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Abstract. Localized delivery of chemotherapeutic agents to treat breast cancer could limit
their adverse drug reactions. The aim of this study was to investigate the influence of physico-
chemical properties of chemotherapeutic agents in their loading, release behavior, and skin
permeation using microneedles. Zein microneedles were fabricated using the micromolding
technique containing 36 microneedles in a 1-cm? area. These microneedles were loaded with
two anti-breast cancer drugs, tamoxifen and gemcitabine, having different water solubilities.
Entrapment or surface coating of chemotherapeutic agents in zein microneedles was
optimized to achieve greater loading efficiency. The greatest loading achieved was 607 +21
and 1459 + 74 pg for tamoxifen and gemcitabine using the entrapment approach, respectively.
Skin permeation studies in excised porcine skin showed that the coating on microneedles
approach results in greater skin deposition for tamoxifen; while the poke-and-patch approach
would provide greater skin permeation for gemcitabine. Taken together, it can be concluded
that different loading strategies and skin penetration approaches have to be studied for

delivery of small molecules using polymeric microneedles.
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INTRODUCTION

Microneedle-based devices are poised to disrupt the way
therapeutics are administered in a localized region (1,2).
Microneedles have shown potential in their utility as devices
for disease diagnosis, drug and vaccine delivery, and cosmetic
application (3). Despite the research efforts on microneedles
diversified into finding better production technologies, opti-
mized needle dimensions, and modes of insertion into tissues,
the material of construction has emerged as the most
important parameter that affects drug delivery (4-6).
Micromachining tools have been used to fabricate
microneedles made of stainless steel, silicon, and ceramic
materials (7,8). However, their application in drug delivery is
limited by poor drug loading efficiency. The metal-based
microneedles would generally be applicable in the poke-and-
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patch approach, where blank microneedles are inserted into
the skin, and then the drug formulations are applied to allow
drug permeation (9). The amount of drug that can be coated
onto the metal-based needle materials is severely limited (10).
An alternative to the use of metal-based materials is to
prepare hollow microneedles. The liquid drug formulation
can be transported into the skin through the hollow needles
(4). However, this is limited by the fluid volume that can be
administered and the skin resistance against permeation of
fluids.

In the second generation of microneedle development,
the micromolding technique allowed utilization of varied
polymeric materials to construct microneedles (6,11,12). This
has significantly expanded the scope of application of
microneedles to diversified areas. Some of the most widely
used polymeric materials to construct microneedles have
been polyvinyl alcohol, polyvinyl pyrrolidone, sodium
carboxy methyl cellulose, chitosan, alginate, poly(pB-ester),
acrylate polymers, and polylactide, among others (13). These
polymeric microneedles could be tailored to be stable or
dissolvable and optimize the drug loading and release
behavior (11,14,15).

In general, the polymer and casting medium character-
istics including molecular weight, water solubility, concentra-
tion, viscosity, and entrapped air would influence the
mechanical strength, skin insertional force, and stability of
microneedles (16,17). Furthermore, these material attributes
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would also influence the amount of drug that can be loaded
within microneedles or coated on the microneedle surface
(18,19).

To that end, the objective of this study was to understand
the influence of water solubility of compounds in their
entrapment, release behavior, and skin permeation in zein
microneedles. Zein is a prolamine protein derived from corn.
It is generally regarded as safe (GRAS) material by US-FDA
that is used in the manufacture of biodegradable plastics,
fibers, coatings, adhesives, and inks (20). Earlier, we have
reported development of zein microneedles to deliver antigen
for transcutaneous immunization (11). Zein microneedles
have not been studied for delivery of small molecules. Here,
we report the loading of two widely used anti-breast cancer
agents, tamoxifen and gemcitabine, in zein microneedles.
These two drugs possess different water solubilities. The
physico-chemical properties of tamoxifen included molecular
weight, 371.5 Da; melting point, 95°C; water solubility,
0.04 pg/ml; log P, 4.44; pK,, ~8.8; and clinical dose
requirement, 2040 mg/day (21-25). On the other hand, the
physico-chemical properties of gemcitabine included molecu-
lar weight, 299.6 Da; melting point, 277°C; water solubility, ~
38 mg/ml; log P, (-)1.4; pK,, 3.6; and a clinical dose
requirement of 800-1250 mg/m? (26-30). The influence of
these properties in their skin permeation after loading in
microneedles was studied.

MATERIALS AND METHODS

Materials

Tamoxifen was purchased from Sigma-Aldrich (Banga-
lore, India). Gemcitabine hydrochloride was a gift sample
from Fresenius Kabi India Pvt. Ltd., Gurgaon, India. Zein,
polyethylene glycol 400 (PEG 400), glycerol, rhodamine B
base, and all other chemicals were purchased from Sigma-
Aldrich Chemical Company (Bengaluru, India). PVP-K30
was obtained from Himedia Laboratories, Mumbai. Isopropyl
alcohol, HPLC-grade acetonitrile, methanol, and ammonium
acetate were procured from ThermoFisher Scientific. Milli-Q
(Millipore, USA) water was used for all the experiments.

Preparation of Drug-Entrapped Microneedles

Zein microneedles (ZMN) were fabricated using the
micromolding technique as described in our earlier report
(11). Briefly, a master mold with 6 x 6 array design was 3D
printed with acrylobutyl nitrile styrene (ABS) polymer. This
master mold was used to prepare needle-free polydimethyl
siloxane (PDMS) molds. Zein protein (60% w/w) in 90%
ethanol was used to prepare ZMN. Glycerol and PEG 400 at
10% w/w concentrations were used as plasticizers. The
tamoxifen- and gemcitabine-entrapped ZMN were prepared
by mixing the drugs at 1:100 w/w of zein and 25 mg,
respectively, before casting the needles. Free or drug-
entrapped zein matrix was poured onto the PDMS mold
and allowed to settle in the pores under vacuum. Then, the
molds were allowed to air-dry for 48 h after which they were
gently peeled.

1819

Preparation of Drug-Coated Microneedles

Blank ZMN were prepared as described in the previous
section. These blank ZMN were dip coated with either
tamoxifen or gemcitabine. ZMN were dipped into the drug
solution in a controlled fashion by attaching the array to the
arm of a texture analyzer setup (Stable Microsystems, UK).
To optimize the coating, the dipping medium was prepared
using different concentrations of PVP including 10, 20, 30, 40,
and 50% w/v in 100% ethanol. Rhodamine (1 mg/ml) was
used as a model dye to visualize the coating characteristics.
ZMN were coated with rhodamine-PVP solution using the
texture analyzer setup with a 30-s dip time. Tamoxifen was
coated on ZMN using tamoxifen (5 mg/ml) dissolved in 30%
w/v PVP. The needles were dipped in coating solution for 30 s
and air-dried for 12 h. Similarly, gemcitabine was coated on
ZMN by dipping in 42 mg/ml gemcitabine in phosphate
buffer.

Characterization of Drug-Loaded ZMN

ZMN were examined for needle dimensions and unifor-
mity using an optical microscope (IX53, Olympus, Japan).
PVP-rhodamine-coated microneedles were imaged using a
stereomicroscope (SZX2, Olympus, Japan) and fluorescence
microscope (DMi8, Leica, Germany). A texture analyzer (TA
XT, Stable Microsystems, UK) was used to measure the
compression force required to fail ZMN. A cylindrical Delrin
probe (10 mm, part code P/10) linked to a 50-kg load cell was
set in the compression mode, while ZMN were placed on a
heavy metal platform. The probe compressed the
microneedle array with a speed of 0.5 mm/s up to a distance
of 0.8 mm. Then the probe was held in place for 5-s.
Compression force vs. distance plots were recorded for three
sets of ZMN.

FTIR and a differential scanning calorimeter (DSC) were
used to study the drug loading in ZMN. For FTIR (FI/IR-4200,
Jasco Inc., USA) studies, spectra were obtained for neat
tamoxifen, gemcitabine, zein, physical mixtures (zein +
gemcitabine, zein + tamoxifen), blank, and drug-loaded ZMN.
The samples were mixed with potassium bromide in a 1:1 weight
ratio, and spectra were recorded between wavenumbers 4000
and 400 cm ™ at a resolution of 2 cm ™! in a dynamic reflectance
sample holder. For drug-loaded ZMN, three needles from the
array were carefully cut using a scalpel and mixed with
potassium bromide to prepare the pellet. For the same
preparations, DSC (DSC 60, Shimadzu, Japan) was used to
investigate the thermal transitions. Samples (2 mg) were placed
in aluminum pans and hermetically sealed. Thermograms were
recorded between ambient temperature and 300°C with a
constant heating rate of 10°C per minute. To record thermogram
for microneedles, three needles were cut from the array and
hermetically sealed in an aluminum pan.

HPLC Method for Tamoxifen and Gemcitabine

The reverse-phase HPLC (LC-20, Shimadzu, Japan)
method was developed for quantification of tamoxifen and
gemcitabine. For tamoxifen analysis, a combination of
0.5 mM ammonium acetate and methanol (15:85) was used
as mobile phase. The chromatographic separation of
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tamoxifen (50 pl injection volume) was achieved on an end-
capped C18 analytical column (150x4.6 mm id., 5 pm,
Phenomenex, USA), maintained at 40°C at a 1-ml/min flow
rate. The absorbance was recorded at 274 nm wavelength
using a UV-visible detector. Standard concentrations of
tamoxifen were prepared at 0.5, 1, 2, 4, 6, and 8 pg/ml in
methanol (n=6). The regression equation was obtained by
plotting the area under the curves against concentrations (y =
89,254x +9976.9; r*=0.9993). For gemcitabine analysis, the
mobile phase included a combination of phosphate buffer pH
7.4 and methanol at a 90:10 ratio. The column temperature
was maintained at 10°C. The injection volume was 40 pl, and
the flow rate was maintained at 1 ml/min. Absorbance
corresponding to gemcitabine was recorded at 275 nm
wavelength. Standard concentrations of 5, 10, 15, 25, and
30 pg/ml (n=6) were prepared in phosphate buffer to obtain
the regression equation (y =41,697x +387; r* = 0.9999).

Drug Release Studies

The Franz diffusion cell setup (PermeGear Inc., USA)
was used to perform the drug release studies. ZMN
entrapped or coated with tamoxifen and gemcitabine were
placed with needles facing down at the interface of donor and
receptor chamber such that the needles were freely immersed
in receptor medium. The receptor chamber contained
phosphate-buffered saline (PBS, pH 7.4, 5 ml) that was mixed
using a magnetic stir bar. Tamoxifen release studies also
contained 20% methanol in the receptor chamber to improve
solubility. At predetermined time points, a 300-ul sample was
withdrawn from the receptor chamber and restored with fresh
medium. Samples were analyzed using the HPLC method
described above.

ZMN/release medium partitioning studies were per-
formed to understand the partitioning of drugs into the zein
matrix. Tamoxifen (1 pg/ml) and gemcitabine (0.3 mg/ml)
drug solutions were prepared in PBS:methanol (80:20) and
PBS, respectively. Blank ZMN were incubated in drug
solution for 24 h at 37°C. Then, the concentration of drug in
the aqueous phase was analyzed using HPLC. The ratio of
drug concentration in ZMN to the release medium was
calculated.

In Vitro SKkin Penetration Studies

Excised porcine ear skin was used as a model to study ZMN
insertion and drug permeation into and across skin. Porcine ears
were purchased from a local abattoir. The ears were rinsed with
water, and hair on the dorsal surface was trimmed using a hair
trimmer. The dorsal ear skin was harvested using a scalpel blade,
and any remaining subcutaneous fat was carefully removed.
Excised skin was stored at —80°C and used within 3 months for
experimentation. During the experiment, the skin was thawed at
room temperature and stabilized at 37°C for 3 h. Skin sample
thickness was gauged using a digital micrometer (Baker Gauges
India Pvt. Ltd., Mumbai, India). The skin sample was mounted
in a Franz diffusion cell by sandwiching it between the donor
and the receptor chamber with the epidermis facing the donor
chamber. The transepidermal electrical resistance (TEER) of
the skin was measured by applying 1 mA of direct current ()
across the skin with a DC power source. The dip in voltage (V)
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was gauged using a digital multimeter (17B, Fluke Corporation,
WA, USA). Using Ohm’s law (V = IR), the resistance (R) was
calculated. Only skin samples with TEER >3 k() were used in
the study. Transepidermal water loss (TEWL) of skin samples
was measured using a VapoMeter® (Delfin Technologies Ltd.,
Kuopio, Finland). TEWL was measured by placing the probe
over the donor chamber of the diffusion cell.

Three different experimental approaches were performed
to study the drug permeation through skin using ZMN. For the
“poke-and-patch” approach, ZMN were inserted into skin and
held for 5 min. ZMN were pressed onto the skin sample with
slight thumb pressure. The pressure and duration were fixed
based on our previous report with similar ZMN that was
sufficient for skin insertion (11). This poked skin was charged
with 200 ul of drug solution (0.5 mg/ml) in the donor chamber
and treated for 48 h. In the other two approaches, ZMN
entrapped or coated with drugs were inserted into skin and
treated for 48 h. Samples (0.3 ml) were withdrawn from the
receptor chamber at predetermined time points and analyzed
using the HPLC method described above. After 48 h, the ZMN
were withdrawn and skin samples were dabbed with Kimwipes
to remove surface-adsorbed compound. The tape stripping
technique was performed to remove the stratum corneum layer
using Scotch book tape (845, 3M Corporation, USA). Fifteen
strips were collected to remove the stratum corneum. TEER
and TEWL were measured before and after tape stripping.
Tamoxifen and gemcitabine from tape strips were extracted by
incubation in methanol or phosphate buffer, respectively, for
12 h while shaking. Viable skin remained after stripping was cut
into small pieces using a sharp blade and homogenized using a
tissue homogenizer. Tamoxifen and gemcitabine were extracted
by incubation in methanol or phosphate buffer, respectively, for
12 h. All the samples were subjected to HPLC analysis. It should
be noted that the amount of drug charged in the donor chamber
for the three approaches was different. The release percentages
were calculated based on the total amount of drug loaded within
entrapped or coated ZMN.

In a different experiment, tamoxifen—PVP-coated ZMN
or gemcitabine-coated ZMN were inserted into the skin for
5 min. The skin samples were processed to determine the
amount of tamoxifen retained within the stratum corneum
and viable epidermis as described above.

Skin permeation parameters were calculated by plotting
the cumulative amount of drug permeated per unit area of
skin against time. Flux (/) was obtained from the slope of the
linear part of the curve. The lag time (1,,) was calculated
from the reverse extrapolation of the steady-state portion of
the curve to the time axis. The permeability coefficient (K,
and diffusion coefficient (D) were computed using Egs. (1)
and (2):

Kp=—- (1)

(2)

T 6 X llag

where Cq4 is the concentration of the drug in the donor
compartment and 4 is the thickness of the skin.
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Statistical Analysis

All the results were reported as average + standard
deviation (n > 3). The results were correlated by performing
Student’s ¢ test or analysis of variance (GraphPad Prism,
USA), where p <0.05 was considered to be significant, unless
specified.

RESULTS

Characterization of ZMN

Figure 1 shows the scheme for fabricating ZMN.
Figure 1a, b shows a 3D-printed ABS mold and PDMS mold,
respectively. Figure 1c shows a stereomicroscope image of the
microneedle array. The microscopic image of a single needle
is shown in Fig. 1d. The ZMN were smooth conical structures
with an average length and width at the base of 965 +23 and
363 + 15 pum, respectively. No observable stress marks could
be seen on the needle surface. Drugs were loaded in ZMN by
either entrapping into the matrix or coating onto the needles.
Figure le depicts the procedure for preparing drug-entrapped
and drug-coated microneedles. The dipping method was used
to prepare the drug-coated microneedles (Fig. 1e).

The coating solution was optimized for PVP (10-50% w/
v in ethanol) concentration to prepare tamoxifen-coated
microneedles. Figure 2a, b shows representative fluorescence
and brightfield microscopic images of PVP-rhodamine-coated
ZMN, respectively. The shape of the microneedles was
retained after coating with 10, 20, and 30% w/v PVP with
uniform coating. Coating with higher PVP concentrations (40
and 50% w/v) led to excess deposition on the needle tips that
resulted in blunt bulb structures (Fig. 2b). Figure 2c shows the
compression force versus displacement plots for the drug-
coated ZMN. The compression force increased with the
increase in the PVP concentration in the coating solution. A
compression force of 16.1+1.5 N was recorded for blank
ZMN. A PVP concentration of 30% w/v has shown the
integrity of the needle shape and the spread deposition with
suitable mechanical strength. Therefore, 30% w/v PVP was
used as an optimized dipping medium for tamoxifen coating
on ZMN. On the other hand, gemcitabine, being a water-
soluble compound, was dip coated without using a hydro-
philic polymer coating solution. Gemcitabine-coated or
entrapped ZMN showed similar compression force as blank
ZMN (Supplementary Fig. S1). All the force—displacement
curves were smooth, indicating no abrupt buckling or
breaking of microneedle tips (Supplementary Fig. S1).

Figure 3 shows representative DSC thermograms of
neat zein, gemcitabine, tamoxifen, and their physical
mixtures and after entrapment in ZMN. Tamoxifen and
gemcitabine showed an endothermic peak at 95 and 277.5°C
temperature, respectively, indicating their crystalline nature.
No characteristic peak was observed for neat zein up to a
temperature of 300°C. The physical mixtures of zein-
tamoxifen and zein—gemcitabine and drug-entrapped ZMN
did not show the endothermic transitions correlating to
tamoxifen and gemcitabine. This could be because of the
low entrapment of the drugs within ZMN. Figure 4 shows
the representative FTIR spectra of the neat compounds and
their physical mixtures. Zein showed its characteristic amide
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peaks between 1500 and 1700 cm ™' (1664 and 1550 cm ™ for
amide I and amide II, respectively). The FTIR spectrum of
gemcitabine showed characteristic peaks at 1680, 1721, and
3393 cm™ ! corresponding to amine bands, ureido group, and
NH, stretching vibration. The spectrum for neat tamoxifen
exhibits characteristic peaks at 1610 cm ™' (C=C stretching)
and 1512 cm ™' (C=C aromatic ring stretching). C-O aryl
ethers stretching bands could be seen at 1246 and
1033 cm '. The spectra of physical mixtures and drug-
entrapped ZMN showed peaks as similar wave numbers.

Drug Loading and Release Profile

The average amount of tamoxifen entrapped in each
microneedle array was 607 +21 pg. Tamoxifen drug release
studies were performed in phosphate buffer and phosphate
buffer containing ethanol/ methanol mixture. Tamoxifen
release from ZMN was negligible at 1.2% after 12 h (Fig. 5).

Tamoxifen was coated on the ZMN to improve the
percentage drug release. Different coating media were used
to optimize the loading of tamoxifen. Initially, dip coating was
performed using tamoxifen dissolved in 1% ethyl cellulose in
isopropyl alcohol. The average amount of 208 ug tamoxifen
was coated in each microneedle array. However, only 1%
tamoxifen was released over a period of 12 h. Then, different
concentrations of PVP in ethanol were used to coat tamoxifen
over ZMN. PVP (30% w/v in ethanol) solution containing
35 mg/ml tamoxifen was used as optimized coating solution.
Needles were cut from the MN bases, and the drug coated
onto needles and bases was estimated separately. The amount
of tamoxifen coated onto the base and needles was 320.7 =
52.7 and 158.1 +44.9 g, respectively. The loading efficiency
and entrapment efficiency (EE) was calculated using Egs. 3
and 4, respectively.

amount of drug in ZMN array
average weight of ZMN array

%Iloading efficiency =

x 100 (3)

amount of drug coated on 36 needles

%EE =
? amount of drug in coating solution used for ZMN array

100 (4)

For tamoxifen-entrapped ZMN, the loading and entrap-
ment efficiency was found to be 0.170+0.005 and 100%,
respectively. The entrapment efficiency would be 100% as
ZMN were prepared by the solvent casting method. Similarly,
for tamoxifen-coated ZMN, the loading and entrapment
efficiency was found to be 4.59+1.30 and 4.55+0.50%,
respectively. Drug release studies showed that after the 15-
min time point, 80% of the microneedle loaded tamoxifen
was released into the receptor medium. Surprisingly, this
cumulative amount released decreased with progression of
time and showed 8.67 +1.14% in the receptor medium after
48 h. It was found that 89.46 +7.63% of loaded tamoxifen
remained in the microneedle array after 48 h. Several
repetitions of this release study showed a similar profile
(Fig. 5). It can be concluded that tamoxifen partitioned back
into the zein microneedle matrix after the initial burst release.
This initial burst release is attributed to the water-soluble
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Fig. 1. Representative photographs of 3D-printed a ABS mold and b PDMS mold and ¢ microneedle array. d Optical
micrograph of a single microneedle (scale bar—0.5 mm). e Scheme of fabrication of drug-entrapped (i—ii) and drug-coated
(iii-vi) microneedles. The drug-incorporated matrix is poured onto PDMS molds (i) to form drug-entrapped microneedles
(ii) or blank microneedles (iv) are dipped into coating solution (v) to give drug-coated microneedles (vi)

PVP used in the coating solution. The tamoxifen partitioning
studies in the ZMN-aqueous release medium showed that
tamoxifen was completely partitioned into ZMN, while no
drug was detectable in the release medium after 24 h
incubation.

Another anti-cancer agent, gemcitabine, with greater
water solubility compared with tamoxifen was entrapped or
coated onto ZMN. The amount of gemcitabine entrapped
into microneedles was 1458.55 +73.57 pg. Drug loading and
entrapment efficiency was found to be 0.41 +0.02 and 100%,
respectively. Gemcitabine was coated onto ZMN using
gemcitabine dissolved in phosphate buffer. It was found that
83.07 +3.24 pg of gemcitabine was coated onto the
microneedles (only 3.86+0.76 ug being on the microneedle
base). The loading and entrapment efficiency for coated
ZMN was 2.41 +0.09 and 0.190 +£0.007%, respectively. Fig-
ure 6 shows the release profiles of gemcitabine from
entrapped and coated microneedles. Complete (100%)
gemcitabine release was achieved from coated microneedles
within 1 h. On the other hand, only 5.18 £0.87% (75.5+

%PVP  10% 20% 30% 40%

50%

12.7 png) gemcitabine was released after 48 h from entrapped
microneedles. The gemcitabine partition studies showed that
100% of the drug was retained within the aqueous release
medium and did not partition into ZMN.

Skin Permeation Studies

Skin permeation studies were performed to investigate
the drug disposition within the skin and permeation across
the skin after application of ZMN. After 5 min insertion of
ZMN in skin, the TEER was found to decrease from 3.17 +
0.52 t0 2.09 £ 0.55 k€. The TEWL values increased from 25.9
+9.7 to 32.4+7.5 g/m?/h.

Tamoxifen did not permeate across the skin after 48 h
application of ZMN entrapped or coated with drug. Similarly,
with the poke-and-patch approach, where the skin was pre-
treated with blank ZMN followed by charging tamoxifen
solution, no permeation across the skin was observed. The
tape stripping method was performed to remove the stratum
corneum to determine the amount of tamoxifen retained

Force (N)

v0.0 OYZ 04 0:6 0.8
Distance (mm)
Tamoxifen 40% PVP o
entrapped ZMN == 30% PVP 10% PVP

= Blank ZMN

== 50% PVP === 20% PVP

Fig. 2. a Fluorescence and b brightfield images of zein microneedles coated with different concentrations of rhodamine—
PVP (scale bar =200 um). Compression force versus displacement plots for tamoxifen-loaded and blank zein microneedles
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Tamoxifen entrapped ZMN

Gemcitabine entrapped ZMN N
E Zein
S =
~ | Tamoxifen
B
&= | Gemcitabine
- N‘\ 4
8 Zein+gemcitabine endo
I

Zein+tamoxifen

100 200 300

Temperature (°C)

Fig. 3. DSC thermograms for neat zein, gemcitabine, tamoxifen,
drug-entrapped ZMN, and physical mixtures (zein + tamoxifen and
zein + gemcitabine). The physical mixtures were used with drug ratios
same as that in drug-entrapped ZMN

within different skin layers. Figure 7 shows the amount of
tamoxifen retained within the stratum corneum and viable
epidermis. Application of tamoxifen-coated ZMN showed

Tamoxifen entrapped ZMN

Gemcitabine entrapped ZMN

| 8 /N ——

Tamoxifen

Gemcitabine s
B e ¥ /

Mo
Eein+gemcitabine - \
\/\ /\//\ - e

Zein+tamoxifen

% Transmittance
L

3600 3000 2400 1800
Wavenumber (cm-1)

1200 600

Fig. 4. Representative FTIR spectra of neat zein, gemcitabine,
tamoxifen, drug-entrapped ZMN, and physical mixtures (zein +
tamoxifen and zein + gemcitabine). The physical mixtures were used
with drug ratios same as that in drug-entrapped ZMN
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Fig. 5. Drug release profile for tamoxifen-entrapped and tamoxifen-
coated zein microneedles. Release studies were performed using a
Franz diffusion cell with phosphate buffer and 20% methanol as
receptor media. Data presented as mean +SD, n=3

that 33.64 + 3.58% tamoxifen (compared with loaded concen-
tration) was retained within viable epidermis, while no drug
was detected in the stratum corneum. On the other hand,
only 0.23 +0.14% tamoxifen (compared with loaded concen-
tration) was found in viable epidermis after insertion of
tamoxifen-entrapped microneedles. With the poke-and-patch
approach, 16.95+3.30 and 0.52+0.85% tamoxifen was re-
covered from viable epidermis and stratum corneum,
respectively.

In the case of gemcitabine microneedles, the poke-and-
patch approach provided the greatest percentage perme-
ation across excised skin (Fig. 8a). The cumulative amount
of gemcitabine permeated across the skin after 48 h was
41.48 £2.82 and 34.55 +3.09% of the loading concentration
for the poke-and-patch approach and application of coated
microneedles, respectively (Fig. 8a). Gemcitabine-
entrapped microneedles showed 3.40+0.46% of loaded
concentration permeated across the skin. However, the
actual amount of gemcitabine permeated after application
of gemcitabine-entrapped microneedles was greater (52.18
+6.35 pg) compared with other strategies. This is expected
as gemcitabine was also entrapped in the MN base and was
available for release. Table I shows the skin permeation
parameters of gemcitabine. The cumulative amount of
gemcitabine permeated after 24 h application for entrapped
microneedles was 81.9 +9.9 pg/cm® However, the lag time
was found to be 4.9+2.6 h. There was no significant
difference in flux among the three application strategies.

g - 1501

88 — Gemcitabine coated ZMN

§ E —— Gemcitabine entrapped ZMN

S @ 1004

oo

o S

22

" S 501

S o

£ E

35

o O Ll 1 ] T ) ) ] T
0 6 12 18 24 30 36 42 48

Time (h)

Fig. 6. Drug release profile for gemcitabine-entrapped and
gemcitabine-coated zein microneedles. Release studies were per-
formed using a Franz diffusion cell with phosphate buffer as receptor
media. Data presented as mean+SD, n=3
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Fig. 7. Tamoxifen retained within the stratum corneum and viable
epidermis after 48 h of treatment. Tamoxifen did not permeate across
the skin after application of any of the formulations over 48 h. Data
presented as mean=SD, n>3. Two asterisks are indicative of
significant difference (p <0.05) in the tamoxifen amount retained in
viable epidermis for the poke-and-patch approach against the coated
ZMN approach

Figure 8b shows the amount of gemcitabine retained within
viable epidermis was 50 and 9.5% of the loaded amount
after application of coated microneedles and the poke-and-
patch approach. Gemcitabine was not detected within the
stratum corneum after application of gemcitabine-coated
ZMN.

DISCUSSION

Zein is a prolamine protein obtained from Zea mays
(31). Zein protein has three major components, alpha, beta,
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and gamma (32). The alpha subunit is the major component
followed by the beta and gamma subunits (33). Zein is not
soluble in water because of the presence of hydrophobic
residues leucine, proline, alanine, phenylalanine (total ~
35%), and glutamic acid (~24%) (34-36). Zein is soluble in
hydro-alcoholic mixtures containing 80-90% ethanol (37).
The microneedles casted using 60% w/v zein showed
sufficient mechanical strength for insertion into porcine skin
(11). The compression force and skin insertion force of
ZMN were reported earlier (11). While the ZMN are
plastic, they are not dissolvable in aqueous medium or skin
tissue (11). However, it was observed that the zein
microneedles would imbibe water and swell upon prolonged
incubation in aqueous medium.

Therapeutic agents can be entrapped within the matrix
or coated on the microneedle surface for transdermal
administration (4). Tamoxifen is an estrogen receptor
modulator that competitively competes with endogenous
estradiol, thereby reducing cell growth and multiplication
(38). Tamoxifen shows poor water solubility of 0.04 pg/ml
(21). It has fewer hydrogen bond donors and acceptors (0
and 2, respectively) (37). This hydrophobic tamoxifen
appeared to be a suitable molecule to load in ZMN, where
4 mg of tamoxifen could be solubilized in 1 ml of 90%
ethanol to cast microneedles. However, tamoxifen did not
diffuse out of the needles into aqueous release medium. This
is attributed to the poor solubility of tamoxifen in aqueous
release medium. To overcome this limitation, different
proportions of methanol or ethanol were mixed with release
medium. This did not enhance the tamoxifen release from
ZMN. To improve the rate of release, tamoxifen was surface
coated on ZMN. Then again, the rate of tamoxifen release
was poor when a hydrophobic polymer, ethyl cellulose, was
used in coating medium for dip coating. The addition of
hydrophilic PVP in the coating solution resulted in burst
release of tamoxifen (80% tamoxifen released within
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Fig. 8. a Gemcitabine permeation across porcine ear skin over 48 h from various ZMN formulations.
Permeation studies were performed using the Franz diffusion cell. b Gemcitabine recovered from the
stratum corneum and viable epidermis after 48 h of permeation studies. Stratum corneum was isolated
using 15 tape strips (mean = SD, n > 3). Three asterisks in a indicate that gemcitabine permeation across
skin was significantly higher with gemcitabine-coated ZMN and the poke-and-patch approach at p <0.001.
Two asterisks in b are indicative of significant difference (p <0.05) in gemcitabine amount retained in
viable epidermis between coated ZMN and the poke-and-patch approach
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Table I. Skin permeation parameters of gemcitabine

Treatment Lag time (h) J (ng/em?/h) Q24 (ng/em?) D (cm?/h) K, (cm?/h)
Gemcitabine-entrapped ZMN 497 +2.57 5.36 +0.83 81.92 +9.97 0.21 £ 0.32 0.0037 + 0.0006
Gemcitabine-coated ZMN 0.26 = 0.10 4.62 = 1.35 43.39 + 3.88 0.26 + 0.10 0.06 = 0.01
Gemcitabine-poke-and-patch approach 0.26 + 0.08 8.14 + 3.48 65.13 £ 4.42 0.48 = 0.19 0.08 = 0.03

ZMN zein microneedle, J flux, O,; cumulative amount permeated at the end of 24 h per unit area, D diffusion coefficient, K, permeability

coefficient

15 min). The reverse partitioning of tamoxifen into ZMN can
be confirmed by the partitioning studies of tamoxifen in
ZMN and release medium. The tamoxifen present in the
aqueous release medium of partition studies was below the
detection limit of the HPLC method.

On the other hand, the highly water-soluble gemcitabine
possesses seven hydrogen bond acceptors and four hydrogen
bond donors (38). This greater water solubility allowed more
gemcitabine release from ZMN compared with tamoxifen.
Furthermore, the reverse-partitioning phenomenon observed
after the release of tamoxifen was not found with gemcitabine
when released from coated ZMN.

It has been documented that highly hydrophobic drugs
would not significantly permeate across the skin membrane
when studied using the in vitro diffusion cell setup (39,40).
This is a drawback of the experimental setup of in vitro skin
diffusion studies (41). The hydrophobic molecules released
into the epidermal layers could be partitioned into the lipidic
hypodermal layer. This would hinder its further diffusion into
the aqueous release medium. Therefore, tamoxifen perme-
ation studies showed a negligible amount of skin permeation
while gemcitabine showed 34.55 +3.09% of the loaded dose
permeated across the skin. Dermatomed skin samples with <
0.5 mm thickness or epidermal membrane would be more
suitable to perform skin permeation studies of hydrophobic
molecules (42). In the cases where drug loading is poor in
microneedles, the poke-and-patch approach could be used to
improve the skin permeability. It was found that this
approach is more suitable for gemcitabine than tamoxifen.

Taken together, among the three different strategies used
to enhance skin permeation, the poke-and-patch approach
showed greater permeation. In the case of gemcitabine,
entrapped microneedle administration showed the greatest
cumulative amount permeated compared with other tech-
niques. Water solubility of chemotherapeutics would influ-
ence their loading, release behavior, and skin permeation for
application using polymeric microneedles.

CONCLUSIONS

Micromolding through solvent casting can be used to
prepare ZMN loaded with different small-molecule drugs.
Anti-cancer agents can be either entrapped within the matrix
or coated onto the surface of ZMN. While the loading of
tamoxifen is more within ZMN, the release was negligible.
Reverse partitioning of tamoxifen was observed after release
from ZMN. A contrasting loading and release profile was
shown by highly water-soluble drug, gemcitabine. Skin
permeation studies showed negligible permeation of tamox-
ifen while gemcitabine showed greater permeation. In

conclusion, optimal water solubility of drugs would provide
greater skin permeation when delivered using ZMN.
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