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Abstract: Background: It is well documented in the scientific literature that high blood pressure can
lead to cardiovascular disease. Untreated hypertension has clinical consequences such as coronary ar-
tery disease, stroke or kidney failure. Diltiazem hydrochloride (DH), a calcium-channel blocker, and
perindopril erbumine (PE), an inhibitor of the angiotensin converting enzyme are used for the manage-

ment of hypertension.

Obijective: This project will examine the effect of microneedle rollers on the transport of DH and PE
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dermal delivery of DH and PE.

across pig ear skin. The use of the transcutaneous route of administration reduces and in sometimes
eliminates the trauma and pain associated with injections. Furthermore, there is increased patient com-
pliance. The purpose of this project was to study the effect of stainless steel microneedles on the trans-

Method: We utilized vertical Franz diffusion cells to study in vitro transport of DH and PE across mi-
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croneedle-treated pig ear skin. Confocal laser scanning microscopy (CLSM) was used to characterize

microchannel depth. Transdermal flux values were determined from the slope of the linear portion of

the cumulative amount versus time curve.

Results: There was a 113.59-fold increase in the transdermal permeation of DH following the applica-
tion of microneedle roller compared to passive diffusion.

Conclusion: In the case of PE, there was an 11.99-fold increase in the drug transport across pig skin
following the application of microneedle rollers in comparison with passive diffusion. Student’s t-test
and Mann-Whitney’s rank sum test were used to determine statistically significant differences between

experimental and control groups.

Keywords: Hypertension, diltiazem hydrochloride, perindopril erbumine, transdermal drug delivery, microneedles, skin.

1. INTRODUCTION

Every year, 614,348 people die from Cardiovascular Dis-
ease (CVD) in the United States of America [1]. There is a
considerable body of scientific evidence showing that high
blood pressure can cause CVD [2]. Approximately, 78 mil-
lion adults who are >20 years old suffer from hypertension in
the United States [3, 4]. According to the Joint National
Committee (JNC 8) on the prevention, detection, evaluation,
and treatment of high blood pressure, this pathological disor-
der is characterized by elevated systolic blood pressure
(SBP) (>140 mmHg) and diastolic blood pressure (>90
mmHg) [5]. According to the 2014 heart disease and stroke
statistics, 82% of hypertensive Americans are aware of this
disorder and 75% takes antihypertensive medications; how-
ever, high blood pressure is controlled in only 53% of those
with hypertension [4]. It is challenging for patients to com-
ply with their therapeutic regimens using traditional dosage
forms such as tablets, capsules, and injections [6]. Most
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pediatric patients who have hypertension struggle to swallow
tablets and have an adverse reaction to needles or injections
[7]. Percutaneous drug transport addresses the limitations
associated with oral and parenteral drug administration [8].
Oral drug delivery can lead to drug degradation in the stom-
ach, gastric irritation, and presystemic drug metabolism [9].
It has been demonstrated that the transdermal route can be
used to increase bioavailability [10]. In addition, the percu-
taneous route of drug administration is also advantageous
when compared with hypodermic injections. The later pro-
duces medical waste and increases the risk of disease trans-
mission, especially in developing countries where reusing
needles is a common practice [11]. Furthermore, transdermal
drug delivery systems is non-invasive, inexpensive and can
be self-administered [11].

Most antihypertensive medications are administered to
patients as tablets; however, tablets have drawbacks such as
gastric irritation, erratic absorption, and first pass effect [12].
Transdermal drug administration avoids the limitations of the
oral and injectable routes [9]. It is particularly useful for low
dosage and potent compounds with optimal physiochemical
properties [13]. Only few medications can cross the human
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skin in therapeutic quantities [14]. The outermost layer of the
epidermis (stratum corneum), hinders the quantity of medi-
cations which can enter the systemic circulation through the
skin [9, 15]. The human skin comprises three layers- the epi-
dermis, dermis and subcutaneous layer [16]. The SCis 10 to
20 um thick and is composed of corneocytes (CCs) embed-
ded in intercellular lipids [9, 14]. The corneocytes form the
“bricks”, while the lipids form the “mortar” [9, 17]. CCs are
flat anucleated cells with keratin filaments as well as filag-
grin [18, 19]. These cells are embedded in a lipid matrix con-
sisting mainly of ceramides, cholesterols and free fatty acids
[18, 20]. Beneath the SC is the Viable Epidermis (VE),
which is made up of the stratum granulosum, stratum basale
and stratum lucidum [21-23]. The VE is 50 to 100 um thick
[24]. The thickest component of the skin is the dermis, which
is 4 mm in depth [24]. Several techniques are available for
transdermal drug delivery enhancement. These include sono-
phoresis [25], iontophoresis [26] and microneedles [27].

The past few decades have witnessed a rapid increase and
maturation of microfabrication and nanofabrication tech-
nologies [28, 29]. Nanoarchitectonic principles have been
used to develop smart devices with advanced functions in the
fields of biology and medicine [28]. The tools for construct-
ing nanoarchitectonics include regulated atomic/molecular
manipulation, chemistry-based molecular modification, con-
trolled physicochemical interactions, self-assembly and self-
organization [28]. One of the many challenges faced by drug
delivery scientists is the creation of materials with precisely
controlled surface and/or bulk microstructures. Researchers
are now able to create unique micro- and nanostructures by
utilizing technologies such as photolithography and etching
[30]. Microneedles (MNs) are micron-sized needles(less than
1000um) which can pierce the SC and facilitate transdermal
drug delivery [31]. They are of the optimal length, long
enough to pierce into the skin and short enough to avoid
causing pain for patients [9]. The use of MNs is advanta-
geous in comparison with injections or passive transdermal
patches [32]. It has been demonstrated that microneedles can
penetrate the stratum corneum effectively in a pain-free
manner, and may therefore be a promising approach for drug
administration [33]. There are five classes of MNs- solid,
dissolving, hollow, coated and hydrogel-forming [12, 34].
The MNs are made from mechanically robust materials such
as stainless steel [35, 36] or water-soluble materials loaded
with medications [37, 38]. These medications are released
into the skin following administration [39]. One of the bene-
fits of solid microneedles is that they are strong enough to
penetrate the skin [39]. MNs have benefits and limitations
[33, 40]. MNs made from biodegradable materials may be
too weak to pierce the epidermis [41]. Hollow microneedles
can be fabricated in tandem with microfluidic components
[42]. Microfluidic devices enable fluids to be manipulated
within architectures on the size scale of micrometers [43].
These devices are typically designed to ensure levels of pre-
cision not possible with conventional macroscale approaches
[43]. Silicon hollow microneedle based microfluidic devices
have also been developed for transdermal drug delivery ap-
plications [42]. Most MNs create micrometer-sized pores in
the skin, which increases transdermal drug delivery rates
[44]. MNs are minimally invasive, easy to dispose and can
increase transcutaneous flux values for medications [45].
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MNss should be robust so that the skin can be pierced without
causing any bleeding [46].

MNs can be created out of water soluble or biodegrad-
able polymer which encapsulates the drug within the mi-
croneedle matrix [39]. Ideally, the MNs can dissolve or de-
grade into the skin, which releases the encapsulated drug
payload and prevents sharp waste [39]. Many studies have
shown that the use of microneedle patches can be challeng-
ing especially on large areas of the skin due to skin deforma-
tion. MN rollers overcome this challenge by creating micron-
sized pores across the skin. These pores are permeable to
small-molecule drugs and proteins [41]. Once the MNs are
rolled on the skin, a single microneedle pierces the skin nu-
merous times [41]. Despite the increased drug permeation, a
microneedle roller (Fig. 1) also has limitations: the misuse of
this device may cause overdose, potential injury, and con-
tamination of the skin [41, 47, 48]. In addition, the mi-
croneedle tips could break and act as biohazardous waste
[48]. Furthermore, dosage accuracy could become more dif-
ficult to measure when compared to hypodermic needles
[12]. Currently, neither microneedles nor microneedle rollers
are available for clinical use [49]. However, a microneedle
patch loaded with an inactivated influenza vaccine is cur-
rently undergoing clinical trials [50]. In this project, we ex-
amined the influence of microneedle rollers on the transder-
mal permeation of two antihypertensive drugs- diltiazem
hydrochloride (DH) and perindopril erbumine (PE).

15
Fig. (1). Microneedle roller.

Diltiazem hydrochloride, [(2S,3S)-5- [2-(dimethylamino)
ethyl]-2-(4-methoxyphenyl)-4-ox0-2,3-dihydro-1,5-benzoth-
iazepin-3-yl] acetate; hydrochloride (Fig. 2a), is a benzothi-
azepine derivative which is used in the clinic for the man-
agement of hypertension [51]. The chemical structure of DH
is shown in Fig. (1). The drug inhibits transmembrane influx
of calcium ions into myocardial cells such as the vascular
smooth muscle, leading to dilation of the coronary arteries
and a decrease in myocardial contractility [51]. In addition,
DH enables the heart to pump blood at a normal rate by re-
laxing its blood vessels as well as increasing oxygen and
blood flow to the heart [52]. DH has a molecular weight of
450.978 g/mol with a short half-life (3 to 4.5 hours), which
requires frequent dosing. Frequent dosing may reduce patient
compliance [53]. A transdermal microneedle approach may
be useful for the transdermal delivery of DH. Perindopril
erbumine, ((2S,3aS,7aS)-1- [(2S)-2- [ [(2S)-1-ethoxy-1-
oxopentan-2-yl] amino] propanoyl] 2,3,3a,4,5,6,7,7a-octahy-
droindole-2-carboxylic acid) (Fig. 2b), is an angiotensin-
converting enzyme (ACE) inhibitor, which is used for the
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(a) Chemical Structure of
Diltiazem Hydrochloride (DH)
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(b) Chemical Structure of Perindopril
Erbumine (PE)

Figs. (2). Chemical structures of (a) Diltiazem Hydrochloride and (b) Perindopril Erbumine.

management of hypertension and heart failure [54]. The
chemical structure of PE is shown in Fig. (2b). PE has a
short biological half-life of 1 to 3 hours [55] and a molecular
weight of 441.613 g/mol. It acts by inhibiting the renin-
angiotensin system through the prevention of the conversion
of angiotensin | to angiotensin 1l [54]. The biotransformation
of perindopril to perindoprilat, the active metabolite, is ap-
proximately 20% [3].

Our hypothesis is that the microneedles can significantly
increase the percutaneous transport of DH and PE across pig
ear skin. The ease of application and cost effectiveness of the
transdermal route make it an attractive approach for drug
delivery. To date, no study has been carried out on mi-
croneedle-mediated transdermal delivery of DH and PE. The
aim of this project was to examine the effect of microneedle
rollers on the transport of selected antihypertensive agents
across pig ear skin.

2. MATERIALS AND METHODS
2.1. Materials

Diltiazem hydrochloride (DH), perindopril erbumine
(PE) and 0.1M isotonic Phosphate Buffer Saline (PBS) were
bought from Sigma Aldrich (St. Louis, MO, USA). Distilled
de-ionized water was obtained from NanoPure Infinity Ul-
trapure water purification system (Barnstead, Dubuque, 1A,
USA). Stainless steel microneedle rollers (0.5mm) were
bought from Pearl Enterprises LLC (Lakewood, New Jersey,
USA). Electric hair clipper was purchased from Walgreens, a
local pharmacy store (Vallejo, CA). Electric dermatome was
purchased from Nouvag® (Goldach, Switzerland). Franz dif-
fusion system (PermeGear, Hellertown, PA, USA) was used
for experiments. Frozen porcine ears were purchased from
Pel-Freez Arkansas LLC (Rogers, Arkansas, USA). DH and
PE were reconstituted in only PBS prior to experiments.

2.2. Methods
2.2.1. Skin Preparation

The Institutional Biosafety Committee (IBC) of Touro
University California (Mare Island-Vallejo, CA, USA) ap-
proved the experiments. Pig ears were shaved with an elec-
tric hair clipper and sliced with a dermatome [56] to 550um.
Split-thickness skin samples were wrapped with aluminum

foil and stored at the temperature of -20°C. Before diffusion
studies, split-thickness skins were left to thaw to room tem-
perature (approximately 25°C). Each skin sample was then
measured three times with a Digimatic micrometer (Mitu-
toyo, Tokyo, Japan) to determine its average thickness.

2.2.2. Diffusion of DH and PE Across Pig Skin In vitro

The permeability of each drug (DH or PE) across pig
skin (the thickness was 550pm) was evaluated in vitro, using
vertical Franz diffusion cells (PermeGear, Hellertown, PA,
USA). The volume of the receptor compartment was 12 mL
while the diffusion area was 1.77 cm” High-vacuum grease
(Dow Corning, Midland, MA, USA) was applied on the re-
ceptor compartment, which was secured with a metal clamp
to prevent loss of drug solution through lateral diffusion
[35]. Stainless steel microneedle rollers were used to create
microchannels in porcine ear skin. The microneedle roller
was applied to the porcine ear skin 15 times in an asterisk-
like direction (five times horizontally, vertically, and diago-
nally) [35]. The roller was applied with a force of 15 Ibs (de-
termined with a weighing balance) for 1 minute. Split-
Thickness Skin (STS) samples (550um) were first treated
with microneedle rollers and then used for the experiments
while untreated STS samples served as the controls.

The pig skin samples (pre-treated and control) were
mounted on the Franz diffusion cells and the experiments were
conducted at 37 °C. There were six experiments each for dilti-
azem hydrochloride and perindopril erbumine (n=6). In each
set of experiments, 1 mL of diltiazem hydrochloride (~2940
mg/mL) or 1 mL of perindopril erbumine (~70 mg/mL) were
utilized. The formulation of both drugs used in this study is
presented in Table 1. During the experiments, the donor com-
partment and sampling port were covered with parafilm® and
aluminum foil to prevent evaporation. Essentially, 1mL of
receptor buffer (PBS pH 7.4) was withdrawn from the receptor
compartment every 2 hours for 12 hours and an equal volume
of fresh PBS was used to replace the withdrawn fluid. The two
drugs (DH and PE) were assayed using Liquid Chromatogra-
phy-Mass Spectrometry Analysis (LC-MS).

2.2.3. Determination of DH and PE by LC-MS

The system utilized for LC-MS consisted of an Agilent
1200 Series HPLC equipment linked to an Agilent G1969A
TOF-MS system equipped with an electrospray ionization
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(ESI) source (Agilent, Santa Clara, CA, USA). We employed
areverse-phase Agilent Zorbax Eclipse Plus C18 (100 mm x
2.1 mm, 3.5 microns) analytical column, protected with a
guard column (12.5 mm x 4.6 mm, 5 microns) for analysis.
The injection volume was 5 pL. The mobile phase compris-
ing 0.1% formic acid in water (solvent A) and 0.1% formic
acid in methanol (solvent B) was used for chromatography.
A linear gradient from 15% to 95% B was implemented in 7
minutes while isocratic elution was carried out for 2 minutes
with 95% of solvent B. A final equilibrium was achieved
with 15% of solvent B for 5 minutes. The flow was diverted
from the MS for the first 3 minutes of the analysis to avoid
MS contamination and ion suppression. The flow rate was at
0.3 mL per minute. Nebulizer gas temperature, nebulizer
pressure and drying gas (N2) flow rate were 350°C, 2.4 x 10°
Pa and 12 liters per minute respectively. Mass spectrometry
was conducted in the positive electrospray ionization mode
(ESI MS/MS). The absolute values for electrospray ioniza-
tion potential and collision-induced dissociation potential
were 3500 V and 175 V respectively. Compounds were ana-
lyzed in the positive ESI MS/MS mode by quantifying the
specific product ion. LC-MS was performed in a profile
mode with an m/z ranging from 90 to 500 atomic mass units.
A mass analysis standard was used for assay in the recon-
structed ion current mode using the m/z of 415.17 for dilti-
azem and 369.24 for perindopril.

2.2.4. Confocal Laser Scanning Microscopy

Confocal Laser Scanning Microscope (CLSM) was used
to characterize the depth of the created microchannels. Ex-
cised split thickness porcine ear skin was treated with mi-
croneedles while untreated pig skin samples served as the
controls. We applied 20 pL of the fluorescent dye Alex-
aFluor 633 (Life Technologies, Eugene, OR, USA) to the
porated skin samples for approximately 2 minutes. A spatula
was then used to apply the dye over the microneedle-treated
skin to ensure evenly distribution. Excess AlexaFluor 633
was removed with kimwipes”. Pig ear skin samples, pre-
treated with microneedles, were sliced into 2 to 3 strips and
mounted onto a Tissue-Tek Cryomold (Sakura Finetek Inc.,
Torrance, CA, USA). The control skin samples had the same
protocol, but without the use of microneedles. Skin samples
were covered with optimum cutting temperature (OCT) em-
bedding medium and stored in the -80°C freezer until it was
ready for use. Cryosectioning was performed using a Leica
CM1950 Cryostat (Leica Biosystems, Buffalo Grove, IL,
USA). Skin samples measuring 10 um thick were obtained
following cryosectioning. These samples were placed on
labeled glass slides and their transmission images were cap-
tured with a Leica TCS LSI laser scanning confocal micro-
scope at 5x magnification. Excitation was at 631 nm while
emission was at 647 nm. X-Z sectioning was carried out to
identify the depth of fluorescent dye penetration. The frame
size was fixed at 1024 by 1024 pixels. Gain (blue) and offset
(green) were used to increase image contrast.

2.2.5. Data Analysis

Steady-state transdermal flux values were calculated
from the linear portion of the mean cumulative amount ver-
sus time curves (n=6). Equation (1) was used to account or
dilution as documented by Hayton and Chen [57]:
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% Cn_

i = (75) () n

In the equation, Crll is the corrected concentration, Cyis
the measured concentration in the n™ sample, Vs is the total
volume of the receiver fluid (12mL) and Vs is the volume of
sample withdrawn from the receiver fluid (1mL). Both
Cl_, and C,_; are the corrected and measured concentration,
respectively, in the (n-1)™ sample.

The cumulative amount versus time curve was also fitted
to the appropriate solution (Equation 2) [58-60] of the non-
steady-state diffusion equation (Fick’s second law), with the
following boundary conditions: (a) that there is no depletion of
the drug in the donor compartment throughout the experiment,
(b) that the receptor compartment provides “sink conditions”,
and (c) that at t = 0, there is no drug in the skin ([61]):

t 1 2! —Dn’r’t

Q(t) = AKhC th—G—nz;(n}n exp( 2 ﬂ (2)
where Q(t) is the amount that passes through the membrane
and reaches the receptor solution at a given time (t), A is the
surface diffusion area, K is the partition coefficient of the
permeant between the membrane and the donor vehicle, h
represents the thickness of the membrane, D is the diffusion
coefficient of the permeant across the membrane and C rep-
resents the concentration of the permeant in the donor solu-
tion, which in this study is the solubility of the drug in the
vehicle. Prism, Version 7 (GraphPad Software, Inc La Jolla,
CA, USA) was used for the fitting procedure while the

drug’s partitioning (kh) and diffusivity (h%) parameters were
used to estimate the permeability coefficient, kp:

Kp = (Kn) « (h%):ff_; (3)

The steady-state flux was subsequently calculated:
Jss=Kp=x C 4)

and the results compared to the experimentally derived data
(Tables 1 and 2).

2.2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism
7 (GraphPad Software, Inc. La Jolla, Ca, USA). The Stu-
dent’s t-test and the Mann-Whitney rank sum test were exe-
cuted to determine statistical significance. The Student’s t-
test was used for perindopril erbumine due to its normal dis-
tribution (parametric) while the Mann-Whitney rank sum test
was used for diltiazem hydrochloride due to its skewed dis-
tribution (non-parametric). Statistical significance was set at
A p-value of <0.05. The mean of replicate measurements
(n=6) with corresponding standard deviation was used to plot
linear and bar graphs.

3. RESULTS
3.1. Characterization of Microneedle Roller

We studied the effect of a stainless steel microneedle
roller on the transcutaneous diffusion of selected antihyper-
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tensive agents (diltiazem hydrochloride and perindopril er-
bumine) across porcine ear skin (the thickness was 550pum).
Each microneedle roller has microneedles protruding from a
cylindrical surface area. The needles are 500 um long with a
density of 192 (Fig. 1).

3.2. Confocal Laser Scanning Microscope (CLSM)

CLSM was used to determine microchannel depth at 5x.
AlexaFluor 633 dye was used on each skin sample to inves-
tigate the microchannel created following the application of
microneedle rollers. A single microchannel measuring 132+1.6
pm deep is shown in Fig. (3B). The microchannel, created
following the breach of the SC by microneedles can be seen
on the image. In contrast, there is no microchannel in the
image of the control sample (Fig. 3A).

3.3. In vitro Diffusion Studies

The cumulative amount of DH transported across un-
treated and microneedle-treated pig ear skin over 12 hours is
shown in Fig. (4A). The corresponding DH flux val-
ues(microneedle-assisted and control) are shown in Fig.
(4B). A similar time (12 hours) has previously been used in
transdermal drug delivery experiments by Burger et al. [62].
There was a 113.59-fold increase in the transdermal permea-
tion of DH following the application of microneedle roller

A
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(788.34 + 212.85 pg/cm?/hr) compared to passive diffusion
(6.94 + 1.87 pg/em*hr). The cumulative amount of PE,
which permeated across untreated porcine ear skin and mi-
croneedle-treated porcine ear skin over 12 hours, is shown in
Fig. (5A). The corresponding PE flux values(microneedle-
assisted and control) are shown in Fig. (5B). It can be seen
that the use of microneedle roller resulted in an 11.99-fold
increase in the amount of PE which diffused across porcine
skin (1271.7 + 211.95 pg/em*/hr) versus passive diffusion
(105.98 + 61.47 pg/cm?/hr). The transdermal flux values for
DH and PE across microneedle-treated pig skin in compari-
son with passive penetration are also shown in Table 1 while
the results of curve fitting of data to the solution of Fick’s
second law are shown in Table 2. The results obtained
though curve-fitting were of the same order of magnitude in
comparison with experimentally derived values.

4. DISCUSSION

This project focused on the influence of microneedle roll-
ers on the transdermal flux values of DH and PE across por-
cine ear skin. Our results from the diffusion studies indicate
that transdermal flux values increased significantly for mi-
croneedle-treated skin when compared to untreated micronee-
dle porcine ear skin. Data from our present study indicate that
a microneedle roller is efficient at enhancing the in vitro trans-

B

Fig. (3). Confocal laser scanning images made with AlexaFluor 633 on (A) untreated porcine ear skin and (B) microneedle-treated porcine
ear skin at 5x magnification. The single microchannel of microneedle-treated porcine ear skin has a depth of 133+ 1.6 um (n=6).
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Table 1. Experimentally determined transdermal flux values (pg/cmz/hr + SD) of diltiazem hydrochloride and perindopril erbu-
mine following treatment with a 500 pm microneedle roller. Untreated porcine skin samples served as controls(passive)
(n=6).
Drug Name Passive (ug/cm’/hr) Microneedle (ng/cm?/hr) Enhancement Ratio p-value
Diltiazem Hydrochloride 6.94 +1.87 788.34 +212.85 113.59 0.018
Perindopril Erbumine 105.98 + 61.47 1271.7 +211.95 11.99 0.0075

Table2. Transdermal flux values (ug/cm’hr + SD) of diltiazem hydrochloride and perindopril erbumine derived from curve-
fitting (the solution to Fick’s second law).
Drug Name Passive (ug/cm’/hr) Microneedle (ng/cm?/hr) Enhancement ratio p-value
Diltiazem Hydrochloride 6.32+3.04 711.04 + 159 1125 <0.05
Perindopril Erbumine 110.95 £ 25.2 1331.41+ 238 121 <0.05

port of DH and PE. The evidence from this current study fur-
ther supports the hypothesis that the application of mi-
croneedles on porcine ear skin can significantly increase
transcutaneous flux. Porcine ear skin samples were used for
this study because it shares anatomical similarities with the
human skin [63]. Diltiazem hydrochloride is a calcium chan-
nel blocker utilized for the management of hypertension [64,
65]. The drug undergoes extensive presystemic metabolism
following absorption leading to a reduced drug bioavailability
(30 to 40%) [66]. Complex biotransformation (N-demethy-
lation, O-demethylation and deacetylation) has been observed
for DH [67]. In addition, the drug causes Gl disturbances, in-
cluding nausea, vomiting and constipation following oral in-
gestion [64]. These properties provide strong impetus for the
development of a DH-loaded transdermal formulation [67].

Several percutaneous delivery enhancement techniques
for diltiazem hydrochloride have been published [65, 67-70].
Gupta and Mukherjee investigated the influence of different
ratios of polymers, ethylcellulose (EC), and povidone (PVP)
on the transdermal delivery of DH across depilated freshly
excised abdominal mouse skin [65]. It was found that the
optimal transdermal drug delivery system for DH comprised
films prepared from povidone:ethylcellulose (1:2) [61]. The
authors showed that the cumulative amount of the drug
transported across mouse skin was proportional to the square
root of time (Higuchi kinetics) [65]. Higuchi equation shows
a direct proportionality between the cumulative amount of
drug released and the square root of time [71]. Fu and Kao
have also demonstrated that Higuchi drug release can be
Fickian [72]. Fickian diffusion occurs mostly in polymeric
systems when the temperature is well above the glass transi-
tion temperature (Tg) and this type of diffusion features a
solvent diffusion rate, Rgis, Slower than the polymer relaxa-
tion rate, Rreiax (Ruiff < Rrelax) [73]- In this instance, the poly-
mer is in the rubbery state and its chains present a higher
mobility which allows an easier penetration of the solvent

[73]. In contrast, zero-order drug release occurs when the
dissolution of the polymer appears to control the drug release
rate [74].

lonic liquids are organic salts, comprising of a large and
asymmetric organic cation and an organic or inorganic anion,
that are liquid at or near room temperature [69]. They pos-
sess negligible vapor pressure, the ability to dissolve organic,
inorganic and polymeric materials and a high thermal stabil-
ity [69]. Recently, Monti and coworkers investigated the
effect of several ionic liquids on the percutaneous transport
and skin retention of diltiazem hydrochloride salt [DH] and
the free base [DB] [69]. The authors studied the mono- and
dicationic derivatives of 1,4-diazabicyclo [2.2.2]octane
(DABCO), a dialkyl morpholinium salt and a Brgnsted
acidic ionic liquid and found a significant increase in trans-
dermal flux values of DH and DB across rat skin following
the use of all the ionic liquids [69]. Interestingly, N-
dodecyldabco bromide was the best enhancer for both drug
forms, even though a certain degree of toxicity was observed
[69]. On the other hand, N-methyl-N-decylmorpholinium
bromide displayed a good balance between enhancer activity
and cytotoxicity [69]. In another study, Jain et al. used chito-
san and other polymers to prepare different transdermal drug
delivery systems (matrix and membrane-controlled) loaded
with DH [75]. It was shown that DH release from the matrix
systems was enhanced with increased hydrophilic polymer
concentration [75]. It was also observed that the release of
DH from the membrane systems decreased when the rate
controlling membrane was crosslinked and when citric acid
was added to the chitosan drug reservoir gel [75]. The
authors concluded that effective therapeutic concentration
levels can be achieved by both drug delivery systems [75].
Although several approaches for increasing the transdermal
delivery of DH have been reported in the literature, this is
the first time, to our knowledge, that microneedles are being
investigated for the percutaneous transport of diltiazem hy-
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Fig. (5). Average cumulative amount versus time curve (A) and transdermal flux (B) of perindopril erbumine across untreated and micronee-

dle-treated porcine ear skin over 12 hours.

drochloride (DH). The overarching goal of our project is to
develop a transdermal delivery system for DH. Percutaneous
transport can lead to better patient compliance, optimal
pharmacokinetic profile (uniform plasma concentration) and
decreased side effects [35]. Our project examined the influ-
ence of microneedle rollers on the transdermal delivery of
DH. In Fig. (4B), it is observed that there is a 113.59-fold
increase in the percutaneous penetration of DH following the
application of microneedle roller (788.34 + 212.85
ng/cm?/hr) compared to passive diffusion (6.94 + 1.87
ng/cm?/hr).

Perindopril erbumine is a long-acting angiotensin-
converting enzyme (ACE) inhibitor used for the management
of hypertension [76]. The low dose (4mg) and short biologi-
cal half-life of PE provide the rationale for the development
of a transdermal drug delivery system [77]. Although Helal
and Lane wrote an excellent review on the transdermal de-
livery of perindopril erbumine (and other ACE inhibitors)
[77], only one experimental work addresses the transcutane-
ous transport of PE [78]. Kute and coworkers studied the
transdermal permeation of PE from proniosomal gel and
reported that proniosomal gel with T20:T60 in ratio of
900:100 showed the highest percentage of drug release
(80.03%) over period of 24 hrs [78]. In addition, the cumula-
tive amount of drug which penetrated through rat abdominal
skin from this optimized formulation was 75.263% [78]. In
the present study, we used stainless steel microneedle rollers
to deliver PE across pig ear skin in vitro. There was a 11.99-
fold increase in the PE permeation across porcine skin fol-
lowing the application of a microneedle roller (1271.7 +
211.95 pg/cm?/hr) versus passive diffusion (105.98 + 61.47
ng/cm?/hr) (Fig. 5B).

The use of microneedles can lead to enhanced drug
transport across the skin [79-81]. The delivered compounds
may vary in size from small molecules to high molecular
weight compounds such as proteins [82-84]. Stainless steel
microneedles are mechanically robust and can painlessly
pierce the skin [83, 85]. This is especially significant for
patients with needle phobia [45]. Li et al. indicated that pain
induced by microneedles of length 500 to 1500 pum is rela-
tively low when compared to hypodermic needles [86]. Mi-
croneedles increase skin permeability by producing micron-
scale pathways and can actively drive drugs into the skin

[87]. It can also reduce the chance of infections and skin
irritations [45]. With the purpose of microneedle technology
becoming a clinical reality, many challenges must be over-
come. Microneedles should possess sufficient mechanical
strength to penetrate the skin without breaking before or dur-
ing insertion [34]. In a 2001 paper, Barry observed that 51
out of 129 drug delivery candidate products which were un-
der clinical evaluation at the time were for skin delivery [88].
Significantly, 30% of 77 candidate products in preclinical
development were also transdermal or dermal drug delivery
systems [88]. Transdermal delivery is widely acknowledged
as a non-invasive method for drug administration [69]. This
approach avoids first-pass metabolism, leads to better patient
compliance, and enhances therapeutic action [69]. Currently,
the transdermal route of administration is used to deliver
about 20 active pharmaceutical ingredients [89] and it is im-
portant to use different technologies for transdermal drug
delivery enhancement. Our project addresses this challenge
by evaluating the effect of microneedle rollers.

CONCLUSION

We studied the effect of stainless steel microneedle rollers
on the percutaneous transport of diltiazem hydrochloride and
perindopril erbumine. There were statistically significant dif-
ferences in flux values of both drugs across untreated and mi-
croneedle-treated porcine skins following the application of
microneedle rollers. Our results demonstrate that microneedles
may be beneficial for the skin permeation of diltiazem hydro-
chloride and perindopril erbumine. The microneedle approach
can also be extended to drugs from other therapeutic groups.
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