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Abstract Novel in situ forming hydrogel microneedles were
evaluated for transdermal drug delivery using a biocompatible
non-ionic triblock amphiphilic thermosensitive copolymer.
The transition property of poloxamer from solution at room
temperature to gel at skin temperature (32 °C) was utilized in
preparation of in situ forming hydrogel microneedles.
Methotrexate has been used to treat solid tumors, but because
of'its narrow safety margin, it requires sustained delivery with-
in the therapeutic window. Formulations with and without
poloxamer at different methotrexate concentrations were pre-
pared and evaluated for drug permeation across skin using
vertical Franz diffusion cell for 72 h. Sol-gel transition, skin
resistance and thickness, microneedles geometry,
microchannel depth, shape, formation and uniformity, visco-
elasticity of skin, and in vitro drug permeation were charac-
terized and tested. An average cumulative drug amount of
32.2+15.76 and 114.54 + 40.89 pg/cm? for porcine ear skin
and 3.89 + 0.60 and 10.27 + 6.98 pg/em?® for dermatomed
human skin from 0.2 % w/w and 0.4 % w/w methotrexate
formulations was delivered by the in situ forming hydrogel
microneedles. These in situ hydrogel microneedles embedded
within the porated site of the skin provided a steady and
sustained drug delivery.
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Introduction

Transdermal drug delivery provides a promising alternative to
oral and parenteral delivery because of the advantages such as
avoidance of first pass effect, patient acceptability, painless
delivery, and easy discontinuation [1]. Generally, transdermal
patches and gels are considered as passive delivery techniques
while microneedles, iontophoresis, sonophoresis, and ultra-
sound are considered as enhanced delivery techniques. The
passive transdermal systems are confined only to drugs with
low molecular weight, moderate lipophilicity, and low melting
point and are not suitable for macromolecules [2].
Transdermal delivery of macromolecules requires enhanced
techniques, and for the past few years, significant research
efforts have been focused on microneedle-based transdermal
delivery systems.

The stratum corneum with an approximate thickness of 10
to 15 um is the main barrier for drug flux through the skin.
The insertion of microneedles causes reversible disruption to
the stratum corneum and creates microchannels in the skin
[1-3]. The microneedles are minimally invasive and tiny
needle-like structures with a length ranging from 250 pum typ-
ically up to 1500 pum [2, 4]. Solid, coated, dissolving, hollow,
and hydrogel-forming are the five different types of
microneedles that have been investigated [4].

“Poke with patch” was the first strategy used for solid
microneedle-mediated transdermal drug delivery [5]. In this
technique, the drug formulation was applied after removal of
microneedle from the skin and the drug delivery occurred by
passive diffusion [2]. Materials such as silicon, maltose,
metals, and polymers are generally used to prepare solid
microneedles [6—8]. Coated microneedles that are typically
made of silicon, metal, or polymers provide rapid onset of
drug delivery by allowing the drug to dissolve from the coated
surface of microneedles after insertion into the skin [5, 9].
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However, this technique is feasible only for potent drug mol-
ecules as it allows only tiny surface area for drug coating.
Transcutaneous vaccination using these coated microneedles
has been extensively researched [10].

The dissolving microneedles form aqueous
microchannel after insertion into the skin due to influx
of skin interstitial fluid [1, 2]. Polymers and biopolymers
such as polylactic acid (PLA), polyglycolic acid (PGA),
polylactic-co-glycolic acid (PLGA), polyvinylpyrrolidone
(PVP), poly(vinylpyrrolidone-co-methacrylic acid) (PVP-
MAA), poly(methyl vinyl ether-maleic anhydride), sodi-
um hyaluronate, chondroitin sulphate, and carbohydrates
are generally used in preparation of dissolving
microneedles [11, 12]. Balance between drug loading
and mechanical strength of the microneedle, drug stability
during fabrication, and residual polymer within the skin
are few of the limitations with dissolving microneedles.
Use of biodegradable and water soluble polymers can
eliminate the concern of residual biohazardous waste
within the skin [12, 13]. Significant attention has been
focused towards investigation of dissolving microneedles
[14].

Hollow microneedles typically made of silicon, metal,
glass, or ceramic deliver drug by the process of diffusion
as well as pressure through the bore opening [15-17]. The
length and inner diameter can influence the rate of drug
delivery [18]. Clogging of bore opening due to skin de-
formation and volume loss can happen during application
of hollow microneedles [19-21]. However, these limita-
tions can be overcome by using applicator made of non-
flexible materials with an improved accuracy, precision,
and reproducibility [22]. Hydrogel-forming microneedles,
an aqueous blend of polymeric material, forms by imbi-
bition of interstitial fluid from the skin. Poly
(methylvinylether/maleic acid) and poly (ethyleneglycol)
are used in preparation of hydrogel-forming microneedles.
Drug delivery from these microneedles can be controlled
by altering the crosslink density of the polymer [23].

For the first time, “in situ forming hydrogel
microneedles” were investigated in our study using a
non-ionic triblock amphiphilic thermosensitive copoly-
mer, poloxamer. This copolymer is available as
Pluronic® F127 or Kolliphor® P 407 and consists of eth-
ylene oxide (EO) and propylene oxide (PO) blocks in the
arrangement of EO-PO-EO with a molecular weight of
around 12,600 daltons and is characterized by its non-
ionic and amphiphilic properties [24-26]. One of the sig-
nificant properties is the sol-gel transition of this polymer
at skin (32 °C) or human body (37 °C) temperature. The
aqueous solution of this polymer remains fluid at room
temperature and transitions to gel above room temperature
[27]. The dehydration of PO units causes the polymer to
aggregate and results in formation of micelles eventually

causing gelation [28]. Increase in temperature of the poly-
mer solution causes the PO units to form a core where the
water-insoluble molecules can be encapsulated within this
hydrophobic core and leaving the hydrophilic tails of EO
units around the hydrophobic core [29-32]. This copoly-
mer has been approved as an inactive ingredient by the
FDA for topical, intravenous, oral solution, inhalation,
and ophthalmic preparations [24].

In our study, the sol-gel transition property of this polymer
has been utilized in creating in situ forming hydrogel
microneedles. The skin was microporated using 500-pum-
length maltose microneedles stacked in three rows, as shown
in Fig. 1, followed by application of poloxamer-based drug
formulation where the solution flowed inside the created
microchannels, transitioned into gel at skin temperature, and
attained the shape of microneedle. These in situ formed hy-
drogel microneedles embedded within the skin delivered the
encapsulated drug in a sustained fashion. Figure 2 provides a
schematic representation about formation and delivery of drug
from the in situ formed hydrogel microneedles. Hydrophilic
drug molecules and macromolecules can be incorporated in
these type of in situ formed hydrogel microneedles.
Methotrexate (2, 4-diamino-N 10- methyl propylglutamic ac-
id) with a molecular weight of 454.5 g/mol, pKa values of 3.8,
4.8 and 5.6, log P of —1.85 (hydrophilic) has been used in
treatment of cancer, rheumatoid arthritis, and psoriasis; how-
ever, it is associated with limitations such as poor pharmaco-
kinetic profile, narrow safety margin, and toxicity with in-
creased dosing [3, 33]. The relatively high molecular weight
and hydrophilicity limit the use of this drug in transdermal
delivery. In our study, we incorporated methotrexate as a mod-
el drug in the in situ formed hydrogel microneedles, charac-
terized, and evaluated for transdermal delivery.

Materials and methods
Formulation
Methotrexate (Sigma-Aldrich, St. Louis, MO) was dissolved

in pH 7.4 phosphate buffer solution (1:3) (Phosphate buffer
saline, Fisher Scientific, Fairlawn NJ) with 20 % w/v

1000 microns

Fig. 1 Proscope image of maltose microneedles
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Fig. 2 Schematic representation of formation and delivery of drug from
in situ forming hydrogel microneedles (a). Non-porated skin (b), skin
porated with maltose microneedles (c), pore formation after removal of
maltose microneedles (d), application of drug-poloxamer solution (e).
Flow of drug-poloxamer solution into the porated site of skin (f)
transition of drug-poloxamer solution to gel state at skin temperature
(32 °C) to form in situ hydrogel microneedles

poloxamer (Pluronic® F127, BASF — The Chemical
Company, Tarrytown, NY) solution. Four formulations with
two methotrexate (0.2 % w/w and 0.4 % w/w) concentrations
with poloxamer and without poloxamer (non-poloxamer)
were formulated. The non-poloxamer formulations served as
controls, and the polymer was replaced with deionized water.
The two drug concentrations were formulated to study the
drug concentration effect in sol-gel transition property of
poloxamer copolymer.

@ Springer

Evaluation of sol-gel transition property

The sol-gel transition was evaluated for poloxamer solution at
skin temperature (32 °C). The poloxamer (20 % w/v) solution
was prepared with deionized water and stored at 4 °C for
overnight. Polypropylene microcentrifuge tube (0.25 mL;
Fisher Scientific, Pittsburgh, PA) was cut towards the curved
edge allowing a length of around 0.5 cm. The interior of the
centrifuge tube was coated with isopropyl palmitate to impart
hydrophobicity. The tip of the centrifuge tube was porated
using a metal tip and placed inside an oven (32 °C) using a
glass plate. About 0.1 mL of the prepared poloxamer solution
was poured inside the 0.25-mL centrifuge tube through the
porated site using a plastic dropper, and the setup was allowed
to remain inside the oven for 10 min. The glass plate with the
centrifuge tube was taken out from the oven and was exam-
ined for gelation after removal of the centrifuge tube. The
image of the transitioned polymer was captured using a
Proscope HR video microscope system (Hi-Scope KH 2200,
Hirox Co., Tokyo, Japan).

Skin resistance and thickness testing

Porcine ear skin (Hollifield Farms, Covington, GA, USA) and
dermatomed human skin (New York Fire Fighters, NY, USA)
were measured for their thickness using material thickness
gauge (0-1 in/0-25 mm, Electromatic Equipment Co., Inc.
Cedarhurst, NY, USA). Agilent multimeter (34410A 61/2
Digit Multimeter, 33220 A 20 MHz Function/Arbitrary
Waveform Generator; Agilent Technologies, Newark
Element 14, Palatine, IL, USA) was used to test the resistance
of skin. A frequency at 10 Hz, amplitude at 100 mV, and a
resistance of 100 kQ were used for measurements. The skin
sample was placed on the receptor side of the Franz diffusion
cell that was filled with pH 7.4 phosphate buffer solution, and
the donor cell was clamped to the skin followed by addition of
0.3 mL phosphate buffer solution. The resistance offered by
both porcine ear skin and dermatomed human skin was
measured.

Scanning electron microscopy of microneedle before and
after insertion

The tetrahedron-shaped solid array of maltose microneedles
with 500 um length and base width of 200 pwm stacked in three
rows with a total of 81 microneedles (Elegaphy Inc, Tokyo,
Japan) were inserted into the porcine ear skin. Before insertion
of microneedles, the skin was stretched by pulling the oppo-
site ends using two fingers of the left hand, and by holding the
base of microneedles using the forefinger and thumb of the
right hand, the microneedles were inserted into the skin and
held for 2 min. The duration of insertion of microneedles into
the skin was selected based upon the observation that needles
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get entirely dissolved inside the porated site. The Phenom
Pure desktop scanning electron microscope (nanoScience
Instruments, Phoenix, AZ, USA) was used to observe the
microneedles before and after insertion into the skin for 2 min.

Microneedle insertion depth in the skin by confocal
microscopy

The depth of microchannels created by solid maltose
microneedles in the porcine ear skin was measured using a
confocal microscope (Leica SP8 Microsystems, 1L, USA)
with an excitation wavelength of 496 nm using x10 magnifi-
cation. The skin was microporated with maltose microneedles
in a similar fashion as described in scanning electron micros-
copy followed by application of 0.1 mL of poloxamer based
0.4 % w/w methotrexate formulation that was mixed with
Fluoresoft® 0.35 % dye (20 x 0.3 mL sterile solution, Holles
Laboratories, Lancaster, NY). The excess formulation was
wiped off after 2 min using kimwipes followed by alcohol
swabs (Covidien, Mansfield, MA, USA), and the skin was
tested using confocal microscopy. The obtained images were
processed using LAS-AF Software by using X-Z sectioning
(Z- stack) where the depth of the microchannels was
determined.

Histology examination

The microscopy of the porated skin site was tested for
histology to confirm the shape and formation of in situ
hydrogel microneedles. The porcine ear skin was
microporated in a similar fashion that was described in
the section of scanning electron microscopy followed by
application of poloxamer based 0.4 % w/w methotrexate
formulation that was mixed with 1 mL of methylene blue
dye solution. The formulation on the skin was allowed to
stand for 2 min at room temperature. The excess formu-
lation was wiped off using kimwipes followed by alcohol
swabs. The porated skin piece was stored in Tissue-Tek
O.C.T Compound (Sakura Finetek USA Inc., Torrance,
CA, USA) at =80 °C for overnight. The frozen skin sam-
ples were sectioned using Microm HM505E Cyrostat mi-
crotome (Southwest Scientific, USA) at around 15 pm
thickness. The cryosectioned skin samples were spread
on a glass slide and observed under the microscope
(Leica DFC295, LAS V4.1, Leica Microsystems Inc.,
Buffalo Grove, IL, USA) at x10 and x40 magnification.

Pore visualization by methylene blue staining

The surface pore uniformity of the microchannels created by
500-um length maltose microneedles was evaluated by meth-
ylene blue staining. The dermatomed human skin was
microporated in a similar fashion that has been described in

the section of scanning electron microscopy followed by ap-
plication of 1 mL of methylene blue solution. The dye-treated
skin was kept aside at room temperature for 2 min, and excess
dye solution was removed using kimwipes and alcohol swabs.
The stained microchannels in the skin were evaluated using
Proscope HR video microscope system (Hi-Scope KH 2200,
Hirox Co., Tokyo, Japan).

Skin rheology with microneedle treatment

The insertion of microneedle can cause skin deformation at
the microporated site. The viscoelasticity of the skin can sig-
nificantly influence the depth and dimension of the
microchannel. In addition, the viscoelasticity of the skin can
be altered based upon the type and length of microneedle,
insertion duration, and poration technique. The change in the
viscoelasticity property of the dermatomed human skin was
determined using a rheometer (Anton Paar® GmbH, Austria-
Europe) by conducting amplitude sweep followed by frequen-
cy sweep with angular frequency (w) ranging from 100 to
0.1 rad/s. The viscoelastic parameters such as elastic property
or storage (G’) modulus, viscous or loss (G”) modulus, and
overall change in the viscoelastic property or complex viscos-
ity (n*) were measured for both the untreated and in situ
formed hydrogel microneedle dermatomed human skin. This
test was performed to determine the difference between the
viscoelasticity property of the untreated skin and skin treated
with 500-um length maltose microneedles followed by for-
mation of in situ hydrogel microneedles.

In vitro permeation

The in vitro methotrexate permeation from 0.2 % w/w and
0.4 % w/w poloxamer and non-poloxamer-based formula-
tions (n = 4 for each formulation) was tested with porcine
ear and dermatomed human skin using vertical Franz dif-
fusion cell (PermeGear Inc, Hellertown, PA) for 72 h.
Every skin sample was tested for skin thickness and in-
tegrity before microporation as described in the section of
skin resistance and thickness testing. The microporated
skin was placed on the receptor chamber of the Franz
diffusion cell that contains 10 mM pH 7.4 phosphate buft-
er solution with a magnetic stirrer at a rotational speed of
600 rpm. This receptor chamber was surrounded by water
jacket maintained at 37 °C. The donor chamber was
placed on the microporated skin allowing a diffusion area
of 0.64 cm? followed by application of 100 pL formula-
tion after 10 min equilibration. Periodic sampling
(300 pL) was performed, and for every sampling time
point, fresh pH 7.4 phosphate buffer solution was re-
placed. The passive permeation was also tested with
non-porated skin for both poloxamer and non-
poloxamer-based formulations since they can serve as

@ Springer
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controls and reveal the difference in drug delivery by the
in situ formed hydrogel microneedles.

HPLC analysis

The HPLC method used Waters HPLC system with a mobile
phase composition of 10 mM potassium phosphate buffer ad-
justed to pH 3.5 and acetonitrile in the ratio of 87:13 respec-
tively. A flow rate of 1 mL/min and UV detection at 307 nm
(UV-Vis) with Waters 2996 Photodiode array detector resulted
in retention time at around 3.4 min using Phenomenex
Gemini-NX C18, 5 u, (150 mm X 4.6 mm) column. The peak
area of the prepared standard solution was linear with R* = 1
with a standard linear range from 0.1 to 50 pg/mL.

Statistical analysis

The statistical difference of in vitro permeation of methotrexate
was determined using Student’s # test. The tested formulations
were considered statistically different with a probability level of
0.05 (p < 0.05).

Results and discussion
Evaluation of sol-gel transition property

The sol-gel transition property of poloxamer formulation
has been investigated using glass microcapillary tube,
magnetic stir bar, and tube inversion methods. The dehy-
dration of poloxamer solution causes physical
crosslinking and results in formation of cubic crystalline
phases [24]. The change in temperature is the major driv-
ing force behind the gelation mechanism. This transition
mechanism has been utilized in injectable routes where
the liquid form was injected and the in situ formed gel
produced sustained delivery of the encapsulated drug [24,
34]. In our study, we confirmed the sol-gel transition of
poloxamer solution at skin temperature (32 °C) and this
was conducted with an in-house developed method using
0.25 mL microcentrifuge tube. Figure 3a, b shows the sol-
gel transition of the poloxamer (20 % w/v) solution at
32 °C and shape of pointed tip of the centrifuge tube with
an even and continuous gel formation without any rugged
surface. This demonstrates that poloxamer-based

Fig. 3 Sol-gel transition property of poloxamer formulation. a, b
20.0 % w/v poloxamer solution transition to gel at 32 °C

@ Springer

Fig. 4 Shape of maltose microneedles by scanning electron microscopy.
a Before insertion. b After insertion for 2 min
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formulations can transition from solution to gel at skin
temperature and secure the shape of its holder.

Skin resistance and thickness testing

Skin resistance is a measurement of skin integrity [35]. As per the
Organization for the Economic Cooperation and Development
(OECD) guidelines, skin integrity may be compromised by im-
proper handling. Hence, skin must be checked with a suitable
method to ensure if its barrier function was maintained [36]. It is
important to measure the skin integrity since it gives assurance
that the skin was not compromised during cleaning or any other
process. It also gives a confirmation that the alignment of skin on
the Franz cell was proper and there were no perforations in the
skin. The resistance of porcine ear skin and dermatomed human
skin was about 20 kQ/cm®. The skin treated with maltose
microneedles showed a 10 % decrease in resistance from its
original value. The average thickness of porcine and dermatomed
human skin were found to be 0.31 and 0.36 mm, respectively.

Scanning electron microscopy of microneedle before and
after insertion

The microneedle insertion duration and type of insertion in the
skin can play a vital role not only in depth of created
microchannel but also the amount of drug delivered. The
height and base width of the pyramid-shaped solid maltose

microneedles from scanning electron microscopy were found
to be around 500 £ 15 and 200 £ 10 um which corresponds
with the previously published data from our lab [37, 38]. The
length of the microneedles decreased to 20 + 5 um after an
insertion duration of 2 min. In case of maltose microneedles,
enough insertion duration should be provided so that the
microneedles can completely dissolve and form pores in the
skin. Figure 4a (before insertion) and Fig. 4b (after insertion)
show that the duration of 2 min insertion into the skin dis-
solved the maltose microneedles entirely.

Microneedle insertion depth in the skin by confocal
microscopy

Microneedles are designed to bypass stratum corneum and epi-
dermis to deliver drugs systemically. Microneedles that are made
of materials such as maltose, metal, silicon, and polymers are
designed with different geometry [39]. In addition to the duration
and type of insertion technique as mentioned before, other factors
such as pressure applied during insertion, density of material
used to prepare microneedles, angle at which microneedles are
inserted, viscoelastic property, and surface tension of the skin can
determine the depth of microchannels. Hence, it is essential to
determine the depth of microchannels in the skin created by
microneedles [40].

The poloxamer based 0.4 % w/w methotrexate formulation
with 0.2 mL Fluoresoft® 0.35 % dye was applied on the

100 microns

Fig. 5 Confocal microscopy images of in situ forming hydrogel microneedles. Measurement of pore depth at 0.0,10, 30, 50, 70, 90, 110, 130, and

150 um
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porated site, and the insertion depth was determined after
microporation. The Z stack captures the images in sequence
of skin sections at horizontal position (x,y) and at different
depth (z) from the surface of the skin to the point at which
the fluorescent dye diminish entirely [41]. In our study, it was
found that the insertion of 500 um length maltose
microneedles in the porcine ear skin for a duration of 2 min
resulted in pore depth of around 150 pm, as shown in Fig. 5. It
can be seen from Fig. 5 that the fluorescent intensity decreased
at 150 wm and this observation suggests the depth until which
the applied formulation can permeate through.

Histology examination

The histology of cryosectioned skin samples is generally exam-
ined to determine the formation and shape of the microchannel
[42]. Figure 6a shows that poloxamer based 0.4 % w/w metho-
trexate formulation with methylene blue dye solution formed a
gel layer on top of the porated site of the skin. It is evident from
Fig. 6b that the stratum corneum, the top layer of the skin, was
ruptured followed by epidermis and allowed the formulation to
flow inside the porated site before it was transitioned to gel.
Further, the pyramid-shaped micropore in the skin directly re-
flects the shape of maltose microneedles, as shown in Fig. 4a of
scanning electron microscopy section.

Pore visualization by methylene blue staining

This staining process evaluates whether the insertion duration,
pressure, and geometry of the microneedles can cause even

a A

Fig. 6 Histology examination with 0.4 % w/w methotrexate poloxamer
formulation (after maltose microneedles treatment). a Magnification at
x10. b Magnification at x40

@ Springer

micropores in the skin. The microchannels become hydrophilic
because of the presence of interstitial fluid in the skin and are
stained by hydrophilic methylene blue dye solution [2]. The
maltose microneedle used in our research were stacked in three
rows with each row containing 27 microneedles and, hence, a
total of 81 microneedles. Figure 7a, b shows untreated human
skin before insertion of microneedle and even staining of
microchannels after microporation respectively. The uniformity
of microchannels can be determined using Pore Permeability
Index (PPI) where it measures the volumetric distribution of
calcein solution and analyzed by Fluoropore software. We have
previously reported that the microchannels created by maltose
microneedles were uniform, and it was confirmed by the bell-
shaped distribution pattern of PPI histogram [37, 41].

Skin rheology with microneedle treatment

The viscoelastic properties such as G’, G”, and n* were deter-
mined to evaluate if the maltose microneedles insertion into the
skin can change the viscoelastic property of skin. It was previ-
ously published from our lab that treatment of porcine ear skin
with maltose microneedle, Admin Pen ™ 1200 and Admin Pen
™1500, resulted in decrease of storage and loss modulus [41].
The value of G’ showed a relative decrease for in situ formed
hydrogel microneedle skin between 0.1 and 1 rad/s, but no

Fig. 7 Methylene blue staining for pore uniformity. a Untreated
dermatomed human skin. b Methylene blue stained porated site of the
dermatomed human skin by 500-um-length maltose microneedles
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significant difference was observed between 1 to 100 rad/s, as
shown in Fig. 8.

It can be seen from Table 1 that the values G” and n* did
not change significantly for the untreated and in situ formed
hydrogel microneedles. The insertion depth (150 wm) reached
by the maltose microneedles and the in situ formed hydrogel
microneedles within the porated site could have contributed to
the minimized overall change in the viscoelastic property of
the skin.

In vitro drug permeation

The in vitro permeation of methotrexate was conducted using
vertical Franz diffusion cell. The poloxamer and non-
poloxamer based 0.2 % w/w and 0.4 % w/w methotrexate for-
mulations were evaluated for drug permeation with and without
microneedle treatment. The passive delivery of methotrexate
served as a control and was tested to confirm if microneedle
treatment followed by in situ formation of hydrogel micro-
needles can cause change to the delivery of methotrexate.

The poloxamer based 0.2 % and 0.4 % w/w methotrexate
formulations delivered an average cumulative drug amount of
32.2+15.76 and 114.54 + 40.89 pg/cm? by the in situ formed

hydrogel microneedles whereas non-poloxamer-based formu-
lations delivered 17.19 + 5.68 and 119.56 + 43.72 pg/cm®
through maltose microneedle-treated skin. The cumulative
drug delivery profile (Fig. 9a, b) showed that the delivery of
0.2 % wiw and 0.4 % w/w methotrexate from non-poloxamer-
based formulation was saturated after around 22 and 35 h,
respectively, whereas poloxamer-based formulations at simi-
lar drug concentrations showed a continuous drug delivery
profile for 72 h. A similar type of sustained drug delivery
profile was observed for poloxamer based 0.2 % w/w and
0.4 % w/w methotrexate formulations as well from the flux
profiles (Fig. 10a, b). The poloxamer-based formulations can
act as reservoirs for drug molecules within its self-assembled
micelle due to its thermogelling property at skin temperature
and release the drug in a controlled fashion [43]. In our study,
the in situ hydrogel microneedles formed within the
microporated site showed sustained drug delivery for 72 h.
The passive delivery of poloxamer and non-poloxamer based
0.2 % w/w and 0.4 % w/w methotrexate formulations deli-
vered comparatively lesser than the microneedle-treated skin.
The 0.2 % w/w methotrexate poloxamer and non-poloxamer-
based formulations delivered 1.95 + 1.87 and 7.65 = 9.60 ng/
cmz, respectively, whereas the 0.4 % w/w methotrexate

Table 1 Rheological values of
viscoelastic parameters (G’, G",
and n*) of untreated skin and skin

Skin samples

with in situ formed hydrogel

microneedles Untreated skin

Skin with in situ formed
hydrogel microneedles

Angular G’ storage G" loss Complex
frequency (rad/s)  modulus (Pa) modulus (Pa) viscosity [Pa-s]
100 75200 14400 766

10 50300 9270 5110

100 60600 12300 619

10 40000 8930 4100
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Fig. 9 In vitro average
cumulative delivery profile of
methotrexate by poloxamer and
non-poloxamer-based
formulations comparing passive
and maltose microneedle-treated
porcine skin. a Average
cumulative delivery of 0.2 % w/w
methotrexate poloxamer and non-
poloxamer formulations. b
Average cumulative delivery of
0.4 % w/w methotrexate
poloxamer and non-poloxamer
formulations. MTX methotrexate,
HMN hydrogel microneedle, MN
maltose microneedle

Fig. 10 In vitro average flux
profile of methotrexate by
poloxamer and non-poloxamer-
based formulations comparing
passive and maltose microneedle-
treated porcine skin. a Average
flux of 0.2 % w/w methotrexate
poloxamer and non-poloxamer
formulations. b Average flux of
0.4 % w/w methotrexate
poloxamer and non-poloxamer
formulations. MTX methotrexate,
HMN hydrogel microneedle, MN
maltose microneedle
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poloxamer and non-poloxamer-based formulations delivered
4.15+1.20 and 60.94 + 48.81 ug/em?, respectively, from the
passive permeation.

The poloxamer based 0.2 % w/w and 0.4 % w/w metho-
trexate formulations delivered 3.89 + 0.60 and
10.27 £ 6.98 pg/em?, respectively, with human dermatomed
skin for 72 h. The cumulative amount of drug delivered from
the skin treated with maltose microneedles without the in situ
hydrogel microneedles was statistically (p < 0.05) higher than
the skin with in situ formed hydrogel microneedles. However,
the drug delivery from the skin treated only with maltose
microneedles tapered down entirely at around 50 h, but with
the in situ formed hydrogel microneedles, the drug delivery
was sustained at a low concentration.

Methotrexate delivery from porcine and human
dermatomed skin confirms that the in situ formed hydrogel
microneedles within the porated site caused sustained drug
delivery effect. It has been reported in earlier studies that in-
corporation of poloxamer can facilitate solubility, encapsula-
tion, and increased dissolution of poorly water-soluble drug
molecules [34]. Further, drug crystallization and solubility can
be overcome by using varying concentration of poloxamer
copolymer due to formation of self-assembling micelle [44].

These novel in situ forming hydrogel microneedles have
several advantages compared to other available microneedles.
In case of in situ formed hydrogel microneedles, as the drug—
poloxamer-based formulation was in a solution form at room
temperature before application on to the skin, the formulation
flowed deep inside the created microchannels, gradually
transitioned to gel and resulted in formation of in situ hydrogel
microneedles. It would be challenging for the formulation to
flow inside the pores if the formulation is other than liquid and
this may result in insufficient formation of hydrogel
microneedles. The amount of drug loading within the in situ
forming hydrogel microneedles is not a limitation since the
formulation itself can transition at skin temperature and forms
the in situ hydrogel microneedles as opposed to the dissolving
microneedles where drug loading can compromise the me-
chanical strength of the microneedles [2]. Microneedles that
are physically invasive may require safety and sterility con-
siderations [13]. Further, microneedle fabrication requiring
high melting point for polymer may pose a serious challenge
for thermolabile drugs and can cause drug degradation [2].
Sterilization of microneedle may not be required for in situ
forming hydrogel microneedles, but this is a common chal-
lenge among microneedles that are loaded with temperature-
sensitive drugs. However, the microneedles that are used for
pore formation in the skin before application of the poloxamer
formulation may need to undergo sterilization if required.
Further, poloxamer is a biocompatible and water-soluble poly-
mer, and hence, using this as in situ forming hydrogel
microneedles can eliminate the concern of residual biohazard-
ous waste within the skin.

Conclusions

Microneedles with various material types and geometric di-
mensions have been investigated for delivery of small and
large molecular weight drugs. Methotrexate has been used in
treating solid tumors but is required to be delivered in a
sustained fashion at low concentration because of its narrow
safety margin. For the first time in our study, we have de-
signed and evaluated novel in situ forming hydrogel
microneedles using methotrexate and tested its formation as
well as use in porcine ear and dermatomed human skin.
Extensive characterization studies such as sol-gel transition,
skin resistance and thickness, geometry of microneedle before
and after insertion in the skin, depth of micropores formed
inside the skin layers, histology examination for pore shape
and formation, methylene blue staining for pore uniformity,
viscoelasticity of untreated and microneedle treated skin, and
in vitro drug permeation were carried out to confirm the for-
mation of in situ hydrogel microneedles and deliverability of
methotrexate. It can be concluded from this study that the sol-
gel transition property of poloxamer-based formulation was
observed in the porated site of the skin at 32 °C and the in situ
formed hydrogel microneedles embedded within the
microporated skin site provided a steady and sustained deliv-
ery of methotrexate.
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