase in the dis-
tance from the light source was tested for its influence
on the microneedle length and tip diameter. For this
purpose, the fabrication stage was placed at a distance
ranging, 3.5-9.5 cm from the light source. Microneedles
were fabricated at several distances within this range,
keeping other variables of polymerization time (3.5 sec)
and ultraviolet light intensity (11.0 W/cm?) constant.
It was observed that as the distance was increased, the
microneedle length decreased from 1256 + 21 pm to 1190
+ 70 um. However the difference was found to be statisti-
cally insignificant between the distances 3.5-6.5 cm and
3.5-9.5 cm (Figure 2E). Increasing the distance of the fab-
rication stage beyond 9.5 cm resulted in the formation of
non uniform arrays of microneedles with variable lengths
(supplementary Figure SC). Tip diameter averaged at 156

© 2012 Informa Healthcare USA, Inc.

+ 10 um with the increase in distance from 3.5 cm to 9.5
cm (Figure 2F).

Effect of non UV light parameters

Effect of spacer distance

For targeting the drugs to specific areas of the skin, it is
essential to have a definite control over the microneedle
length. We manipulated the spacer thickness by increas-
ing the number of coverslips stacked on the base glass
slide (Figure 1). Such a successive increase in the space
between the base glass slide and the TMSPMA coated
coverslip (which has PEGDA backing fabricated on it),
increases the microneedle length (Figure 3A-3F). At
each step one coverslip was added to the stack and thus
increasing the spacer thickness by approximately 190
pm. The spacer thickness could be varied between 380
and 1330 um. The UV parameters were kept constant at
UV intensity (11.0 W/cm?), polymerization time (3.5 sec)
and distance from UV source (3.5 cm). In this manner,
the microneedle length could be varied between 299 + 8
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Figure 3. Effect of increasing spacer thickness. (A-F) Images at various spacer thickness, with microneedle length of 252, 441, 680, 820,
1044 and 1211 pm, respectively. (G) Increase in microneedle length with increase in spacer thickness. (H) Decrease in the tip diameter

with increase in spacer thickness.

pm and 1387 + 35 pm (ANOVA, p < 0.001) which is cor-
roborated by the average coverslip thickness of 190 pm
each (Figure 3G). An increase in the spacer thickness also
resulted in a corresponding decrease in the tip diameter
of the microneedles. The tip diameter ranged from 174 +
22 pum to 260 + 13 um (Figure 3H).

Microneedle penetration in pig skin

Microneedles measuring 921 + 31 pm in length were
inserted in cadaver pig skin. Penetration of microneedle
arrays in the skin was demonstrated using the trypan
blue staining method. Figure 4A shows the image of a
microneedle array penetration after staining. The blue
spots are specifically stained at the points of microneedle
insertion. Penetration with a hypodermic needle as a
positive control and staining with trypan blue to ascertain
the staining specificity and capability of the dye is displayed
in Figure 4B. As a negative control, the dye was applied
on intact skin. After washing, the stain was removed,
proving that the blue dye only stains the sites of stratum

corneum perforation (Figure 4C). The microneedles were
not deformed upon removal from the skin suggesting that
they were robust enough to penetrate the skin. Figure 4D
shows the histological section prepared after microneedles
were inserted and removed subsequently. Hematoxylin
and eosin staining to visualize the skin layers displays a
clear indentation left by microneedle penetration. The
microneedle penetrated almost completely into the skin
suggesting that the encapsulated drug can be delivered
efficiently.

Encapsulation and in vitro release of encapsulated
model drug

Figure 5A shows the microneedles fabricated from
PEGDA, in which no model drug has been incorporated.
As observed from Figure 5B, the microneedle shafts con-
tain the red colored rhodamine B, whereas there is no flu-
orescence observed from the backing layer. Conversely,
in Figure 5C, the microneedle shafts do not contain any
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Figure 4. Penetration of microneedles in cadaver pig skin. (A) Area of microneedle penetration stained with trypan blue. (B) A positive control
with skin penetrated using a 27 gauge hypodermic needle (4 x 3 array) and holes stained by trypan blue. (C) Negative control (no microneedles)
applied on the skin, subsequently stained by trypan blue. (D) Histological section of skin stained with hematoxylin and eosin post microneedle

application.

rhodamine B dye and the fluorescence is only observed
in the backing layer, which specifically contains the dye.
The drug can also be incorporated in both microneedles
as well as the backing, which were also fabricated during
this study (Figure 5D).

The release of encapsulated rhodamine B was studied
over a period of 1 week. It was observed that nearly 30%
of the encapsulated drug was released within the first
hour (Figure 6A). The drug release continued as the drug
loaded in the backing layer potentially serves as a reser-
voir. The percentage amount released was independent
of the concentration of the drug in the microneedles and
the backing layer. The actual amount released was shown
in Figure 6B.

In vitro permeation through rat skin

The ability of microneedles to increase skin perme-
ability of rhodamine B was assessed. Microneedle
increased the total amount permeated by 3.89-fold as
compared to a propylene glycol solution of rhodamine
B (Figure 7). The steady-state flux was 0.299 + 0.1 pg/
cm?/h for microneedle and 0.067 + 0.01 pg/cm?/h for
propylene glycol solution, which is 4.35 times lower
(p < 0.05).

© 2012 Informa Healthcare USA, Inc.

Discussion

Many groups have successfully developed polymeric
microneedles using various techniques and polymeric
materials”'%'"2%_ Previous studies to develop polymeric
microneedle arrays have used multi-step methods
involving development of master structures to create
reverse molds'é, use of vacuum to fill the molds with the
polymer substrate, longer exposure to UV radiation to
polymerize the base substrate'> and use of high tempera-
ture micro-molding techniques®. The processing condi-
tions used in these methods may have an adverse effect
on drug molecules, such as peptides and proteins.

We developed a one-step lithographical method
to fabricate microneedles. The major equipment in
this method is the UV curing station®. The fabrication
process involved free radical polymerization using the
photoinitiator HMP, which initiates the polymerization
reaction in the presence of UV. Polymerization time
ranging from 1 to 4 sec is not expected to compromise
the stability of encapsulated drugs. The fabrication set up
does not have specific requirements of vacuum or heat-
ing arrangements.

Fabrication of microneedles from PEGDA began with
the process of optimization of fabrication conditions. As
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Figure 5. Incorporation of rhodamine B in microneedle arrays. (A) Without rhodamine B, (B) rhodamine B in microneedle shafts, (C)
rhodamine B in backing layer and (D) rhodamine B in both microneedle shafts and backing.

we were developing this method to fabricate micronee-
dles using ultraviolet light governed photo polymeriza-
tion, several variables were studied. The polymerization
time (time of exposure of polymer to ultraviolet light),
ultraviolet light’s intensity and the distance of the fab-
rication assembly from the ultraviolet light source was
considered as factors influencing microneedle fabrica-
tion and were evaluated for their effect on microneedle
geometry.

The time of exposure to UV light, defined as the
polymerization time, is important with respect to
the microneedle geometric properties as well the
encapsulated drug stability. Ultraviolet light has been
well known to cause primary photooxidation, which
is the major contributor to drug degradation*. One of
the aims of our experiments was to study the geometric
properties and develop a method of fabricating
microneedles in the shortest possible polymerization
time. The photopolymerization methods used to date
involved long exposure times to UV in the range of 30
min'®. With the new approach, microneedle structures
were obtained at low polymerization time of 1-4 sec.
Although microstructures could be formed at lower
polymerizationtimesaswell, butasthetimewasincreased
the microneedle strength increased. A polymerization
time of 3.5 sec was used for microneedles fabricated in
the current study as it resulted in robust microneedle
arrays enabling penetration in skin. On the other hand,

photopolymeric reactions can also be influenced by the
intensity of the light source used*'. We aimed to find
the right combination of polymerization time and the
UV intensity for fabricating robust microneedles. It was
found that a combination of polymerization time of
3.5 sec and intensity of 11.0 W/cm?was suitable for our
method.

Penetration of microneedles in cadaver pig skin
revealed that microneedles penetrated the skin using
a thumb with little force. Trypan blue is a hydrophobic
dye and is known to specifically stain the sites of stratum
corneum perforation, which is confirmed by histologi-
cal sectioning of the skin. Microneedles are intended to
create transient pores in the skin structure and release
the drug through these pores. These pores have been
previously shown to close within 72 h upon microneedle
removal’ and microneedle application has been associ-
ated with a lower risk of microbial infection as compared
to hypodermic needles*.

Polymeric microneedles offer the advantage of incor-
porating the drugs in the polymeric matrix as compared
to silicon or metallic counterparts where the drug
can only be coated on pre-fabricated microneedles.
Incorporation of drugs in microneedles fabricated from
PEGDA demonstrates the encapsulation efficiency of
PEGDA microneedles. The drugs have been incorpo-
rated either in the microneedle shafts for bolus release
or in the backing layer for sustained release or in both
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Figure 6. Release profile of rhodamine B encapsulated in
microneedles over a period of 1 week. (A) percentage released (B)
cumulative amount released.
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Figure 7. Cumulative amount of rhodamine B permeated through
rat skin when microneedle patch and propylene glycol solution of
rhodamine B were applied over a period of 48 h.
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layers for a prolonged effect'. The drug release from the
microneedles in the surrounding subcutaneous tissue is
followed by release of the drug encapsulated in the back-
ing layer, which continues to release the drug through
the transient pores created by the microneedles. Since
it is possible to incorporate a larger amount of drug in
the backing layer as compared to the microneedles, it is
useful to incorporate the drug both in the microneedles
and the backing layer to increase drug loading. The drug
encapsulated was released with a burst upfront in the first
hour, which was followed by slower release over a period
of 1 week of the study. This can be attributed to the res-
ervoir capacity of the backing layer which can release the
drugs through the microneedles inserted into the skin.
The drug release properties, however, may be modified
by coating the microneedles or incorporating varying
amounts of release modifying polymers, such as chito-
san, to control the release of the drug from the PEGDA
matrix. Chitosan as a coating material for controlling the
release rates has been previously investigated*. Other
photo-crosslinkable polymers may also be used to alter
the release profile of the drugs.

Drug laden microneedles created transient pores
which may have led to a higher flux as compared to a
control, which included a propylene glycol solution
containing the same amount of the drug as in one
microneedle array. The microneedles increased the flux
by over four times compared to passive diffusion of rho-
damine B through the capillary intercellular pathways
in the stratum corneum, which was the main mode of
drug transport across the skin for a propylene glycol
solution*.

Conclusion

We developed a simple photolithographical approach to
fabricate polymeric microneedles. Microneedles were
found to be capable of penetrating cadaver pig skin when
inserted with the force of a thumb. A model drug, rho-
damine B could be encapsulated in the polymeric matrix
of the microneedle shafts and the backing layer and
released in an in vitrorelease medium. The microneedles,
when applied to rat skin, increased the flux of encapsu-
lated rhodamine B by 4 times over passive diffusion of a
solution. The approach is amenable to other photo cross
linkable polymers and potentially useful for transdermal
drug delivery. Moreover, the method may be potentially
scaled up for mass production of microneedle arrays.
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