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ARTICLEINFO ABSTRACT

Keywords: Primaquine (PMQ) is an effective antimalaria drug with several limitations. We report the combinatorial

Primaguine _ approach of thermoresponsive hydrogels and Dermarollers® for transdermal delivery of PMQ to overcome these

iherxresprnswe limitations. The hydrogels were prepared using Pluronic F127 (PF127) and F68 (PF68). Specifically, HPMC was
ransderma

added into the formulation to improve the bioadhesive properties. Numerous formulations were prepared,
showing that formulation comprising 15 % PF127, 3 % PF68 and 0.4 % HPMC with 1 % PMQ was selected as the
optimum formulation. The formulation showed the gelation temperature around 35 “C_with bicadhesive strength
of 26.43 £ 2.31 dyne.cm®. Importantly, the pH of the formulatior s suitable fﬂ“éin application with the
percentage of PMQ recovery of 99.57 = 3.23 %. Moreover, the hy Is exhibited free-flow liquid at storage
and room temperature and high viscosities in the skin temperature. In vitro release experiments showed that the
release of PMQ was sustained for 24 h. Evaluated in extensive ex vivo studies, the treatment with Dermarollers®
improved the skin permeation and retention of PMQ for 3 days. In combination with Dermarollers®, the ex vivo

Dermarollers®

permeation of PMQ was sustained and the localization of PMQ in the skin was improved over 72 h.

1. Introduction

Around 228 million people in the world were affected by malaria in
2018 [1]. To overcome this, significant improvements have been made
to decrease malaria-associated morbidity and death [2,3]. Primaquine
(PMQ) has been established as an effective antimalaria drug [4].
Nevertheless, the effectiveness of PMQ is hindered by various problems.
Following the administration orally, PMQ experiences first-pass meta-
bolism in the liver, forming carboxyprimaquine (cPQ) through oxidative
deamination. This metabolite has been found to show less antimalarial
effect and high haemotoxic effect. Additionally, other side effects have
been also reported after this administration, including abdominal pain,
bitter taste, nausea and long therapy duration [4,5].

Being an attractive route, transdermal delivery has been a promising
alternative to oral administration. The delivery of substances trans-
dermally exhibits numerous benefits, namely avoiding first-pass meta-
bolism, painless, excellent compliance and easy accessible [6-8].
Accordingly, this route could be considered as an alternative route to
deliver PMQ. However, because of the specific compositions comprised
in the skin, the delivery of drugs through this route is challenging [2].
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The presence of lipophilic layer, stratum cormeum (SC), has become the
foremost physical blockade for drug permeated through the skin [9].
Moreover, PMQ shows low permeability. Microneedles are alternative
devices for transdermal delivery which can disturb SC and create pores,
enabling the delivery of drugs to the skin [10-12]. Dermarollers® are
one of sorts of microneedles, belonging to solid microneedle type, which
have been widely utilized in the cosmetic applications [9,13]. A plethora
of research explored the effectiveness of Dermarollers® to enhance the
pharmacology effect of numerous active pharmaceutical ingredients
[13-15].

It is also important to consider the dosage form of PMQ for this
purpose. The poor a nce of the patient is challenge in the malaria
therapy. Accordingly, it is important to develop a delivery system that
can sustain the release of PMQ through the skin. Thermoresponsive
hydrogels are able to turn from a liquid to a gel when moved from the
room temperature to the body temperature [16]. This system has been
extensively applied as in situ forming vehicle because the sustain release
behavior. Several polymers have been explored to prepare this
approach. Amongst numerous polymers, in this study, Pluronic® was
used as the thermoresponsive agent [17]. The properties of this polymer
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are sensitive to temperatures, making it suitable for the development of
thermosensitive hydrogels with various applications. Importantly,
Pluronic® is compatible with several type of cells and biological fluids,
as well as non-irritant [16,18,19]. To improve its effectiveness, bio-
adhesive agents can be included into thermoresponsive formulations.
Hydroxy propyl methyl cellulose (HPMC) has been recognized to show
this property [20]. It has been reported that, combined with micro-
needles, this system has successfully improved the penetrability of
fluorescein sodium [21]. However, there has been no study reported
using the therapeutic agents. Therefore, in this study, for the first time,
we developed thermoresponsive hydrogel formulations with bio-

sive properties containing PMQ. Here, we reported the improved
transdermal delivery of PMQ using the combination of thermores-
ponsive and Dermarollers®. Not only that, the deposition of PMQ in the
skin was alsoéﬂ)roved by this combinatorial approach.

2. Material and methods
2.1. Materials

Primaquing_biphosphate (PMQ) (purity, > 98 %) was purchased
from Sigma Anich (Singapore). Pluronic® F68 (PF68) and Pluronic®
F127 (PF127) were kindly gifted by BASF SE (Jakarta, Indonesia). Solid
microneedles (Dermarollers®) were obtained from SQY® (Guangdong,

China).
2.2, Formulation of thermoresponsive in situ gel of primaquine

The cold [alod was used to fabricate the thermoresponsive
hydrogels [22]. The composition of the hydrogels is depicted in Table 1.
Initially, PF68 and PF127 were dissolved in cold distilled water (4 “C)
using constant mixing until forming clear solution. Afterwards, HPMC
and PMQ were added into the polymeric solution and stored in the
refrigerator, forming clear solutions.

2.3. Determination of gelation temperature and bioadhesive properties

A test tube inverting technique in_a water bath was applied to
determine the gelation temperature offormulation [23]. The tube
containing the formulation was placed at 20 “C. The temperature was
steadifefincreased until 55 “C. The gelation temperature was denoted
when the solution turned into a gel after turning the tube over to 90° for
30 s. To determine the bioadhesion strength in skin tissue, a modified
physical balance wasa)plied [16]. In this study, an abdomen part of
rats’ skin was used. The skin was shaved and washed using distilled
water. Prior to the experiment, the formulations were placed at 37 °C for
10 min and then applied to the skin attached to the balance in one side.
Afterward, weights were placed in the other side of the balance until the
formulations were detached from the skin. Finally, the bioadhesive
strength was determined using the following calculation:

Table 1
The composition of thermoresponsive hydrogels containing PMQ (% w/v).

_mul.a PMOQ PF127 FF68 HPMC
F1 1 18 - -
F2 1 16 2 -
F3 1 15 3 -

F4 1 14 4 -
F5 1 10 8 -
F6 1 15 3 0.20
F7 1 15 3 0.40
F8 1 15 3 0.60
F9 1 15 3 0.80
F10 1 15 3 1
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2.4. Determination of pH, viscosity and rheological behavior

The pH of the hydrogel formulation was deterrnjneasirlg pH meter.
The viscosity and rheology thermoresponsive gel were measured using a
DV-III viscometer (RV m Brookfield, USA). For viscosity measure-
ment, gels were tested at cold temperature (4 “C), room temperature
(25 “C) and skin temperature (32 “C).

2.5. Drug content analysis and in vitro release study of PMQ

Drug ccnnt of PMQ was assessed using spectrophotometer UV-Vis
at 265 nm. The in vitro release of PMQ from thermoresponsive hydrogel
was carried out using membraneless dissolution method using
phosphate-buffered saline (PBS) as release media. Briefly, 10 g of
hydrogel was placed into orbital shaker at 37 &+ 0.5°C. After the
formulation beca el, PBS (5 mL) was added into the gels. At pre-
determined time (0. ,05h 075h,1h,2h,3h,4h,5h,6h, 7 h,
8h, 12 h and 24 h), 1 mL of medium was taken and replaced with fresh
medium. The concentration of PMQ was assessed using spectropho-
tometer UV-Vis at 265 nm.

2.6. Ex vivo skin permeation and retention study of PMQ

The ex vivo permeation of PMQ from thermoresporesponsive
hydrogels was performed through rats’ skin using vertical Franz diffu-
cell with PBS as media. The skin was placed between donor and
receiver compartment of Franz diffusion cell. The diffusion cell was
stirred at 100 rpm and the temperature was maintained at 37 + 0.5 °C.
The formulation (equal 10mg of PMQ) was placed iraionor
compartment. With total time of 72 h, at predetermined time, 0.5 mL of
permeation media was withdrawn and replaced with new media. In this
study, ffect of skin pretreatment with various length of Derma-
rollers®, namely 0.5 mm, 1 mm and 1.5 mm, was evaluated. Moreover,
the concentration of PMQ retained in the skin was determined by
extracting PMQ f the skin using methanol and analyzed using
spectrophotometer UV-Vis at 265 nm.

3. Results and discussion

3.1. Preparation of primaguine-loaded thermoresponsive in situ gel

25

The main purpose of this study was to overcome the delivery issue of
PMQ in the malaria treatment. As discussed earlier, to sustain the release
of PMQ transdermally, thermoresponsive hydrogels were developed.
Pluronics were selected as the main polymer to form this approach. The
representative images of B¢ formulation are depicted in Fig. 1A and B.

These compounds are triblock copolymers containing poly (ethylene
oxide)-b-poly (propylene oxide)-b-poly (ethylene oxide) (PEO-PPO-
PEO) compositions. Due to the presence of PEO as hydrophilic part and
PPO as hydrophobic part, these polymers possess amphiphilic charac-
teristics. At low temperature, Pluronics are the form of solution because
they are in the unimers form. When the temperature increases, the
unimers connects each other, forming micelles and turning into semi-
solid form. Here, we evaluated different concentration of PF127 and
PF68 to obtain the suitable gelation temperature. The addition PF68 into
PF127 has been found to show numerous advantages, particularly in
improving the low gelation temperature of PF127 [19]. Several studies
have combined other types of Pluronics into PF127 to improve the
thermosensitive properties of the polymers |[24,25]. Despite several
benefits, it was found that Pluronics do not possess adeguate bio-
adhesive properties [19]. Accordingly, to improve the adhesion to the
skin, HPMC was used. HPMC has been reported to form an adequate
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hydroxyl interaction with biological membrane, resulting in the strong
bioadhesive property [158].

3.2, Determination of gelation temperature measurement

The ration of PPO/PEO of pluronics have been reported to affect the
gelation temperature of the hydrogels. The hydrophobicity of PPO could
decrease the gelation temperature, where the hydrophilicity of PEO
could increase the gelation temperature. As PF127 contains more PPO
than PF68, as presented in Fig. 1A, the higher concentration of PF68
resulted in lower gelation temperature. The use of PF127 alone resulted
in the gelation temperature below the body temperature. This phe-
nomenon was also shown in other studies [18,24,25], indicating the
need of combining PF127 with other type of Pluronics. Our results
showed that F3 containing 15 % PF127 and 3 % PF68 showed the
gelation temperature around body temperature and, therefore, this ratio
was investigated to evaluate the effect of HPMC as bioad hesive agent. As
shown in Fig. 1C, above 0.4 %, the formulations possessed low gelation
temperature (<32 “C), making the inappropriate for thermoresponsive
preparations. Therefore, it was crucial to consider the consider the
bioadhesive agent in the thermoresponsive preparations. [ impor-
tant to ensure that the addition of bioadhesive compounds did not alter
the thermosensitive properties of the preparations.

3.3. Determination of bioadhesion srength

To improve the adhesion with the desired site of action, hydrophilic
polymers, HPMC, was added into the formulation. Fig. 1D shows that the
bioadhesion strength of the hydrogels to the skin wasm)roved
following the increase on HPMC concentration. Interestingly, there were
no significant differences (p > 0.05) in bioadhesive strength when

HPMC used in the concentration of 0.4 % compared to 0.6 % and 08 %.
Although 1 % of HPMC showed significant improvement (p < 0.05) in
bioadhesive properties, the formulation did not meet the requirement
for thermosensitive preparations. In addition to skin delivery, HPMC has
been widely used as bioadhesive agent for several application, including
vaginal, ocular and oral [18,19,26], showing that the incorporation of
HPMC in pharmaceutical dosage forms could potentially improve the
bioadhesive properties the preparation in various biological membrane.

3.4. Determination of pH, viscosity and rheological behavior

It was crucial to ensure that the application of the hydrogels did not
produce possible irritation to the skin. This could be achieved by pre-
paring the formulation having pH around to the skin pH (+ 5.8) [20].
The results exhibited that all hydrogels possessed pH values tolerated by
the skin (Fig. 2A). Therefore, the application of the thermoresponsive
hydrogels could not potentially cause any irritation of the skin.

The desired hydrogels were those which showed free-flow liquid
with low viscosities at storage and room temperature and high viscos-
ities in semisolid form in the skin temperature. Fig. 2B depicts that the
ratio of PF127 and PF168 affected the viscosities of the hydrogels.
Higher concentration of PF127 showed higher viscosity due to higher
amount of triblock chains and, therefore, resulted in higher micelle size
[25]. Showing similar trend with gelation temperature, the use of HPMC
increased the viscosities of the hydrogels at all temperatures. As pre-
sented in Fig. 2B, only formulations containing HPMC with the con-
centrations below 0.6 % showed lower viscosities at room temperatures.
Accordingly, F7 (0.4 % HPMC) was considered as the optimum formu-
lation with appropriate properties for the thermoresponsive prepara-
tions. With respect to rheological properties, all formulations showed
shear thinning behavior showing low viscosity in the high rate of share
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Fig. 2. The results of the pH determination of thermoresponsive hydrogels containing PMQ (mean = S.D., n = 3). TapH tolerated by the skin is indicated by the
blue das lines (A). Viscosities of thermoresponsive hydrogels containing PMQ at various temperatures, including 4 °C, 25 °C, and 32 °C (mean = S.D., n = 3). The
liquid form of the formulations is indicated by the values below black dash line and between black and red lines. The gel formation is indicated by the values above
red dash line (B). The rheology pattern of thermoresponsive hydrogels containing PMQ (C). Drug recoveries percentages of thermoresponsive hydrogels containing

PMQ (D) (mean = S.D., n= 3).

(Fig. 2C). These results were in good agreement with the gelation tem-
perature determination, showing that the formulations with low gela-
tion temperature exhibited higher viscosities at all temperature tested.

3.5. Drug content analysis and in vitro release study of PMQ

The concentration of PMQ in all formulations were between 98 %
and 100 % (Fig. 2D). This indicated that the formulation process did not
influence the concentration of PMQ in the formulation. [t was previously
reported that the percentage recovery of dosage forms should be be-
tween 95 % and 1 [ 27]. In in vitro release, PMQ released exhibited
biphasic manner. The in vitro release results of all formulations are
shown in Fig. 3A and B. During the first hour, the burst release behavior
was observed in all cases which might be due to the presence of PMQ on
the surface of s. The burst release was previously shown in similar

oach using fluorescein sodium as a model drug [21]. Furthermore,
the sustained release was obserm over 24 h, showing the ability of
pluronics to sustain the release. It is important to note that F4 and F5
showing low gelation temperature, due to the liquid form at skin tem-
perature, all PMQ released less than 5 h. Importantly, F7 which con-
tained 0.4 % HPMC and showed desirable mucoadhesive and
thermosensitive properties, exhibited similar behavior with optimum
formulation| out HPMC (F3). Accordingly, this formulation was
selected for ex vivo studies.

3.6. Ex vivo skin permeation and retention study of PMQ

It was shown that due to the hydrophilicity of PMQ, it was difficult to

permeate the lipophilic of SC and the concentration of PMQ permeating
the skin was less 25 % over 72 h. After the treatment using Derma-
rollers®, the concentration of PMQ permeating the skin was signifi-
cantly enhanced with more than 50 % for 0.5 mm Dermarollers® and
more than 75 % for Dermarollers® 1 mm and 1.5 mm. This was because
the micropore created in the skin by Dermarollers®, disrupting the
physical barrier of SC. It was important to note that sustained release
behavior was observed over 72 h ‘Lral types of Dermarollers®. Inter-
estingly, in ex vivo retention studies, it was found that the depositions of
PMQ were significantly higher (p < 0.05) after the treatment using
Dermarollers®. Considering non-significant different between 1 mm
and 1.5 mm Dermarollers®, 1 mm was considered as the optimum
length as the use of long needle could potentially cause discomfort of
patient following its application. In our study, for the first ime, it was
concluded that the delivery of PMQ could be controlled using ther-
moresponsive hydrogels and Dermarollers®, providing sustained release
permeation manner over 72 h, where PMQ was well-deposited in the
skin and were released from thermoresponsive hydrogels. Several
studies have investigated the administration of Dermarollers® to
enhance the skin permeation of different drugs [13,14,28], showing the
improvement of transdermal delivery in comparison with the conven-
tional delivery systems. Previously, PMQ was developed in nano-
emulsion delivery system [4]. It was reported that the nanoemulsion
could improve and control the transdermal delivery for 24 h. In our
study, the sustained release profile was maintained over 72 h. This was
due to the formation of in situ depot from thermoresponsive system
which allowed the improvement of control release pattern, indicating
the inventiveness of our approach. However, before this approach can




A.D. Permana et al.

=

PMQ permeated (%)

Time (h)

C

- F7
1004 < F7 treated with Dermaroller 0.5 mm

= =& F7 reated with Dermaroller 1 mm

E"_", - F7 treated with Dermaroller 1.5 mm )
n

B 754 £

2 £

s s

E B

o 504 3

& £

o o

=

Q. 254

. s —X

T T T T T T T T T
12 18 24 30 36 42 48 54 60 66
Time (h)

72

T
&

0

Colloids and Surfaces B: Biointerfaces 219 (2022) 112805

100
=
-
8 75
©
@
E 1
8 -6
o - F7
= - Fa
o o5 * Fo

-+ F10

12
Time (h)

24

1500+
10004 i
500~ i
5007
2504
o
AT AT AT, AT,
AT ATt TNt NN
| _Nag B F7 treated with Dermaroller 1 mm

Il F7 treated with Dermarolier 0.5 mm [l F7 treated with Dermarolier 1.5 mm

Fig. 3. Invitro release of PMQ from various thermoresponsive hydrogels (A and B) (mean = 5.D., n = 3). Ex vivo skin permeation (C) and skin retention (D) of F7 as
optimized formulation following the administration thermoresponsive hydrogels with and without the treatment of Dermarollers® with various length (mean = S.

D.,n=23)

applied in the clinical treatment, several considerations are required.
The sterility of this system should be considered. With regard to this,
previous study has shown that the penetration of microorganism across
the epidermis following the application of microneedles was found to be
igible [29]. Therefore, we could assume that the pores created by
the use of microneedle should not cause the risk of infection. However,
further studies are required to ensure this in the clinical applications.
Moreover, the storage stability of the thermoresponsive gel should be
investigated. It is also critical to ensure the reproducibility of this
combination approach performed by patients. To achieve this, the
pressure applied should be similar. Automated dermaroller has been
developed to ensure the reproducibility of pressure applied [30], which
could be potentially combined with the thermores ive developed in
this study. Following this promising results, further in vive studies should
be carried out to investigate the efficacy, the pharmacokinetic profile
and the dose determination of this approach. Moving forward, the
impact of the deposition of the polymers should be evaluated. The use of
Pluronics-based in the skin administration following microneedle ap-
plications is still limited. Therefore, the attention should not only be
given to the pharmacokinetic profiles of the drugs, but also to the
polymers used, particularly in the clearance profile. Finally, the scale-up
manufacturing process should be considered in order to ensure that the
method preparation can be applied in the industrial scale.
Ell

4. Conclusion

In this study, for the first time, we developed thermoresponsive
hydrogels with bioadhesive properties to transdermally delivery PMQ
combined with Dermarollers®. The combination of PF127 and PF68
with the ratio of 15 % and 3 % with 0.4 % HPMC was found to be the

optimal hydrogel with suitable thermoresponsive and mucoadhesive
characteristics. The approach could potentially sustain the releas@Bf
PMQ over 24 h. Essentially, ombination with Dermarollers® was
able to enhance and control the ex vivo permeation and retention of PMQ
through rats’ skin over 72 h.
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