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A B S T R A C T   

Malaria is a global parasitic infection that leads to substantial illness and death. The most commonly-used drugs 
for treatment of malaria vivax are primaquine and chloroquine, but they have limitations, such as poor adher
ence due to frequent oral administration and gastrointestinal side effects. To overcome these limitations, we have 
developed nano-sized solid dispersion-based dissolving microarray patches (MAPs) for the intradermal delivery 
of these drugs. In vitro testing showed that these systems can deliver to skin and receiver compartment up to 
≈60% of the payload for CQ-based dissolving MAPs and a total of ≈42% of drug loading for PQ-based dissolving 
MAPs. MAPs also displayed acceptable biocompatibility in cell tests. Pharmacokinetic studies in rats showed that 
dissolving MAPs could deliver sustained plasma levels of both PQ and CQ for over 7 days. Efficacy studies in a 
murine model for malaria showed that mice treated with PQ-MAPs and CQ-MAPs had reduced parasitaemia by 
up to 99.2%. This pharmaceutical approach may revolutionise malaria vivax treatment, especially in developing 
countries where the disease is endemic. The development of these dissolving MAPs may overcome issues asso
ciated with current pharmacotherapy and improve patient outcomes.   

1. Introduction 

Malaria is an infectious disease that affects over 247 million people 
globally and caused approximately 619,000 deaths in 2021 [1,2]. This 
mosquito-borne disease arises when single-celled protozoans of the 
genus Plasmodium are transferred into the human systemic circulation 
during a mosquito bite [3]. Some of the deadliest Plasmodium species 
that cause malaria and also malaria relapse include Plasmodium falcip
arum and Plasmodium vivax [4]. P. falciparum is known to be the dead
liest species to infect humans [1]. However, in regions where both 
P. falciparum and P. vivax malaria are present, the prevalence of P. vivax 
malaria has surpassed that of P. falciparum [5]. Controlling P. vivax is 
more challenging than P. falciparum, because of its capacity to generate 

dormant forms in the liver (hypnozoites) [6]. Even after eradicating 
P. vivax schizonts from the blood, infected people may relapse due to the 
activation of hypnozoites, and as a result, they can spread the infection 
[4]. 

The World Health Organization (WHO) recommends the combina
tion of chloroquine (CQ) and primaquine (PQ) as the preferred treat
ment for malaria infections caused by P. vivax, representing the gold 
standard therapy [1]. CQ acts during the intraerythrocytic stage, where 
infected erythrocytes containing trophozoite and schizont circulate 
within the human body and adhere to the vascular endothelium [6,7]. 
Upon entering the erythrocytes, the deprotonated quinoline ring of CQ 
accumulates inside the parasite, preventing the toxic heme from crys
tallising into haemozoin during haemoglobin proteolysis [8]. The 
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accumulation of heme leads to parasite death via autodigestion [8]. CQ 
has a prolonged effect, with a half-life of 20 to 60 days. The treatment 
with CQ has potential complications from prolonged use or high doses, 
including retinopathy, muscle weakness, and toxicity in children [9]. On 
the other hand, PQ works by generating H2O2 that accumulates in the 
cell and has anti-parasitic activity [10]. PQ acts by eradicating the he
patic stage of P. vivax, thus inhibiting the formation of erythrocytic 
forms that lead to relapses [11]. It also kills gametocytes. PQ is 
administered once daily for a duration of 2 weeks [12], while for the 
treatment with CQ is more complicated. Patients are required to take a 
620 mg dose of CQ once a day to initiate the regimen, followed by 310 
mg after 6–8 h, and 310 mg on the second and third days of treatment 
[13]. This extended treatment duration may be perceived as burden
some and complex for patients with P. vivax, which is necessary to 
prevent relapses [14]. Therefore, there is a clear need to reformulate 
these aminoquinolines into a formulation that can be administered 
easily while providing sustained release over several days. This 
approach would simplify the treatment regimen, increase adherence, 
and lead to better therapeutic outcomes. 

One formulation approach that could offer these desired advantages 
are microarray, patches (MAPs). These are arrays of microprojections on 
a smooth baseplate which, upon application to the skin, will generate 
channels across the stratum corneum [15]. The channels can then be 
leveraged to deliver a range of therapeutics into and, and in the case of 
antimalarial therapy, into the skin to form a depot. Subsequently, the 
drug is released slowly over time [16]. In the current work, we devel
oped, for the first time, dissolving MAPs for the management of malaria 
vivax. The antimalarial MAPs were then evaluated in terms of me
chanical resistance, insertion profile as well as the rate by which the 
needle layer dissolve within the skin. Additionally, the deposition and 
permeation profile of PQ and CQ were investigated by delivering them 
into ex vivo porcine skin after the application of MAPs. Furthering this, 
the delivery profile of PQ and CQ was also evaluated in vivo Sprague 
Dawley rats to evaluate the potential of these system to achieve sus
tained delivery following a single skin application. The efficacy of the 
formulations was also evaluated in female mice model for malaria. 
Overall, the current work demonstrated that dissolving MAPs may 
provide a patient-friendly strategy to improve the treatment of malaria 
by offering a simple and sustained delivery approach following a single 
patch application relative to the more complex and tedious oral based 
delivery. 

2. Materials and methods 

2.1. Materials 

Primaquine biphosphate (PQ) with a purity of 98% was obtained 
from Sigma Aldrich (Dorset, UK). Chloroquine diphosphate salt (CQ) 
with a purity of 98% was acquired from Alfa Aesar (Lancashire, UK). The 
internal standard, ketoconazole, was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Ethyl acetate, the deproteinising agent, was sourced 
from Fisher Scientific (Loughborough, UK). Soluplus® (a poly(N-vinyl 
caprolactam)–poly(vinyl acetate)–poly(ethylene glycol) graft copol
ymer) obtained from BASF (Ludwigshafen, Germany), and PVP 90 kDa 
(Plasdone™ K-29/32) obtained from Ashland (Kidderminster, UK) were 
also utilised. Other chemicals and reagents were purchased from Sigma- 
Aldrich (Dorset, UK). 

2.2. Preparation of drug-Soluplus® powder 

A series of Soluplus® solutions with concentrations of 0.25%, 0.5%, 
1.0%, and 2.0% w/v were prepared through serial dilution. Each Sol
uplus® solution (3 mL) was then individually added to 120 mg of PQ or 
CQ, and mixed using a SpeedMixer™ DAC 150.1 FVZ-K (German Engi
neering, Hauschild & Co. KG, Hamm, Germany) at a speed of 3500 rpm 
for 3 min. Before undergoing lyophilisation, the drug-polymer mixture 

obtained was subjected to a temperature-controlled freezer at − 80 ◦C for 
a period of 3 h. Lyophilisation was carried out using a freeze dryer 
(Virtis™ Advantage XL-70, SP Scientific, Warminster, PA, USA) for a 
total duration of 24 h. The process involved a primary drying cycle 
lasting 13 h, starting at a shelf temperature of − 40 ◦C. This was followed 
by a secondary drying phase lasting 11 h at a temperature of 25 ◦C under 
a vacuum pressure of 50mTorr. 

2.3. Characterisation of drug-Soluplus® powder 

Size distribution analysis of the formed PQ-Soluplus® and CQ-Sol
uplus® particles was conducted using Dynamic Light Scattering 
(NanoBrook Omni® analyzer, Brookhaven, New York, NJ, USA). Prior to 
analysis, samples were prepared using a similar method with slight 
modifications [17]. The analysis was performed at a temperature of 
25 ◦C with a 3-min equilibration time before sample analysis. The drug- 
Soluplus® powders were also visualised using scanning electron mi
croscopy (SEM) with a TM3030 microscope (Hitachi, Krefeld, Ger
many). To determine the chemical interactions between the drugs and 
Soluplus®, a Fourier transform infrared (FTIR) spectrometer (Accutrac 
FT/IR-4100™ Series, Perkin Elmer, USA) was used. The crystallinity of 
the pure drugs, pure Soluplus®, physical mixture (PM), and drug-Sol
uplus® powder was evaluated using a differential scanning calorimeter 
(DSC Q20, TA Instruments, Elstree, Hertfordshire, UK) and an X-ray 
diffractometer (Rigaku Corporation, Kent, UK). 

2.4. Fabrication of dissolving MAPs with drug-Soluplus® tips 

A two-step casting approach was used to prepare dissolving MAP 
containing PQ or CQ, similar to our previously published method 
[18–20]. Briefly drug-Soluplus® powder (Table 1) and water at a ratio of 
33:67 w/w were mixed. Once a homogeneous dispersion was obtained, 
50 mg of the mixture was introduced into a PDMS mould. The mould 
contained 600 pyramidal needles, each with a height of 750 μm, and was 
distributed over a 0.76 cm2 area. The PDMS moulds were transferred 
into an enclosed chamber and subjected to a positive pressure of 4 bar 
for 5 min. Afterwards, the formulations were taken out of the chamber 
and any excess mixture were removed before allowing the needle layer 
to dry for 30 mins. Once the system was dried, a PDMS ring was secured 
around the mould using 40% of w/w PVA (9–10 kDa) as this will assist in 
the fabrication of the backing layer. Then, 850 μL of backing layer 
mixture consisting of 30% w/w of PVP (90 kDa) with the addition of 
1.5% of w/w glycerol was added on top of the needle layer. The system 
was then centrifuged at 3500 RPM for 15 mins before being left to air 
dry. Once dry, the MAPs were demoulded and dried for another 12 h in a 
thermostatically controlled oven prior to further experimentation. 

2.5. Study of mechanical strength and insertion into ex vivo skin 

The structure and morphology of the each MAP were examined using 
a digital microscope (Leica EZ4 D, Leica Microsystems, Milton Keynes, 
UK). The compression resistance of the needles was assessed using a TA- 
TX2 Texture Analyzer (TA) from Stable Microsystems in Haslemere, 
UK), following the parameters described in previous studies [21,22]. 
The changes in needle height were estimated by subjecting them to a 
compressive force of 32 N, and Eq. (1) was used for measurement. 

Table 1 
Formulation for PQ and CQ loaded dissolving MAP preparation.  

MAP formulation Ratio of the drug to Soluplus® 

F1 8:1 
F2 4:1 
F3 2:1 
F4 1:1  
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MAPs height reduction (%) =
Hinitial − Hafter

Hinitial
× 100% (1)  

where Hinitial represents the initial height of the needle, and Hafter de
notes the height of the needle after compression. 

The insertion characteristics of the MAPs into Parafilm® M (as a 
validated skin model) and ex vivo neonatal porcine skin were examined 
using an EX-101 optical coherence tomography (OCT) microscope 
(Michelson Diagnostics Ltd., Kent, UK), following the methodology 
described in a previous study [23]. OCT images were captured to visu
alise the depth of needle insertion, and ImageJ® software (National 
Institutes of Health, Bethesda, MD, USA) was utilised to calculate the 
precise insertion depth. 

2.6. Quantification of drug loaded in the MAPs 

The drug content in the MAPs was determined by placing the 
formulation in a glass vial and dissolving it in 4 mL of deionised water. 
To enhance the dissolution process, the patch was sonicated for 30 min 
using an Ultrawave ultrasonic steriliser (U100, Ultrawave, Ltd., Cardiff, 
UK) set at an ultrasonic power of 35 W. The resulting mixture was 
diluted twofold with methanol and subjected to another 30 min of 
sonication. Afterward, the final mixture underwent centrifugation at 
14,500 rpm for 15 min before analysis using HPLC. 

2.7. In situ dissolution study of MAPs 

An in situ skin dissolution study was conducted to determine the time 
required for the MAPs to dissolve in neonatal porcine skin. Full- 
thickness neonatal porcine skin tissue was immersed in PBS (pH 7.4) 
at 37 ◦C for 30 min to reach equilibrium. The surface of the skin was then 
gently dried using a paper towel, and the MAPs were manually inserted 
into the skin using thumb pressure for a duration of 30 s. To prevent the 
MAPs from dislodging, a cylindrical stainless steel weight weighing 
approximately 15 g was placed on top of each MAP. The samples were 
then placed in an oven set at 37 ◦C and analysed at specific time in
tervals. The analysis involved carefully peeling off the samples from the 
skin and examining them under a digital microscope. 

2.8. Dermatokinetic study 

Dermatokinetic studies were conducted using excised full-thickness 
neonatal porcine skin to investigate the delivery of PQ and CQ from 
MAPs, following a previously published method. [17,24,25]. Briefly, the 
excised skin was attached to the donor component of the apparatus 
using cyanoacrylate adhesive. The receiver fluid, consisting of degassed 
PBS (pH 7.4) at 37 ◦C, was stirred at a constant rate in a thermostatically 
regulated water bath. Each MAP was applied to the skin under pressure 
for 30 s and then clamped to the receiver compartment. To prevent 
evaporation, the sampling arm and donor component were sealed using 
Parafilm® M. At specified time intervals, the Franz cells were dis
assembled, and 200 μL of the receiver solution was collected and ana
lysed using HPLC. The skin samples were homogenised in deionised 
water, followed by the addition of acetonitrile. After centrifugation, the 
supernatant was filtered before HPLC analysis. 

The analysis of PQ and CQ samples from in vitro studies was con
ducted using reversed-phase high-performance liquid chromatography 
(HPLC) on an Agilent Technologies 1220 Infinity compacted LC series 
system (Agilent Technologies UK Ltd., Stockport, UK) equipped with a 
UV detector. Chromatographic separation was achieved using an XSelect 
CSH C18 column with a 3.0 mm internal diameter, 150 mm length, 3.5 
μm particle size, and a pore size of 130 Å (Waters, Dublin, Ireland). A 
VanGuard® cartridge (3.9 mm internal diameter, 5 mm length) with 
similar chemistry to the main column was placed before the column. The 
sample was eluted with a mobile phase consisting of 0.1% v/v tri
fluoroacetic acid (A) and acetonitrile (B) (refer to Table 2 for details) at a 

flow rate of 0.6 mL/min. The HPLC analysis was performed at 30 ◦C, and 
a 10 μL injection volume was used. 

2.9. Biocompatibility study 

The biocompatibility of MAPs was evaluated using three assays, 
namely 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT), LIVE/DEAD™, and cell proliferation assays (pico-green). The 
evaluation was performed using a similar method as previously pub
lished [17,25]. Briefly, fibroblast-3T3L1 cells were cultured with DMEM 
culture medium (DMEM-F12-GlutaMAX-I, Gibco, New York, NY, USA) 
on MAP formulations for 72 h. The MTT assay was performed by adding 
MTT solution to the cells, followed by the addition of DMSO to dissolve 
the formazan crystals. The optical absorbance of the solution was 
measured at 570 nm using a microplate reader (Biotek, Winooski, VT, 
USA). Cell viability and proliferation assays were conducted to evaluate 
the effects of MAP formulations on Fibroblast-3T3L1 cells. For cell 
viability, live/dead staining was performed using calcein AM and 
ethidium homodimer-1. The stained cells were observed under a fluo
rescence microscope to determine the presence of live and dead cells. To 
assess cell proliferation, a Quant-iT™ PicoGreen® dsDNA Reagent and 
Kits were used. 

2.10. Pharmacokinetic studies 

Six male Sprague Dawley rats weighing 300–350 g were obtained 
from the Laboratory Animal Facility and Management (LAFAM), Uni
versiti Teknologi MARA (UiTM) Puncak Alam, Selangor, Malaysia. The 
animal experiments were conducted following the guidelines of the 
Committee on Animal Research & Ethics (CARE) of the Faculty of 
Pharmacy, UiTM. The rats were sedated using an intraperitoneal injec
tion (IP) of Zoletil®50 (0.1 mL/100 g rat weight) and their back fur was 
shaved with electric clippers. After complete fur removal, two dissolving 
MAPs were applied to the back of each rat and secured in place with 
Microfoam™ surgical tape (3 M, Bracknell, UK), and then Kinesiology™ 
tape (Proworks, Stockton, UK). For the oral treatment group, the rats 
were fasted overnight and then administered 30 mg/kg of PQ or CQ via 
oral gavage. Blood samples were taken from the tail vein at pre
determined time intervals (0, 2, 4, 8, 12, 24, 48, 72, and 168 h) using a 
heparinised syringe with needle and the plasma was frozen at − 80 ◦C 
until further analysis. In order to elucidate the hepatoxicity of the for
mulations, the liver of the rats was collected post-mortem and fixated 
using 10% neutral buffered formalin in a capped and leak-proof 
container. The livers were sectioned, stained with haematoxylin and 
eosin (H&E), and mounted with a coverslip using optical grade glue. 

A rapid and precise method for measuring PQ and CQ in rat plasma 
was established using UHPLC-MS/MS technology. The UHPLC-MS/MS 
system used was composed of an Agilent 1200 infinity UHPLC system 
with an Agilent 6460 triple-quadrupole mass spectrometer (Santa Clara, 
CA, USA). Chromatographic separation was performed at 40 ◦C using an 
Zorbax SB-C18 Rapid Resolution HT (2.1 m × 50 mm, 1.8 μm) with (A) 
0.1% formic acid in water and (B) methanol. The gradient elution pro
gram was 0.00–3.00 min, 5–95%; 3.00–4.00 min, 5–95%; and 
4.00–4.10 min, 60–40%. The sample injection volume was 2 μL and the 
flow rate was set at 0.250 mL/min. A calibration curve was prepared 
with 200 μL of blank rat plasma spiked with both standards at different 
concentrations. For plasma extraction, 100 μL of the sample was mixed 
with 10 μL of internal standard (ketoconazole) and 1 mL of ethyl acetate 

Table 2 
HPLC parameter for in vitro analysis of PQ and CQ.  

Compound Ratio of mobile phase (A:B) 
(%v/v) 

Wavelength 
(nm) 

Running time 
(min) 

PQ 75:25 254 7 
CQ 65:35 254 5  
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to precipitate the protein. After centrifugation, 950 μL of the superna
tant was transferred to a new microcentrifuge tube and dried using a 
benchtop centrifugal evaporator. The dried sample was then recon
stituted with 50 μL of 50% methanol in ddH2O with 0.1% added, fol
lowed by vortex mixing and centrifugation. The resulting supernatant 
was injected into the LC/MS-QQQ system for analysis. 

2.11. In vivo antimalarial activity in plasmodium berghei-infected mice 

The formulation efficacy experiment was conducted at the animal 
facility of the Institute of Biomedical Sciences at the Sao Paulo Univer
sity (USP), Sao Paulo, SP, Brazil. The parasitemia inhibition of the MAPs 
was evaluated over a period of 7 days using female mice (C57BL/6, 4 
weeks old, 20 ± 3 g) infected with Plasmodium berghei under the regis
tration number 9215030119 obtained from the Ethics Committee on the 
Use of Animals (CEUA). Mice were acclimatised in pathogen-free animal 
care facility in polypropylene cages. The animals were split into four 
cohorts (n = 7): 1) Control group: blank MAP (without drug). 2) PQ-MAP 
(1.4 mg); 3) CQ-MAP (3.4 mg); and 4) Combination of PQ-MAP (1.4 mg) 
and CQ-MAP (3.4 mg). On day 0, the groups were shaved and infected 
via intraperitoneal injection with 1 × 105 P. berghei ANKA HSP70-GFP- 
infected erythrocytes. After 24 h, treatment began by MAP application 
which was removed only on day 7 following a modified Peter’s 4 day 
suppressive test [26]. Parasitemia was evaluated daily by analysing the 
whole blood (1 drop of blood +300 μL of PBS) by flow cytometry (488 
nm – laser; 540 nm - emission filters) (FACSCalibur) until the end of the 
treatment (7 days). Parasitemia inhibition was determined in percentage 
relative to the blank MAP group (without drug or untreated group) [27]. 

2.12. Stability study of MAPs 

The stability of MAPs was evaluated in terms of drug content and 
height reduction of the needles over time after storing samples at 25 ◦C/ 
RH 65% and 40 ◦C/RH 75% were analysed at each predetermined time 
point (7, 14, 30, 60 and 90 days). The MAPs were stored at in designated 
boxes during the period of stability study, as previously reported [28]. 

2.13. Statistical analysis 

Statistical analysis of the data was performed using GraphPad 
Prism® version 8.0 (GraphPad Software, San Diego, California, USA). 
The data is presented as means ± standard deviation (SD), unless 
specified otherwise. One-way analysis of variance (ANOVA) was con
ducted to compare multiple groups, while Student’s t-test was used for 
comparisons between two groups. A significance level of p < 0.05 was 
considered statistically significant for all analyses. 

3. Results and discussion 

3.1. Characterisation of PQ-Soluplus® and CQ-Soluplus® powder 

Prior to fabricating the MAPs, we developed and charactersed a 
nano-sized solid dispersion powder of PQ and CQ mixed with Soluplus®. 
This step was crucial as the nano-sized solid dispersion of these drugs 
would form the needle layer of the dissolving MAP during 
manufacturing. To achieve this, we casted the aqueous mixture of nano- 
sized solid dispersion into the MAP mould to fill the cavity. As the 
mixture dried, it resulted in the formation of needle-shaped solid dis
persions of the drugs. These needles could be easily removed from the 
moulds, and then the aqueous polymer was cast as the second layer or 
baseplate, which attached to the needle layer to form the final patch. 

In this study, we utilised Soluplus® (Poly(vinyl capro
lactam–polyvinyl acetate–polyethylene glycol) graft copolymer) as both 
the polymeric carrier and surfactant to create the nano-sized solid 
dispersion. This approach aimed to improve the solubility and perme
ability of CQ and PQ, consequently enhancing the drug loading in the 

patch. Furthermore, incorporating the nano-sized solid dispersion of PQ 
and CQ as the tips aimed to maximise the penetration ability when 
combined with MAPs, thereby facilitating the intradermal deposition of 
the drugs. 

It can be seen from Fig. 1 (A,B) that the addition of Soluplus® during 
the formation of drug solid dispersion had a marginal effect on the 
overall drug particle size for both PQ and CQ. However, it is worth 
noting that, with increasing Soluplus® concentration, 0.25–2.0%, there 
was a decrease in the polydispersity index (PDI) of the solid dispersion 
powder from ≈0.15 to ≈0.05 for PQ and from ≈0.10 to ≈0.05 for CQ. 
PDI is typically used in colloidal science as a means of measuring the size 
dispersity of nanoparticulate systems and powders [29]. It is typically 
reported that a system that displays a PDI of <0.1 is deemed to be highly 
monodisperse, while those exhibiting values ranging between 0.1 and 
0.4 are deemed to be moderately disperse [30]. Based on the PDI data 
shown, it can be seen that increasing the concentration of the polymeric 
solubiliser, Soluplus®, causes the solid dispersion system to shift from 
being moderately dispersed to becoming highly monodisperse. We have 
previously reported that the incorporation of Soluplus® during the 
manufacture of nanosuspension and solid dispersion has resulted in the 
formation of a highly monodisperse colloid and solid dispersion [31,32]. 
It is also worth noting that freeze drying (FD) process did not have a 
significant impact on the overall drug-polymer particle size and PDI for 
PQ. The same could also be seen for CQ, although at higher Soluplus® 
concentrations (1.0–2.0% w/v), we noticed a significant decrease (p <
0.05) in the overall drug-polymer particle size following lyophilisation. 

In order to elucidate further the impact of incorporating Soluplus® in 
the preparation of nano-sized solid dispersions for PQ and CQ, several 
solid-state characterisation techniques were conducted on the drug- 
polymer powders as well as the pure reference materials. Fig. 2(A) dis
plays the FTIR analysis, which showed that PQ and CQ spectra exhibited 
similar peaks to the pure drugs, indicating that the chemical structure of 
the drugs was not affected by the formation of drug-Soluplus® solid 
dispersion. Furthering this, the DSC and powder XRD were also con
ducted in order to further gauge the solid state of drug-polymer powder. 
The DSC thermogram of PQ and CQ is displayed Fig. 2(B). The endo
therm of both PQ and CQ remained unchanged when physically mixed 
with Soluplus®. However, when the drugs formed nano-sized solid 
dispersion with Soluplus® following lyophilisation, the characteristic 
endotherms of both PQ and CQ were affected, leading to the formation 
of an amorphous and ssemi-crystalline solid dispersion of CQ and PQ, 
respectively. With regards to PQ, the endotherm of the drug at 206 ◦C 
became shallower with increasing Soluplus® concentration while in the 
case of CQ, the endotherm of the drug was completely absent with all 
Soluplus® concentrations, once the solid dispersion powder was formed. 
When these data were viewed in tandem with XRD diffractograms 
shown in Fig. 2(C), the addition of Soluplus® followed by lyophilisation 
led to the formation of an amorphous solid dispersion of both CQ and 
PQ. 

SEM imaging was used to examine the physical and structural 
properties of drug-polymer powders at the micron scale (Fig. 3). SEM 
analysis of pure PQ and CQ drugs showed irregular crystalline particles, 
while Soluplus® appeared as spherical particles with porous structures. 
Physical mixtures of PQ and CQ with Soluplus® showed no incorpora
tion between the two components before lyophilisation. After lyophili
sation, drug crystals and Soluplus® spheres were no longer present, 
making it difficult to distinguish between the two components. When 
Soluplus® concentration increased from 0.25 to 2.00% w/w, resulting 
powders were more uniform and porous, indicating successful incor
poration of drug particles with Soluplus®. SEM observation, combined 
with DSC and XRD data (Fig. 2), showed that drug-polymer powder 
between Soluplus® and the API formed an amorphous solid dispersion 
system. 
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3.2. Fabrication of dissolving MAPs with drug-Soluplus® tips 

PQ loaded dissolving MAPs appeared as patches with orange tips, 
while CQ loaded dissolving MAPs appeared white and opaque post- 
fabrication, as shown in Fig. 4. The orange colour of the PQ loaded 
dissolving MAPs was due to the intrinsic colour of the drug, which is an 
orange-to-brown powder. The majority of the drug was localised within 
the tip of the MAP, as can be seen in Fig. 4. High drug:polymer ratios (8:1 
to 2:1) for PQF1-PQF3 resulted in poorly formed PQ-loaded dissolving 
MAP patches, with chipped MAP and poorly formed needle tips visible 
in optical microscopy and SEM images. The highest drug:polymer ratio 
(PQ-F1) showed completely broken needle tips with porous structures 
along the needle length. This has observation has been reported for 
dissolving MAP with high drug solid content in the needle tip [33,34]. 
This issue was resolved by increasing the Soluplus® content in the 
needle layer, which improved MAP morphology. The higher Soluplus® 

content in the needle layer helped trap residual moisture in the needle as 
an external plasticiser, enabling effective demoulding post-drying [35]. 
The presence of higher polymer content in the needle layer also func
tioned as a binder, helping interlock drug particles within the needle 
layer and reducing the formation of highly porous needle structures 
post-drying [35]. This phenomenon may be highly dependent on the 
payload incorporated in the dissolving MAP, as it was not encountered 
in the case of CQ. 

After visual and microscopic characterisation of the MAPs, we 
evaluated the drug loading within the patch tips, as presented in Fig. 5. It 
was observed that as the drug to polymer ratio decreased from 8:1 to 1:1 
in all formulations, the drug loading for both PQ and CQ loaded dis
solving MAPs also decreased. At the highest drug to polymer ratio of 8:1, 
we were able to achieve a drug loading of 2.6 mg per patch for PQ and 
3.4 mg per patch for CQ. 

Fig. 1. The particle size and polydispersity index (PDI) of the (A) PQ-Soluplus® powder and (B) CQ-Soluplus® powder were measured before and after freeze drying 
(FD) process (means + SD, n = 3). 
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3.3. MAP characterisation studies 

Upon fabricating the drug loaded dissolving MAPs, the patches were 
then subjected to a series of characterisation studies which are 
commonly conducted in most MAP-based research as a means to confirm 
that the developed patches have the ability to pierce and dissolve in the 
skin to enable the release of the payload [32,36]. First, the series of 
dissolving MAPs for PQ and CQ were subjected to a compression test by 
which per 0.76 cm2 patch was subjected to an axial force of 32 N which 
is comparable to thumb pressure. This test was conducted in order to 
ascertain if the fabricated MAPs will be able to resist the compressive 
force, with minimal height reduction, during skin application. It can be 
seen from Fig. 6 that the drug loaded patches exhibit an initial needle 
length of ≈620 μm which upon compression causes the height to be 
reduced by ≈6.0%. This is the typical % of height reduction typically 
reported for dissolving MAPs which possess sufficient mechanical 
properties for skin insertion [31,32,34]. 

Furthermore, insertion studies using either the skin simulant, Par
afilm®M or ex vivo neonatal porcine skin, were conducted to evaluate 
the insertion properties of the developed series of MAPs. Examples of 
representative OCT images of the MAPs being inserted into Parafilm®M 
or ex vivo neonatal porcine skin are shown in Fig. 6 (C,D). As shown in 
Fig. 6 (E), all the PQ-loaded MAP formulations were able to insert with a 
100% efficiency into the first layer of the Parafilm®M stack, as evi
denced by the absence of any error bars. Moreover, all the PQ-loaded 
MAP formulations were able to insert down to the third layer of Paraf
ilm®M. Monitoring the insertion via OCT, it was shown that all the 
MAPs resulted in an insertion depth of 300–350 μm, as displayed in 
Fig. 6 (F). In terms of the CQ-loaded MAPs, all the formulations 
exhibited a similar insertion profile to the PQ-loaded dissolving MAPs. 
However, with regards to Parafilm®M insertion, it was observed that the 
CQ-loaded MAPs displayed a significantly (p < 0.05) deeper insertion 
relative to the PQ-loaded MAPs. When both series of formulations were 
evaluated using ex vivo neonatal porcine skin, we observed several dif
ferences in the MAPs’ insertion profiles into Parafilm®M. Firstly, all the 
patches displayed a deeper insertion depth relative to the porcine skin, 
relative to the insertion profile into the stacks of Parafilm®M, which has 
been previously observed and reported [31,32]. The deeper insertion 
depth for both PQ and CQ-loaded MAPs into ex vivo skin relative to 
Parafilm®M may be due to the presence of dermal interstitial fluid. This 
naturally occurring fluid in the skin will be encountered by the surface of 
dissolving MAPs, thus, providing some lubrication that mitigates fric
tional resistance during the penetration of the MAPs into the skin rela
tive to Parafilm®M. Based on the ex vivo skin insertion depth, it can be 
seen that approximately 70–80% of the needle length was successfully 
inserted into the skin, suggesting that the drug-loaded tip would be 
successfully embedded into the skin upon application. 

Following the insertion studies, we proceeded to evaluate the 
dissolution profile of a series of PQ and CQ-loaded dissolving MAPs 
following application to the skin. Fig. 7 shows that for PQ-loaded dis
solving MAPs, formulations F1-F3 displayed minimal dissolution within 
15 min of skin insertion. However, after 30 min of skin application, the 
majority of the needle length had dissolved and deposited into the skin 
for formulations F1-F3. In contrast, PQ-F4 displayed complete needle 
dissolution following 15 min of skin application. With regards to CQ- 
loaded dissolving MAPs, we observed that F1 showed the most rapid 
dissolution, with almost all the needle tips displaying complete disso
lution within 15 min of skin application. On the other hand, formula
tions F2-F4 for CQ loaded dissolving MAPs displayed mostly needle tip 
dissolution within the first 15 min of skin insertion. However, when 
these formulations were inserted for up to 30 min, we observed complete 
dissolution of the entire needle lengths. Guided by the skin dissolution 
data in tandem with the drug loading of these formulations, formulation 
F1 for CQ-loaded dissolving MAPs and F4 for PQ-loaded dissolving 
MAPs were selected for further evaluation in vitro before proceeding to 
an in vivo pharmacokinetic and efficacy study. 

Fig. 2. (A) FTIR spectra (B) DSC thermogram and (C) XRD diffractogram of PQ- 
Soluplus® powder and CQ-Soluplus® powder at different concentration of 
Soluplus®, 0.25%, 0.5%, 1%, 2% compared to pure drug, pure Soluplus® and 
physical mixture (PM). 
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Fig. 3. SEM images (A) Pure drug and polymer powder along with different physical mixture (B) PQ-Soluplus® powder (C) CQ-Soluplus® powder at different 
concentration of Soluplus®, 0.25%, 0.5%, 1%, 2%. 
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Fig. 4. Optical microscopy and SEM images of PQ and CQ solid dispersion MAPs with different Soluplus® concentration.  
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3.4. Dermatokinetic study 

After conducting a skin dissolution study, we conducted an ex vivo 
dermatokinetic study using a Franz cell setup to evaluate the delivery 
profile of PQ and CQ into and across the skin, as illustrated in Fig. 8(A). 
The delivery of PQ and CQ across the skin follows a series of events as 
illustrated in Fig. 8(B), which begins with the insertion of the micro
needle layer into the skin, resulting in the formation of a drug polymer 
depot within the skin. Over time, this drug polymer depot slowly dis
solves, resulting in the slow release of the drug into the skin, which 
ultimately diffuses into the receptor compartment. 

Regarding skin deposition, as shown in Fig. 8(C,D), we observed an 
increase in the concentration of PQ delivered into the skin within the 
first 6 h, reaching a skin Cmax of 200 μg/cm2 before plateauing at 100 
μg/cm2 for the remaining duration of the permeation study. CQ 
exhibited a similar trend to PQ, but the MAP managed to achieve a more 
rapid skin Cmax of 800 μg/cm2 within the 3 h of the permeation study 
before plateauing at 400 μg/cm2 for the later time point of the perme
ation study. This higher skin deposition is attributed to the higher drug 
loading of CQ (3.4 mg per patch) compared to PQ (1.4 mg per patch), 
resulting in a greater amount of drug being deposited in the skin over 
time. 

Regarding the delivery of antimalarial drugs across the skin, we can 
see that for PQ, the amount of drug delivered into the receiver 
compartment increases within the first 6 h before plateauing at ≈500 μg 
for the remainder of the permeation study. In contrast, the CQ-loaded 
dissolving MAP exhibited a steady increase in the amount of drug 
delivered through the duration of the permeation study, reaching a 
maximum of 1800 μg at the 24-h time point. Regarding the amount of 
drug delivered, we can see that for the CQ-loaded dissolving MAPs, a 
total of 2 mg of CQ was successfully delivered from the formulation 
within 24 h. It is important to note that both PQ and CQ exhibit different 
drug deposition and release profiles due to the varying amounts loaded 
into one patch for each drug. As previously discussed, the higher amount 
of CQ deposited into the skin leads to the formation of a secondary 
reservoir, resulting in a slower release of the drug into deeper layers of 
the skin and eventually reaching the systemic circulation, represented 
by the receiver compartment. From a delivery efficiency perspective, 
this equates to a delivery efficiency of ≈60%. On the other hand, we 
were able to deliver up to 0.6 mg of PQ via dissolving MAPs, resulting in 
a delivery efficiency of ≈42%. 

From a formulation perspective, the concept of using MAPs for the 
delivery of antimalarial drugs was first conceptualized in 2017 by PATH, 
a global non-profit organization with the aim of improving public health 
[37]. In this initial framework, the PATH team led by McGray et al. [37] 
assessed the technical and feasibility of MAPs for the intradermal de
livery of the antimalarial drug primaquine to treat P. vivax infection. 
Although lacking in any empirical data, this initial feasibility laid a key 
target product profile which ought to be incorporated in the design of 
MAPs for the management of malaria. One of the critical attributes 

identified is the ability of MAPs to deliver the antimalarial drug in a 
sustained and uniform fashion following a single patch application. 
Nevertheless, it was not until 2021 that Zanutto et al. [38] published the 
first-ever paper on the use of MAPs for the delivery of antimalarial drugs. 
In this work, Zanutto and co-workers utilised dissolving MAPs to deliver 
the antimalarial drugs artemether and lumefantrine into and across the 
skin [38]. In contrast to the current work, the needle layer of the 
formulation was loaded with a nanosuspension of either artemether or 
lumefantrine. When evaluated ex vivo using a Franz cell setup, the re
searchers found that the dissolving MAPs were able to deliver up to 1.2 
mg of artemether into the skin, with a delivery efficiency of 75%, and 
0.2 mg of lumefantrine, with a delivery efficiency of 15%, into and 
across the skin. When this data is viewed in combination with the ex vivo 
dermatokinetic data obtained in the current work, it can be seen that the 
utilisation of dissolving MAPs offers an elegant strategy to deliver the 
drug across the skin. This is of great advantage as it is frequently re
ported that the delivery of antimalarial drugs via the oral route, although 
convenient, does suffer some significant drawbacks such as gastroin
testinal side effects [39]. 

3.5. Biocompatibility studies 

To investigate the effect of MAPs on the biocompatibility of fibro
blasts, we evaluated the viability, morphology, and proliferation of cells 
treated with blank-MAP, PQ-MAP, CQ-MAP, and control cells using an 
MTT assay and live and dead staining. As shown in Fig. 9(A), PQ-MAP 
significantly increased cell viability compared to control cells (p <
0.05) and blank-MAP (p < 0.05). However, a significant increase in CQ- 
MAP was found compared to control cells, MAP-blank, and PQ-MAP (p 
< 0.05). Similarly, live and dead staining showed a change in cell 
morphology after MAP treatment and an evident increase in cell number 
after PQ-MAP and CQ-MAP treatment, as shown in Fig. 9(B). In addition, 
the proliferation assay (Fig. 9(C)) showed a significant increase in 
fibroblast proliferation with PQ-MAP compared to control cells (p <
0.05), blank-MAP and CQ-MAP (p < 0.05). CQ-MAP also showed a 
significant increase in fibroblast proliferation compared to control cells 
and blank-MAP (p < 0.05), suggesting that cells in PQ-MAP and CQ-MAP 
formulations were more proliferative than those in the other experi
mental groups. However, despite the high proliferation of CQ and PQ, it 
was demonstrated that the PQ-MAP and CQ-MAP formulations utilised 
in this study are biocompatible with fibroblast cells and can be viably 
employed on the skin. 

Previous studies have shown that blank-MAP, which was not loaded 
with any drugs, has good biocompatibility and does not affect the 
viability and proliferation of fibroblast cells in a manner similar to 
control cells [17,25]. Our results also demonstrate good biocompati
bility of MAPs-contained CQ, with CQ-MAP even increasing cell prolif
eration. These findings are consistent with previous studies that have 
described the decelerating effect of CQ on inflammation in burn wounds 
and its potential to promote repair and healing of burn wounds, mainly 
mediated by its effect on autophagy inhibition and the Wnt/β-catenin 
signalling pathways in fibroblast cells in animal models [40]. These 
results suggest that CQ-MAP can increase fibroblast cell viability and 
proliferation. In addition, PQ-MAP showed even higher cell viability and 
proliferation. Previous studies have used PQ formulations on skin and 
have described their effect on fibroblast and karyocytes, as well as the 
skin in general [41–43]. Therefore, the concentrations of PQ-MAP and 
CQ-MAP used in this study are biocompatible with fibroblast cells and 
could be used on the skin. 

3.6. Stability study of MAPs 

It has been suggested that MAPs have the potential to revolutionise 
how malaria is treated in developing countries by offering a simple and 
painless administration of antimalarial drugs in a sustained fashion [44]. 
Therefore, the stability of these MAPs during transportation and storage 

Fig. 5. Drug content of (A) PQ and (B) CQ loaded dissolving MAPs (means +
SD., n = 6). 
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Fig. 6. The MAP height reduction for MAPs loaded with 
(A) PQ solid dispersion and (B) CQ solid dispersion was 
measured after applying a compressive force of 32 N 
(means + SD, n = 20). The OCT images of MAP insertion 
into (C) Parafilm®M and (D) ex vivo neonatal porcine 
skin. (E) The number of channels formed per layer of 
Parafilm® M was quantified following the application of 
MAPs loaded with (E) PQ and (H) CQ (means ± SD., n =
3). The depth at which PQ and CQ loaded MAPs pene
trated into (F, I) Parafilm® M and (G, J) full thickness ex 
vivo neonatal porcine skin was measured (means + SD, n 
= 20).   
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is of utmost importance, given the diverse temperature and humidity 
conditions in these regions. This is especially critical for dissolving 
MAPs, which are typically fabricated from water-soluble polymers that 
render them hygroscopic [32]. Exposure to the atmosphere may increase 
the propensity of the polymeric needle to trap moisture, leading to 
plasticisation along the needle length and weakening the overall me
chanical properties of the MAP, resulting in poor insertion into the skin 
[45]. Therefore, this study also evaluated the stability of the MAPs 
during storage. The MAPs were stored under three different conditions: 
5 ◦C and ambient humidity, 25 ◦C and 65% relative humidity, and 40 ◦C 
and 75% relative humidity for 30 and 90 days. In all cases, height 
reduction, drug content, and insertion depth were evaluated as in
dicators of formulation stability (Fig. 10). The results showed that there 
were no major differences in height reduction, drug content and 

insertion depth were seen after 30 and 90 days for both CQ and PQ 
loaded dissolving MAPs. 

The Food and Drug Administration (FDA) guidelines for drug prod
ucts Q1A(R2) indicate that both thermal stability and sensitivity to 
moisture of pharmaceutical formulations should be evaluated, and 
storage conditions and lengths should be sufficient to cover the chain of 
storage, shipment, and subsequent use of the drug product [46]. In the 
present study, a total of three months was evaluated, which may cover 
the duration for the formulation to be manufactured, shipped, distrib
uted, stored, and dispensed to the patient. This duration confirmed that 
the physical integrity of these MAPs (and their drug load) is maintained 
for at least 90 days. This preliminary stability study is promising, 
particularly as the MAPs were stored at 40 ◦C and 75% relative hu
midity, which typically represents a tropical atmosphere analogous to 

Fig. 7. In-situ skin dissolution PQ and CQ loaded MAPs at 15 mins and 30 min.  
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the countries where malaria is endemic. Nevertheless, further studies 
over a longer period of time should be conducted to validate the stability 
of dissolving MAPs. In addition, further studies evaluating the stability 
of these formulations before and after terminal sterilisation will also be 
essential to facilitate the translation of these systems into clinical 
practice. 

3.7. Pharmacokinetic studies 

After the in vitro permeation study, the dissolving MAPs loaded with 
PQ and CQ were chosen for further investigation in vivo. Upon removal 
of the MAPs after a 24-h application period, we observed complete 
dissolution of the needle layers, in line with the in vitro skin dissolution 
data. The pharmacokinetic profiles of both PQ and CQ following MAP 
and oral administration are shown in Fig. 11. 

For PQ, oral administration resulted in a rapid increase in plasma 

Fig. 8. (A) The schematic depicts the setup of the 
Franz cell, which is used to evaluate the deposition 
and permeation of drugs across porcine skin. (B) 
The diagram illustrates the proposed delivery 
mechanism of PQ and CQ across the skin. (C) 
Amount of drug extracted from skin layer at 
different time points following in vitro Franz cell 
diffusion study (means ± SD, n = 4). (D) Amount 
of drug delivered transdermally into the receiver 
compartment of Franz cells (means ± SD, n = 4). 
Drug distribution at different times after applica
tion (E) CQ and (F) PQ loaded dissolving MAP 
(means + SD, n = 4).   
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concentration, reaching a Cmax of ≈1600 ng/mL within 3 h, as shown in 
Table 3. However, when PQ was administered as a dissolving MAP, we 
observed a significant difference (p < 0.05) in Tmax, which was 9.7 h. 
Additionally, the Cmax for the MAP group was significantly lower than 

that of the oral group. Furthermore, delivery of PQ via MAP resulted in a 
20-fold lower AUC compared to oral administration. Nevertheless, the 
sustained drug delivery of PQ for up to 7 days by MAP could provide a 
simplified treatment regime, consisting of a single oral dose followed by 

Fig. 9. (A) Cell viability of fibroblast expressed as a percentage 
of viable cells when cultured on control cells, MAP-Blank, PQ- 
MAP and CQ-MAP (means + SD, n = 6). (B) Live/dead staining 
of fibroblast cells on control cells, MAP-Blank, PQ-MAP and 
CQ-MAP samples. Green represents for live cells. (C) PicoGreen 
assay results for total DNA content of fibroblast cells on Control 
cells, MAP-Blank, PQ-MAP and CQ-MAP (means + SD, n = 6). 
(For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)   

Fig. 10. Stability studies of (A-C) PQ-MAP and (D–F) CQ-MAP exposed to different temperature and humidity conditions and their evaluation of (A,D) drug content 
(means + SD, n = 6), (B,E) height reduction (means + SD, n = 20) and (C,F) insertion depth into ex vivo porcine skin (means + SD, n = 20). 
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weekly patch application until complete parasitaemia eradication is 
achieved. Further study to investigate this formulation combination 
would be imperative to gauge the efficacy and feasibility of such a 
treatment strategy. 

For CQ, oral administration resulted in a sharp rise in plasma con
centration, reaching a Cmax of ≈150 ng/mL within 10 h, as shown in 
Table 3. When CQ was administered as a dissolving MAP, we observed a 
significant change (p < 0.05) in Tmax, which was prolonged from 10 h 
(for oral group) to 50 h. The Cmax of the MAP group decreased to 6.5 ng/ 
mL, and the AUC was six times lower than that of the oral group, 
potentially reducing the risk of hepatotoxicity. All liver specimens 
stained with H&E showed normal and healthy physiological features 
(Fig. 12), except for the group that received CQ via the oral route, which 
showed signs of intrahepatic cholestasis, a marker for hepatoxicity. In 
contrast, the delivery of CQ via dissolving MAP resulted in no noticeable 
signs of hepatoxicity [47,48]. Moreover, based on this proof-of-concept 
work, formulating the drugs into dissolving MAPs could potentially 
reduce the required administered dose. For instance, considering the 
therapeutic plasma levels of PQ ranging from 40 to 238 ng/mL [49], this 
study demonstrated that an adult patient with a body mass of 60 kg 
would require 77.83 mg of PQ transdermally over a 7-day period, while 
for oral administration, the patient would need to take 105 mg over the 
same duration. If we extrapolate these amounts to the MAP, the patch 
size required to achieve therapeutic levels in human clinical applications 
would be 42.25 cm2. Similarly, for CQ, the therapeutic range for anti
plasmodial activity is between 9 and 62 ng/mL [50]. An adult patient 
would require 189.03 mg of CQ via the transdermal route for a 7-day 
treatment period (equivalent to a 42.25 cm2 patch), whereas oral 
administration would require 10,500 mg to achieve the therapeutic 

range for curing Plasmodium vivax. 
Accordingly, this study successfully demonstrated that by formu

lating the drugs into MAPs, the doses of antimalarial drugs can be 
reduced compared to oral tablets, as well as the frequency of adminis
tration. Although the patch size in this study is relatively large compared 
to marketed transdermal patches like Nicotinell patches, previous 
research has shown the successful application of large MAPs onto human 
skin [51]. Therefore, it is possible to design a proposed patch size to 
improve the delivery of antimalarial drugs. 

Furthermore, delivering the antimalarial molecules via dissolving 
MAPs resulted in an increase in the mean residence time (MRT) of the 
drug in the body. This indicates that the drug remained exposed to the 
body for a longer duration, likely due to the dissolution of the needle 
layer from the patch upon administration. This process generates a 
micron-sized polymeric depot in the skin, which slowly releases the drug 
over several days [52]. The prolonged exposure to the drug, in a low yet 
sustained fashion, increases the likelihood of eradicating the parasite, 
avoid the parasite resistance, while reducing the risk of inducing un
wanted side effects, such as hepatoxicity. Moreover, it is worth noting 
that we administered the same amount of CQ for both the MAP and oral 
groups. However, it can be observed that oral administration caused 
hepatoxicity, whereas this was not the case in the MAP group. This 
finding suggests that delivering the molecules via the transdermal route 
circumvents the potential first-pass metabolism and gastrointestinal side 
effects typically associated with oral delivery of antimalarial agents 
[53]. 

3.8. In vivo antimalarial activity in plasmodium berghei-infected mice 

After evaluating the ex vivo and pharmacokinetic profiles of CQ-MAP 
and PQ-MAP, we proceeded to assess the efficacy of these formulations 
in eliminating P. berghei in infected mice. We conducted a study to 
evaluate the antimalarial activity of CQ-MAP, PQ-MAP, and a combi
nation of CQ-MAP and PQ-MAP. The results showed that CQ-MAP and 
CQ-MAP+PQ-MAP were able to eliminate 99.2% of the parasites 
(Fig. 13). In comparison to the control group, which consisted of 
infected mice without any treatment, the group that received both CQ- 
MAP and PQ-MAP exhibited a significantly lower percentage of para
sitemia (p < 0.05). However, there was no significant reduction in 
parasitemia observed in the group that received only PQ-MAP compared 
to the control group (p > 0.05). This result was expected, as PQ is 
typically used in combination with CQ to treat malaria caused by 
P. vivax [54]. PQ acts more slowly in reducing parasitemia and is pri
marily used to eliminate residual parasites and prevent resistance [55]. 
Furthermore, CQ-MAP showed a significant reduction in parasitemia 
compared to the control group (p < 0.05). This can be attributed to CQ’s 

Fig. 11. Plasma levels of (A) PQ and (B) CQ were measured over time in rats treated with dissolving MAPs or administered through oral gavage. The results are 
presented as means ± SD (n = 6). In the dissolving MAP group, each rat received two MAPs, which is equal to 5.6 mg and 13.6 mg for PQ and CQ, respectively. The 
oral group received a dose of 30 mg/kg of PQ or CQ (equal to 13.5 mg of PQ or CQ) was administered. 

Table 3 
Pharmacokinetic parameters, AUC, Cmax, Tmax, half-life and mean residence time 
following dose administration. Data are expressed as mean ± SEM (n = 6).  

Drug Pharmacokinetic 
parameters 

MAP treatment 
group 

Oral treatment 
group 

Primaquine 

AUC (ng.hr/mL) 364 ± 40 8180 ± 1310 
Cmax (ng/mL) 61.6 ± 16.9 1590 ± 320 
Tmax (hr) 9.7 ± 7.7 3.0 ± 1.0 
T1/2 (hr) 54.3 ± 25.7 49.5 ± 35.8 
MRT (hr) 64.8 ± 36.5 35.8 ± 2.2 
Dose administered (mg) 2.8 13.5 

Choloroquine 

AUC (ng.hr/mL) 755 ± 303 4900 ± 1200 
Cmax (ng/mL) 6.5 ± 4.4 151 ± 19 
Tmax (hr) 49.0 ± 25.2 10.0 ± 3.0 
T1/2 (hr) 117 ± 54 30.0 ± 3.5 
MRT (hr) 192.4 ± 72.4 3.5 ± 4.8 
Dose administered (mg) 6.8 13.5  
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rapid action in killing parasites, reducing parasitemia, and alleviating 
fever, which allows the patient to recover [56]. The combination of both 
drugs is crucial for achieving radical cure. The MAPs developed in this 
study demonstrated the ability to deliver a therapeutic amount of drugs 
into the bloodstream for up to seven days, resulting in parasite elimi
nation and reduced hepatic toxicity, as confirmed by histological anal
ysis (Fig. 12). 

4. Conclusion 

The results presented in this study demonstrate the successful 
development and characterisation of dissolving MAPs that are loaded 
with nano-sized solid dispersions of PQ and CQ in the tips. By incor
porating the drugs as a solid dispersion, they exist in an amorphous state 
that facilitates rapid dissolution of the tip within 30 min upon applica
tion to the skin. Dermatokinetic studies revealed that most of the drug 
was delivered transdermally across the skin after 24 h. However, some 
drug was found to remain deposited in the skin, suggesting the potential 
for intradermal sustained release during malaria treatment. In vivo 
pharmacokinetic data in rats showed that these systems could provide 

Fig. 12. Representative histological analysis of the liver of rats from treatment group. All images were viewed at x40 magnification.  

Fig. 13. Peripheral blood parasitaemia curves as a function of time to day 7 
post-infection in groups of mice infected with murine parasite P. berghei. Con
trol group: blank MAP (without drug). Treated group: PQ-MAP (1.4 mg), CQ- 
MAP (3.4 mg) and combination of PQ-MAP (1.4 mg) and CQ-MAP (3.4 mg) 
applied application (Mean + SD, n = 7). 
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sustained transdermal delivery of PQ or CQ for over a week following a 
single 24-h patch application. Furthermore, efficacy studies in a murine 
model for malaria demonstrated that PQ-MAPs and CQ-MAPs were able 
to reduce parasitaemia up to 99.2% in treated animals. Overall, the 
current work highlights the potential of the engineered MAPs to offer a 
minimally invasive, needle-free drug delivery strategy for the treatment 
of malaria in low resource settings. 
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