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A B S T R A C T   

Hydrogel-forming microarray patches (HF-MAPs) are used to circumvent the skin barrier and facilitate the 
noninvasive transdermal delivery of many hydrophilic substances. However, their use in the delivery of hy-
drophobic agents is a challenging task. This work demonstrates, for the first time, the successful transdermal 
long-acting delivery of the hydrophobic atorvastatin (ATR) via HF-MAPs using poly(ethylene)glycol (PEG)-based 
solid dispersion (SD) reservoirs. PEG-based SDs of ATR were able to completely dissolve within 90 s in vitro. Ex 
vivo results showed that 2.05 ± 0.23 mg of ATR/0.5 cm2 patch was delivered to the receiver compartment of 
Franz cells after 24 h. The in vivo study, conducted using Sprague Dawley rats, proved the versatility of HF-MAPs 
in delivering and maintaining therapeutically-relevant concentrations (> 20 ng⋅mL− 1) of ATR over 14 days, 
following a single HF-MAP application for 24 h. The long-acting delivery of ATR suggests the successful for-
mation of hydrophobic microdepots within the skin, allowing for the subsequent sustained delivery as they 
gradually dissolve over time, as shown in this work. When compared to the oral group, the use of the HF-MAP 
formulation improved the overall pharmacokinetics profile of ATR in plasma, where significantly higher AUC 
values resulting in ~10-fold higher systemic exposure levels were obtained. This novel system offers a promising, 
minimally-invasive, long-acting alternative delivery system for ATR that is capable of enhancing patient 
compliance and therapeutic outcomes. It also proposes a unique promising platform for the long-acting trans-
dermal delivery of other hydrophobic agents.   

1. Introduction 

The popularity of long-acting drug delivery systems has significantly 
increased over the last few decades, due to the advantages they offer 
over conventional systems [1]. Sustained release dosage forms are 
designed to achieve an extended therapeutic effect by continuously 
releasing medications over a prolonged period following a single dose 
administration [2]. Long-acting dosage forms can possess many advan-
tages, including reducing undesired fluctuations of drug levels in 
plasma, reducing the dosing frequency and, therefore, improving pa-
tients’ compliance [2–4]. However, to achieve sustained release for over 
24 h, injections or implants are generally needed. In addition to being 
painful and invasive, injections possess many other drawbacks. These 

include the sterility requirements for a parenteral product, which can 
increase the costs and challenges in developing and manufacturing a 
sustained-release product for parenteral delivery [5]. On the other hand, 
implants are invasive and, if not biodegradable, require surgical 
removal. Furthermore, they might increase the risk of polymer accu-
mulation in the body after use [6]. Therefore, it is essential to utilize 
another route that could be more appealing to patients to ensure their 
compliance with their dose regimens. This alternative route should 
possess the ability to deliver drugs that cannot be easily administered 
orally. An ideal drug delivery method would possess the simplicity of 
oral administration (self-administered), along with the high bioavail-
ability associated with the parenteral route [7]. Transdermal drug de-
livery (TDD) is a candidate approach employed to deliver various drugs 
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through the skin for therapeutic use as a promising alternative to oral 
and parenteral routes of administration [8]. 

TDD offers several advantages over conventional administration 
methods, being a painless mode of drug delivery that can bypass first- 
pass metabolism and provide improved patient accessibility and 
compliance compared to oral and parenteral drug routes [9,10]. It can 
avoid first-pass metabolism, resulting in reduced side effects following 
transdermal administration compared to similar oral doses [11,12]. 
However, due to the fierce barrier characteristics of the stratum corneum 
(SC); the outermost layer of the skin, and the major barrier against TDD, 
the number of drugs that can be delivered across the skin is very limited 
[13,14]. Therefore, only fairly lipophilic drug substances (LogP 1–3), 
possessing low molecular weights (< 500 Da), high potencies, and dis-
playing relatively low melting points can be delivered [15]. Conse-
quently, fewer than 20 active pharmaceutical agents are commercially 
delivered through the skin, mainly in the form of transdermal patches 
[16]. One way to overcome this obstacle in the field of TDD is the use of 
microarray patches (MAPs). 

Hydrogel-forming MAPs (HF-MAPs) are micron-sized minimally 
invasive devices capable of penetrating the SC without causing any pain 
or bleeding [17–19]. This grants them the ability to facilitate the de-
livery of multiple therapeutic agents across the skin [20]. HF-MAPs are 
made from crosslinked polymers and are typically devoid of any drug 
[11,12,14,21,22]. Therefore, a separate drug reservoir must be attached 
to their upper surfaces. Once inserted into the skin, HF-MAPs can imbibe 
the interstitial fluid and, thus, swell to form temporary unblockable 
conduits between the microcirculation and the drug-containing reser-
voir placed on the top of the patch (Fig. 1) [12]. HF-MAPs are capable of 
imbibing large quantities of water and swelling due to the presence of 
hydrophilic functional groups on their polymeric backbone [23]. 
Despite their high content of water, reaching up to 99% of their total 
weight once swollen, HF-MAPs are capable of maintaining their physical 
and chemical structure integrity due to the crosslinking of individual 
polymer chains; thus, they are not prone to dissolve in water [24–26]. As 
they pierce the SC, HF-MAPs function as a rate-controlling membrane, 
allowing for a controlled release of the drug from the reservoir into the 
body [12]. The rate of drug release and delivery from the reservoirs 
relies mainly on the degree of crosslinking between the polymers, which 
can also control the swelling rate of the hydrogels themselves [11,27]. 
This unique design of HF-MAPs possesses inherent benefits, as it over-
comes the limitations of dissolving polymeric MAPs [28]. For instance, 
the drug loading of many therapeutic agents is not limited to the 

capacity of the MAPs themselves. However, it now relies on the cross-
linking density of the hydrogel system [11]. Moreover, HF-MAPs can be 
fabricated into a wide range of patch sizes and microarray geometries, 
and they are easy to sterilize [13,14]. Additionally, they can be removed 
from the skin completely intact following their insertion, with no 
polymer residues left behind [11]. A further advantage is that upon their 
removal, HF-MAPs are swollen and soft, so the risk of mistaken rein-
sertion is minimal [22]. Due to all these aforementioned advantages, 
this promising technology was shown to possess the ability to broaden 
the range of types of drugs delivered transdermally, without mislaying 
the benefits of this route for industry, healthcare providers, and patients 
themselves [11]. 

HF-MAPs could successfully deliver a wide variety of hydrophilic 
molecules, including ibuprofen sodium, insulin, proteins, antibodies, 
metformin hydrochloride, metronidazole, esketamine and, most 
recently, amoxicillin [11,12,29–32]. However, neither the administra-
tion of hydrophobic agents nor long-acting drug delivery utilizing HF- 
MAPs for periods longer than 48 h has previously been documented. 
Indeed, approximately 40% of the marketed drugs and 90% of the 
compounds in the drug discovery pipeline are lipophilic molecules and 
require relatively high doses [33–36]. Delivering such drugs is prom-
ising, as their lipophilicity can be used in sustaining their release to 
obtain a long-acting effect. However, their delivery using HF-MAPs is 
difficult due to the hydrophilic nature of the hydrogels themselves. 
Therefore, in order to successfully deliver a hydrophobic agent, its sol-
ubility will need to be enhanced first. 

Solid dispersion (SD) is a widely used solubility enhancement tech-
nique. It was first introduced by Sekiguchi and Obi early in the 1960s 
[37,38]. The SD method is defined as the dispersion of a hydrophobic 
molecule in one or more hydrophilic matrices, and thus improves the 
molecule’s solubility by increasing its surface area and wettability [39]. 
Some of the most frequently used hydrophilic carriers include poly 
(vinyl)pyrrolidone (PVP) [40,41], poly(ethylene) glycols (PEG) 
[42–44], and polymethacrylates [45,46]. PEG has been extensively 
utilized in preparing SDs of hydrophobic drugs due to its high biocom-
patibility, low melting points, especially for solid PEGs with lower mo-
lecular weights, and its well-established safety profile [47–49]. 

In this study, atorvastatin (ATR) was chosen as the model hydro-
phobic agent to investigate the long-acting delivery potential using HF- 
MAPs. ATR is an orally administered drug that is available as tablets and 
given in dosages of 10–80 mg⋅day− 1 to prevent and treat hyperlipid-
emia. It is considered to be the most prescribed statin in the world [50]. 

Fig. 1. A schematic depiction of HF-MAPs with PEG-based SD reservoirs used for the long-acting delivery of the hydrophobic antihyperlipidemic ATR.  
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ATR undergoes extensive first-pass metabolism in the liver, which re-
sults in its low oral bioavailability of 12–14% [51]. Furthermore, ATR 
falls in class II Biopharmaceutical Classification System (BCS) drug 
category, meaning that it has poor water solubility and high perme-
ability [51,52]. As a poorly water-soluble compound, the dispersion of 
ATR into the PEG matrix would represent an appealing approach to 
increase its permeation across the skin via HF-MAP. Moreover, the SD 
technique could be beneficial in enhancing the dissolution rate and, 
thus, the permeability of this class II BCS compound. 

Herein, this work presents for the first time, the successful utilization 
of PEG-based SD reservoirs assembled with HF-MAPs for the efficient 
long-acting transdermal deposition and delivery of the hydrophobic 
ATR. The in vivo study, conducted using Sprague Dawley rats as an animal 
model, showed the versatility of this system to achieve long-acting de-
livery of hydrophobic ATR, for 2 weeks following a single dose appli-
cation for 24 h. Due to the hydrophobic nature of ATR, it would not have 
been abruptly taken up by the dermal microcirculation into the blood 
stream. Most of it would have remained under the skin and created a 
microdepot, from which the long-acting effect was observed following a 
single dose application. This novel system has the potential to offer a 
promising minimally invasive long-acting alternative delivery method 
for hydrophobic agents. Therefore, it can enhance patients’ compliance 
with their treatment regimens and, thus, improve the therapeutic out-
comes of drugs and enhance the patients’ quality of life (Fig. 1). 

2. Materials and methods 

2.1. Materials 

Atorvastatin hemicalcium trihydrate was purchased from Cangzhou 
Enke Pharma-tech Co., Limited, Hebei Province, China. Gantrez® S-97, 
a copolymer of methylvinylether and maleic acid (PMVE/MA) with a 
molecular weight of 1500 kDa, was gifted by Ashland, Kidderminster, 
UK. Poly (ethylene glycol) (PEG) with average MWs of 10,000, 8000, 
6000, 600, 400, and 200 Da, methanol and acetonitrile for high- 
performance liquid chromatography (HPLC), phosphate-buffered sa-
line (PBS) pH 7.4 tablets, and sodium carbonate (Na2CO3) were all 
purchased from Sigma–Aldrich, Dorset, UK. All other chemicals used 
were of analytical reagent grade. 

2.2. Fabrication and characterization of hydrogel-forming MAPs 

Four hydrogel formulations were considered, as shown in Table 1. 
The main element of all those formulations was Gantrez® S-97, a 
copolymer of methylvinylether and maleic acid (PMVE/MA). A stock of 
40% w/w Gantrez® S-97 was initially prepared by the slow addition of 
the required mass of Gantrez® S-97 powder to deionized water. The 
mixture was stirred to homogeneity. It was then stored in a 4 ◦C 
refrigerator and used within a month. This stock was used to obtain the 
concentration of Gantrez® S-97 required to fabricate the hydrogel films 
and MAPs. 

The formulations were prepared by dissolving the required per-
centages of PEG 10,000 in small volumes of deionized water before 
mixing with the appropriate mass of Gantrez® S-97, as shown in Table 1. 
Na2CO3 was initially ground using a mortar and pestle until a fine 
powder was obtained prior to its addition as the last step in F4 

preparation. Deionized water was added to reach up to 100% (w/w) of 
the required mass. The aqueous blends were then centrifuged at 5000 
rpm for 5 min to remove any trapped air bubbles and ensure the ho-
mogeneity of the hydrogels. The centrifuged hydrogel blends were cast 
in laser engineered silicone micromoulds, as previously reported [17]. 
The moulds consisted of 361 (19 × 19) microneedles (MNs) perpen-
dicular to the baseplate and of conical shape with a height of 600 μm, 
baseplate width of 300 μm and MNs interspacing of 50 μm on a 0.5 cm2 

area. In each mould, a mass of 500 mg of the aqueous blend of the 
corresponding hydrogel formulation was carefully dispensed. The 
moulds were subsequently centrifuged at 3500 rpm for 20 min to ensure 
that the gels were homogeneously distributed into the microcavities of 
the moulds and to remove any surface bubbles that might affect the 
formulation. They were then left to dry for 48 h at room temperature 
prior to crosslinking in an 80 ◦C oven for 24 h. The HF-MAPs were then 
removed from the oven and demolded, then their sidewalls were 
removed using a hot blade. Fig. 2(A-D) summarizes the preparation 
process of HF-MAPs. 

2.2.1. Mechanical characterization of HF-MAPs 
The mechanical properties of the HF-MAPs were examined using a 

TA.XT2 Texture Analyzer in compression mode, as reported previously 
[12,17]. HF-MAPs were visualized using a Leica EZ4D light microscope 
(Leica, Wetzlar, Germany) before testing, and the heights of at least five 
MNs from each side of the patch were manually determined. HF-MAPs 
were carefully attached to a moveable cylindrical probe (length 5 cm, 
cross-sectional area 1.5 cm2), descending from the upper arm of the 
device using double-sided adhesive tape, with the needles pointing 
downwards. The test was conducted by pressing HF-MAPs against a flat 
stainless-steel baseplate at a 32 N force per patch and a pace of 0.5 mm/s 
for 30 s. Subsequently, HF-MAPs were gently removed from the probe 
and examined using the light microscope to measure their heights and 
determine the height reduction percentage using Eq. 1, where H0 and H1 
resemble their heights before and after applying a 32 N force for 30 s, 
respectively. 

Height reduction% =
H0 − H1

H0
⋅100% (1)  

2.2.2. Evaluation of HF-MAP insertion properties in vitro and ex vivo 
The insertion efficiency of HF-MAPs was evaluated using Parafilm® 

M as a previously validated skin surrogate for insertion studies [53]. A 
sheet of Parafilm® M was cut into eight identical pieces stacked on top of 
each other to form an eight-layer film with an approximate thickness of 
1 mm. The film was then placed on the stainless-steel baseplate, and HF- 
MAPs were attached with caution to the flat surface of the probe 
descending from the upper arm of the Texture Analyzer in compression 
mode. The probe was lowered onto the Parafilm® M layers at a pretest 
speed of 1.19 mm.sec− 1 until it achieved a preset force of 32 N. The force 
was held for 30 s at 32 N. Subsequently, the implanted HF-MAPs were 
removed, the Parafilm® M sheets were separated, and the number of 
holes generated in each layer was manually counted using a light mi-
croscope. The insertion percentage was calculated using Eq. 2 below. 

Insertion% =
number of holes observed

number of arrays in a MAP (361 array)
x 100% (2) 

The height reduction percentage of the HF-MAPs following the 
Parafilm® M insertion test was also determined using Eq. 1, where the 
heights of 5 MNs from each side were recorded prior to and post the 
insertion test. 

An optical coherence tomography (OCT) microscope (EX1301 
VivoSight®, Michelson Diagnostics Ltd., Kent, UK) was used to assess 
the insertion of HF-MAPs into full-thickness excised neonatal porcine 
skin ex vivo. It was used as a simulant of human skin due to the simi-
larities between their properties [53]. The heights of the implanted MNs 
were measured using ImageJ® software (National Institutes of Health, 

Table 1 
The four different aqueous blends used in the preparation of the hydrogel films 
initially explored.  

Formulation Gantrez® S-97 (w/w) PEG 10,000 (w/w) Na2CO3 (w/w) 

F1 20% 10% 0% 
F2 20% 7.5% 0% 
F3 15% 7.5% 0% 
F4 20% 7.5% 3%  
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Bethesda, MD, USA) [20,53,54]. 

2.2.3. Fabrication of hydrogel films 
Hydrogel films were fabricated in a similar method to HF-MAPs. 

Briefly, aqueous blends were prepared using the formulations shown 
in Table 1. Following centrifugation for 5 min, aliquots of 500 mg of the 
hydrogel blends were slowly cast into 1 cm2 square flat moulds. Then, 
they were centrifuged at 3500 rpm for 20 min to ensure that the gels 
were homogeneously distributed and to remove any surface bubbles that 
might affect the formulation. The cast moulds were then left to dry at 
room temperature for 48 h. After that, the films were demolded, and 
their sidewalls were cut using scissors. Subsequently, they were placed 
in an 80 ◦C oven overnight (24 h) to allow for crosslinking between the 
polymers by ester-bond formation [14]. 

2.2.4. Swelling studies of hydrogel-forming films in PBS (pH 7.4) 
Films of each candidate formulation (1 cm2) were weighed in the dry 

state, and their masses were recorded as m0 (xerogels) at t = 0 (t0). 
Afterwards, they were immersed in 40 mL of PBS at pH 7.4 for 24 h at 
room temperature. Films were removed at predefined time points, 
where the excess surface water was carefully dried using filter paper 
before recording their masses as mt (hydrogels). The percentage of 
swelling was determined using Eq. 3. 

Swelling (%) =
(mt − m0)

m0
⋅100% (3) 

The percentage equilibrium water content (%EWC) is used as an 
indicator for the maximum amount of water that can be potentially 
imbibed by a hydrogel sample, after which their masses will not differ. 
The %EWC was calculated using Eq. 4, where me represents the mass of 
swollen film at equilibrium and m0 is the mass of film at the dry state. 

%EWC =
(me − m0)

m0
⋅100% (4)  

2.2.5. Permeation of ATR across swollen hydrogel films 
This experiment was conducted using hydrogel films. The quantity of 

ATR penetrating across swollen hydrogel films of candidate formula-
tions was assessed using side-by-side diffusion cells (Permegear, Hel-
lertown, PA, USA). This apparatus consisted of donor and receptor half- 
cell compartments and a 37 ◦C temperature-controlled water jacket. A 
magnetic stirring bar (4 mm × 10 mm) was used to agitate the solution 
in both compartments at 600 rpm. Before commencing the experiment, 
films were immersed in PBS (pH 7.4) for 24 h. Afterwards, they were cut 
into circles with a diameter of approximately 9 mm2 using a stainless- 
steel blade to cover the gap between the donor and receptor compart-
ments of the side-by-side cells. Each film was then sandwiched between 
the two half-cell compartments, and the interface was covered by Par-
afilm® M to prevent both leakage and evaporation of the release media. 
ATR was first dissolved in methanol and then diluted in PBS (pH 7.4) to 
obtain a solution of a final concentration of 1 mg⋅mL− 1. An aliquot of 3 
mL of this solution was added to the donor half-cell compartment. In the 
receptor half-cell, 3 mL of freshly prepared PBS (pH 7.4) heated and 
maintained at 37 ◦C was placed. At predefined time points of 0.5, 1, 2, 3, 
4, 5, 6 and 24 h, the PBS from the receptor compartment was sampled 
and replaced with 3 mL fresh heated PBS to ensure sink conditions. All 
samples were then analyzed using RP-HPLC. 

2.3. Formulation and characterization of PEG-based ATR reservoirs 

2.3.1. Preparation of ATR-containing PEG reservoirs 
A preliminary screening of cosolvent candidates, namely, PEG 200, 

PEG 400, and PEG 600, was performed. Excess amounts of ATR were 
placed in glass vials containing 5 mL of each cosolvent. The vials were 
then vortexed before being placed in a 37 ◦C shaking incubator at 40 
rpm for 24 h. Afterwards, all samples were separately diluted in MeOH 
and then centrifuged at 14,800 rpm for 10 min. They were then diluted 
as needed, filtered using 0.2 μm Minisart® syringe filters and analyzed 

Fig. 2. Schematic representation showing (A-D) casting of HF-MAPs and (E-H) preparation of PEG reservoirs. (A) Hydrogel formulation cast into 19 × 19 moulds. (B) 
The blends are centrifuged at 3500 rpm for 20 min. (C) Moulds are left to dry for 48 h at room temperature, followed by a crosslinking step for 24 h at 80 ◦C. (D) Final 
crosslinked HF-MAP. (E) ATR is added to PEG 200, and they are vortexed until homogenous; they are heated at 80 ◦C until a clear solution is obtained. (F) PEG 6000 
is added to the mixture, and they are placed back into the 80 ◦C oven for 15 min until the high MW PEG melts. (G) The mixture was vortexed to ensure homogeneity, 
cast in 1 cm2 square silicone moulds and (H) left to dry for 5 min at room temperature. (I) The final product of HF-MAP and a PEG reservoir. The black scale bar 
resembles 2 mm in length. 
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using RP-HPLC. 
The reservoir formulations were prepared using a solvent-melt SD 

method. PEG reservoirs were prepared using either PEG 6000 or PEG 
8000 as a solid base and PEG 200 as a liquid cosolvent based on the 
results of the preliminary screening study. Different percentages of PEG 
200 and PEG 6000 or 8000 were investigated as candidate formulations, 
as detailed in Table 2. ATR (8% w/w) was added to a glass vial con-
taining PEG 200. It was first homogenized using a vortex and then 
heated for 10 min until ATR was completely dissolved, and a clear so-
lution was obtained. Afterward, the required amounts of the higher MW 
PEG were weighed in separate glass vials. The corresponding quantity of 
ATR-containing PEG 200 solution was added to each vial according to 
the ratios described in Table 2. Samples were heated at 80 ◦C until 
complete dissolution of the higher MW PEG was achieved (~20 min). 
Later, they were vortex-mixed to ensure homogeneity before casting 
250 mg of each formulation into 1 cm2 square-shaped elastic silicone 
moulds to produce the reservoirs. After casting, the reservoirs were left 
at room temperature for 5 min to dry and solidify. Each reservoir of RF-1 
and RF-3 contained 18 mg of ATR (7.2% w/w). However, 15 mg of ATR 
was successfully loaded in RF-2 and RF-4 (6% w/w), depending on the 
percentage of PEG 200 in each formulation. Fig. 2(E-H) displays a 
schematic representation of the steps required to prepare and cast ATR- 
containing PEG reservoirs, whereas Fig. 2I shows the final HF-MAP and 
RF-2 assembly. 

2.3.2. Dissolution studies of ATR-containing PEG reservoirs 
The dissolution time of all ATR-containing reservoir formulations 

was determined visually. Initially, the masses of the reservoirs were 
recorded at the dry state, and then each PEG reservoir was placed in 
glass vials containing 20 mL of 1% w/v sodium lauryl sulfate (SLS) in 
PBS (pH 7.4) preheated to and maintained at 37 ◦C. SLS (1% w/v) was 
added to the PBS in order to maintain sink conditions. This solvent was 
chosen based on the results of a preliminary saturation solubility study, 
which demonstrated its ability to enhance the solubility of ATR 20-fold 
compared to water (Fig. S1 in supplementary materials). Samples were 
agitated individually using magnet stirrers at 1500 rpm. The dissolution 
time was recorded in seconds. 

2.3.3. Recovery percentages of ATR from solid PEG reservoirs 
The recovery percentages of ATR from different formulations of ATR- 

containing reservoirs were evaluated. Reservoirs of each formulation 
were individually placed in 100 mL volumetric flasks containing 100 mL 
1% w/v SLS in PBS at 37 ◦C and agitated using magnet stirrers at 1500 
rpm. Upon their complete dissolution, samples were taken from each 
flask, filtered using 0.2 μm Minisart® syringe filters, diluted appropri-
ately and analyzed using the validated in vitro RP-HPLC method. This 
facilitated the determination of the actual ATR content in each reservoir 
and, hence, the recovery percentage of ATR from the reservoirs. 

2.3.4. TGA, DSC and FTIR studies 
Pure ATR, pure excipients (blank reservoirs), and ATR-containing 

PEG reservoirs were studied in terms of thermogravimetric analysis 
(TGA), differential scanning calorimetry (DSC), and Fourier transform 
infrared (FTIR), using TGA Q50 and DSC Q100 (TA Instruments, Elstree, 
Hertfordshire, UK), and an attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) spectrometer (Accutrac FT/IR-4100™, Perkin 
Elmer, USA), respectively. 

2.4. Ex vivo studies of HF-MAPs and PEG-based ATR reservoir assembly 

2.4.1. Ex vivo permeation of ATR from SD PEG reservoirs 
Franz diffusion cells were used in this study. Initially, skin samples 

were obtained from stillborn piglets, excised <24 h after birth, and 
carefully shaved using a razor. Afterwards, an electric dermatome 
trimmer (Integra Padgett® dermatome model B) was used to trim the 
shaved full-thickness skin to ~350 μm. The obtained dermatomed skin 
was then stored in a − 20 ◦C freezer until further needed. Before the 
experiment, the skin was pre-equilibrated in PBS pH 7.4 for 30 min until 
defrosted. Afterwards, it was carefully attached to the glass donor 
compartment of Franz cells using cyanoacrylate glue, with the epidermis 
side facing upwards. HF-MAPs from F2 and F4 were inserted using 
manual firm thumb pressure for 30 s. Pieces of dental wax wrapped with 
aluminum foil were used to support the insertion of the HF-MAPs. 
Subsequently, aliquots of 20 μL of 1% w/v SLS in PBS (release media) 
were added onto the top of the HF-MAPs before putting the drug res-
ervoirs to promote the adhesion of the reservoirs to the MAP baseplates 
and to trigger their swelling. A 5 g stainless steel cylinder (diameter 11 
mm, mass 11.5 g) was laid on the top of each HF-MAP- reservoir as-
sembly to hold the set still and to prevent the expulsion of the swollen 
HF-MAPs from the skin. The receiver compartment contained 12 mL of 
the release media (1% w/v SLS in PBS), preheated, and maintained at 
37 ◦C. The donor compartment was placed on top of the receiver 
compartment, and they were clamped and wrapped with Parafilm M® to 
prevent the evaporation of the release media. Control cells were also 
employed, where drug reservoirs were laid on top of the skin without the 
prior insertion of HF-MAPs. The aim was to compare ATR permeation 
across the skin from both setups. Samples of 200 μL were taken at pre-
defined time points of 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, 8 and 24 h and were 
replaced with the same volume of fresh preheated release media. The 
samples were centrifuged at 14,800 rpm for 30 min, diluted when 
necessary and analyzed using RP-HPLC. The extraction of ATR from HF- 
MAPs, neonatal porcine skin and any remaining reservoir residues was 
performed at 24 h following the completion of the ex vivo study. This was 
achieved by first cutting the skin and HF-MAPs samples into small pieces 
before adding them into 2 mL microtubes containing 1.5 mL of methanol 
alongside two metal beads. The samples were then homogenized at 50 
Hz using a Tissue Lyser LT (Qiagen, Ltd., Manchester, UK) for 20 min. 
The supernatant was then centrifuged at 14,000 rpm for 30 min before 
HPLC analysis. For ATR reservoir samples, 5 mL of methanol was added 
into glass vials containing the residuals of each drug reservoir. Vials 
were vortex-mixed until a clear solution was obtained. Next, 1.5 mL 
samples were taken from each glass vial, centrifuged at 14,800 rpm for 
30 min, then appropriately diluted and analyzed using RP-HPLC. 

2.4.2. Ex vivo skin deposition studies of PEG reservoirs 
These studies were also conducted using a modified Franz diffusion 

cell setup. Full-thickness neonatal porcine skin (~0.5 mm thick) was 
used as a substitute for dermatomed skin to investigate the effect of skin 
thickness on the insertion and swelling of the HF-MAPs and their ability 
to deliver ATR. At two different sampling points of 4 and 24 h, HF-MAPs 
were removed. ATR was extracted from the skin, HF-MAPs, and the 
residuals of the drug reservoirs, as described previously, and analyzed 
using RP-HPLC. In another setup, and in order to investigate the dis-
tribution of ATR within the HF-MAPs and the skin layers, scanning 
electron microscope (SEM) was used. Following an ex vivo skin deposi-
tion study, HF-MAPs and skin samples were immediately frozen in a 
-80 ◦C freezer. Afterwards, they were placed in a freeze-dryer for 24 h to 
lyophilize them. They were then observed using the SEM. 

2.5. In vivo delivery of ATR: 

2.5.1. In vivo study design and execution 
The in vivo study was conducted in accordance with the policy of the 

Federation of European Laboratory Animal Science Associations and the 

Table 2 
The composition of the different formulations of PEG reservoirs.  

Components Composition (% w/w) 

RF-1 RF-2 RF-3 RF-4 

PEG 200 90 75 90 75 
PEG 6000 10 25 – – 
PEG 8000 – – 10 25  
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European Convention for the protection of vertebrate animals used for 
experimental and other scientific purposes, with the 3Rs principles 
being followed (replacement, reduction, and refinement), under Project 
License PPL 2904, and Personal Licenses PIL 1892, PIL 1747 and PIL 
2056. Female Sprague Dawley rats (total n = 12) (Charles River Labo-
ratories, Harlow, UK), 8–10 weeks of age, possessing a mean weight of 
266.3 ± 28.3 mg, were acclimatized to the animal house conditions for a 
week prior to the experiment. Animals were separated into two cohorts, 
each comprising 6 rats. Every 3 rats were housed in a separate cage. 
Each rat of the first cohort (rats 1–6) received an ATR suspension using 
an oral gavage at a dose of 40 mg.kg− 1 (equivalent to 10 mg.rat− 1). The 
oral dose was selected based on a study published in 2019, where rats 
were given an oral dose of 10–80 mg.kg− 1⋅day with no reports of toxic 
reactions or side effects [55]. The oral suspension was prepared by 
dissolving the required mass of ATR in a 2% w/w PVA solution in water 
to produce a final suspension with a final concentration of 20 mg⋅mL− 1. 
The suspension was then mixed using SpeedMixer™ to ensure the ho-
mogeneity of the final product. This was freshly prepared in the morning 
immediately prior to its administration to the rats. The second cohort 
(rats 7–12) received four HF-MAPs combined with ATR reservoirs of RF- 
2. The dose given to each rat was approximately 60 mg.rat− 1. 

To minimize the interference of the hair in the process of MAPs ap-
plications, the dorsal hair of the rats from the second cohort was 
removed prior to the experiment. Rats were formerly sedated using a 
gaseous anesthetic (2–4% v/v isoflurane in oxygen). The bulk hair was 
then shaved using electric hair clippers (Remington Co., London, U.K.). 
Afterwards, the remaining hair was removed by applying a depilatory 
hair removal cream (Boots Smooth Care hair removal cream sensitive, 
Boots, Nottingham, UK). Following this, rats were left for a 24 h period 
to allow their skin to recover, and to ensure the complete restoration of 
the skin’s barrier function before inserting the MAPs [15]. On the 
following day, rats were sedated again using the same anesthetic gas, 
where HF-MAPs were inserted using firm thumb pressure onto a pinched 
section of skin on the back of the rats. An aliquot (10 μL) of water was 
applied to the center of the HF-MAPs, to promote the adhesion of the 
reservoir to the surface of the HF-MAPs and to trigger their swelling. 
Prior to their application onto the HF-MAPs, RF-2 reservoirs were 
initially secured inside the Microfoam™ adhesive frames (Fig. 3 A-B). 
The preparation steps of the Microfoam™ adhesive frames are shown in 
Fig. S3 in the supplementary materials. Afterwards, Tegaderm™ film 
was placed on top of the HF-MAPs, and kinesiology tape was eventually 
wrapped around the back of the rats to hold the MAPs and reservoirs 
assemblies firmly in place for 24 h (Fig. 3C). Four HF-MAPs and RF-2 
reservoirs were applied to each rat. Each patch contained approxi-
mately 15 mg of ATR. Rats were housed individually for 24 h following 
the application of the patches to ensure that HF-MAPs and RF-2 drug 

reservoirs remained in their places. Fig. 3D shows the administration of 
an oral dose of ATR suspension using an oral gavage to rats of the control 
group. 

Blood samples were collected into 1.5 mL preheparinized microtubes 
over 14 days via tail vein bleeds after ATR administration (either orally 
or using HF-MAPs). For the first day (day 0), samples from 4 different 
time points were obtained (1, 2, 4 and 6 h), and then sampling took place 
on day 1 (24 h), 2, 3, 4, 7, 10 and 14. Due to the restriction in blood 
sampling volumes required by the University’s Institutional Project Li-
cense, each rat was only allowed to be sampled twice per day. Therefore, 
to obtain samples at the 4 different time points on the first day, blood 
samples were taken from the first three rats in each cohort at the 2 and 6 
h time points, whereas the other three animals were bled at 1 and 4 h. 
Afterwards, all animals (n = 12) were sampled at 24 h and thereafter for 
up to 14 days. On day 14, and upon the completion of the in vivo study, 
animals were sacrificed using carbon dioxide (CO2) asphyxiation. To 
separate the plasma from the rest of the blood components, samples 
taken from rats were centrifuged immediately at 4900 rpm for 10 min at 
4 ◦C. The obtained supernatants were then transferred into their 
respective labelled microtubes and stored in a − 20 ◦C freezer until 
further analysis (Fig. S4 in supplementary materials). 

2.5.2. Preparation of ATR standards and ATR extraction from plasma 
A stock solution of 1 mg⋅mL− 1 ATR was originally prepared in MS- 

grade methanol. Afterwards, the stock solution was diluted in deion-
ized water to obtain a standard with a final concentration range of 200 
to 10,000 ng⋅mL− 1. Aliquots of 10 μL of each standard were added to 
microtubes containing 90 μL of plasma; then, they were vortex-mixed at 
1500 rpm for 10 min, where a final calibration standard in a range of 
20–1000 ng⋅mL− 1 was attained. Thereafter, 300 μL of MS-grade meth-
anol was added to each microtube containing ATR standard, followed by 
vortex-mixing for 25 min at 1500 rpm at room temperature. The samples 
were then centrifuged at 12,400 rpm for 10 min at 4 ◦C. Subsequently, 
supernatants were collected and transferred into polymeric feet inserts 
inside Agilent® vials, capped and stored in the freezer overnight prior to 
LC–MS/MS analysis. Five calibration curves were constructed over 3 
consecutive days to validate the analytical method and ensure its 
reproducibility. 

2.5.3. Sample preparation and ATR extraction from plasma 
The extraction of ATR from plasma samples was performed by add-

ing 300 μL of MS-grade methanol into aliquots of 100 μL of rat plasma in 
1.5 mL microtubes. The mixture was vortexed for 25 min at 1500 rpm to 
allow for ATR extraction from plasma. Afterwards, the samples were 
centrifuged at 12,400 rpm for 10 min at 4 ◦C to precipitate the plasma 
proteins. Supernatants were then transferred to glass inserts with 

Fig. 3. Schematic representation demonstrating (A) the arrangement of HF-MAPs, drug reservoir and backing layer on the back of the rat, (B) the dorsal area of a rat 
after the application of 4 HF-MAPs, (C) the wrapping of kinesiology surgical tape around the back of a rat following HF-MAPs application, and (D) an oral gavage of 
ATR suspension being administered to a rat in the control group. 
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polymeric feet inside Agilent® vials prior to their bioanalysis using TQ- 
MS. 

2.6. Pharmaceutical analysis of ATR 

The in vitro quantification of ATR was performed using a reversed- 
phase HPLC Agilent 1220 series system (RP-HPLC), consisting of Agi-
lent degasser G1312B, Agilent Binary pump SL G1312B, Agilent auto 
standard injector HiP-ALS SL G1367C, Agilent column thermostat TCC 
SL G1316B and Agilent Variable Wavelength Detector SL G1314C 
(Agilent Technologies Ltd., Stockport, UK). Based on a preliminary 
saturation solubility study, 1% w/v SLS in PBS (pH 7.4) was used to 
dilute the samples. The chromatograms were analyzed using Agilent 
ChemStation® Software B.02.01. 

The separation and bioanalysis of the samples were carried out using 
an ACQUITY UPLC i-Class system, coupled to a Xevo TQ-MS (triple 
quadrupole MS/MS) mass spectrometer (Waters, Manchester, UK), using 
multiple reaction monitoring (MRM) (Waters, Manchester, UK). The 
system was operated in electrospray positive mode (ESI+), and the 
transitions were initially obtained manually. The temperature of the ion 
transfer capillary was 250 ◦C, and nebulizer gas was 30 psi, dwell time 
per transition was 200 ms, gas flow 8 L/min, and collision gas 20. The 
quantification of ATR was accomplished by determining the peak area. 
Data processing was performed using Mass Lynx® Software system. 
Table 3 summarizes the parameters used in the ATR analysis both in vitro 
and in vivo. 

2.7. Pharmacokinetic analysis 

Noncompartmental pharmacokinetic analysis (PK analysis) for 
plasma concentrations of ATR was conducted using PK Solver as an add- 
in tool to Microsoft® Excel (Microsoft Corporation, Redmond, WA, 
USA). Drug concentrations (ng⋅mL− 1) were plotted against time (days). 
The maximum plasma concentration (Cmax) of ATR and the time of the 
maximum concentration (Tmax) were directly obtained by inspecting the 
raw data. Other parameters, including AUC from time zero (t = 0) to the 
last experimental time point (AUC 0–14), AUC from time zero (t = 0) until 
infinity (AUC 0-inf_obs), and mean residence time (MRT), were all deter-
mined. The area under the curve (AUC 0–14) was calculated using the 
linear trapezoidal method, from t = 0 (at the start of the experiment) 
until t = 14 days (the last experimental time point). 

2.8. Statistical analysis 

All data presented in this article were stated as means ± S.Ds. The 
least squares linear regression analysis, correlation analysis, LOD and 
LOQ were all performed using Microsoft® Excel 2010 (Microsoft Cor-
poration, Redmond, USA). All statistical analyses were performed using 
GraphPad Prism® version 9 (GraphPad Software, San Diego, USA). The 
normality of the data obtained was initially assessed using the Shapir-
o–Wilk test. If the p value calculated from the test was >0.05, the data 
were assumed to be normally distributed. For normally distributed data 
(parametric data), an unpaired t-test was performed to analyse two 
groups, one-way analysis of variance (ANOVA), and two-way ANOVA 
with Tukey’s post hoc test were used to analyse the differences among 
separate groups (≥ 3 groups). Statistical significance was represented by 
p < 0.05 in all cases. 

3. Results and discussion 

3.1. Development and characterization of HF-MAPs 

Once crosslinked and their sidewalls were removed using a heated 
blade, HF-MAPs were visualized using a Leica EZ4D light stereomicro-
scope (Leica Microsystems, Milton Keynes, UK) and a scanning electron 
microscope TM3030 (Hitachi, Krefeld, Germany). Four hydrogel for-
mulations were initially investigated. Digital images using the light 
microscope and SEM of formed HF-MAPs from the two lead formulations 
(F2 and F4) are displayed in Fig. 4(A-D). 

3.1.1. Assessment of the mechanical properties of HF-MAPs 
The percentage in height reduction of HF-MAPs was assessed as an 

indicator of their mechanical robustness to assure that HF-MAPs can 
withstand the pressure when applied to the skin and will not break [56]. 
Fig. 4E shows the heights of the HF-MAPs of the four distinct formula-
tions before and after applying 32 N per patch force using a TA. XT2 
Texture Analyzer (Stable Micro Systems Ltd., Godalming, UK). This 
force was chosen as it resembles the mean human thumb force as pre-
viously reported [53]. For F1, F2, F3, and F4, the height reduction 
percentages were 13.66%, 7.79%, 11.56%, and 4.47%, respectively. The 
exertion of the 32 N force could significantly (p < 0.05) reduce the MNs 
heights of F1 and F3, as shown in Fig. 4E. F2 and F4, on the other hand, 
exhibited the lowest percentage of height reduction, with no significant 
difference in height before and after the test (p > 0.05). HF-MAPs from 
all formulations were sturdy; they were hard in nature yet not brittle, 
indicating their robustness once inserted into the skin [11]. 

3.1.2. Evaluation of HF-MAP insertion properties in vitro and ex vivo 
The HF-MAP insertion properties were first investigated in vitro using 

Parafilm® M as a validated skin-simulant artificial membrane [53], and 
then ex vivo, using excised neonatal porcine skin. The results in Fig. 4H 
show that all HF-MAPs formulations could completely penetrate the first 
two layers of the Parafilm® M stack. However, their insertion into the 
third layer, with a depth of 378–507 μm, varied insignificantly (p >
0.05). This insertion depth represents nearly 84% of the total needle 
height, which is similar to the data previously reported in the literature 
[21,57,58]. The thickness of the epidermis is approximately 100–150 
μm, while the dermis is 0.5–5 mm thick, depending on the body site 
[59–61]. Therefore, it is valid to presume that all four HF-MAPs can 
penetrate the skin’s dermal layers. Since this region is non-innervated, 
HF-MAP technology allows for painless delivery of molecules across 
the skin, which is a significant advantage over using a needle and sy-
ringe platform [11]. The heights of the four formulations were measured 
before and following their insertion into the Parafilm® M layers. The 
results are shown in Fig. 4G and demonstrate no significant difference in 
the heights of HF-MAPs before and after their insertion, which could 
further emphasize their safety upon their insertion into human skin. 

Despite the comparability in their insertion profile and mechanical 

Table 3 
Summary of the in vitro and in vivo analysis methods.  

Method RP-HPLC for in vitro samples TQ-MS for in vivo samples (rat 
plasma) 

Column 

Phenomenex SphereClone® C- 
18 (ODS1) column: 150 mm ×
4.6 mm internal diameter, 5 μm 
packing 

Zorbax Eclipse XDB C-18 
column: 50 mm × 4.6 mm 
internal diameter, 1.8 μm 
packing 

Temperature 30 ◦C 40 ◦C 

Mobile phase 
composition 

Phosphoric acid solution at pH 
= 2.1 (A) and methanol (B), 
40%: 60% v/v 

0.1% v/v formic acid in water 
at pH 2.1 (A), and acetonitrile 
(B), using a gradient: 
30% A: 70% B (0–2.5 min) 
5% A: 95% B (2.6–3.6 min) 
30% A: 70% B (3.6–5 min) 

Range 0.125–50 μg⋅mL− 1 20–1000 ng⋅mL− 1 

Flow rate (mL/ 
min) 

1 0.5 

Injection 
volume (μL) 

30 5 

Detector UV detection at 240 nm 

TQ-MS mass spectrometer 
using MRM detection, 
precursor ion 559.45 m/z and 
base fragment ion 446.35 m/z 

Retention time 5.2 min 1.54 min 
LOQ 1 μg⋅mL− 1 20 ng⋅mL− 1  
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properties, and in contrast to the other three formulations, F1 HF-MAPs 
was excluded from further studies. This was due to bubble-formation on 
their surfaces, which led to the wastage of many HF-MAPs during the 
manufacturing phase. Bubble-formation could be attributed to the high 
percentages of both Gantrez® S-97 (20% w/w) and PEG 10,000 (10% w/ 
w) in the hydrogels. This could have increased the viscosity of the 
formulation [62]. 

The ex vivo insertion studies were performed using excised full- 
thickness neonatal porcine skin (~0.5 mm thick). The insertion depth 
of HF-MAPs from formulations F2 and F4 into porcine skin was then 
visualized using an optical coherence tomography (OCT) microscope 
(EX1301 VivoSight®, Michelson Diagnostics Ltd., Kent, UK), as shown 
in Fig. 4(H–I). HF-MAPs displayed insertion depths of 451.4 ± 11.3 μm 
and 455.4 ± 6.6 μm for F2 and F4, respectively (p > 0.05). 

3.1.3. Evaluation of the swelling properties of HF-MAPs 
The swelling capacity of hydrogels is of utmost importance, as it can 

potentially affect their mechanical characteristics and solute diffusion 
capacity [63]. Throughout 24 h, the swelling kinetics of three distinct 
Gantrez® S-97-based films, namely, F2, F3, and F4, were examined, as 
shown in Fig. 5A. Due to the substantial bubble development during its 
manufacturing, F1 was not chosen for further exploration in this study. 
Fig. 5B shows the swelling profiles of the three formulations, with F4 
demonstrating a significant superiority (p < 0.05) in swelling capacity 
over F2 and F3, starting from 15 min until 24 h. The swelling percentage 
of F4 after 30 min of immersion in PBS (pH 7.4) was approximately 
1000%, as shown in Fig. 5B. On the other hand, the swelling percentages 
of F2 and F3, at the same timepoint, were 434% and 326%, respectively. 
The swelling of hydrogels is mainly governed by their crosslinking de-
gree, polymer, and crosslinker type [23,25]. The crosslinking ratio can 
be defined as the molar ratio between the crosslinking agent and poly-
mer backbone units [25]. As the crosslinking density of hydrogels in-
creases, their ability to swell decreases [64]. Once the modifying agent 
Na2CO3 was added to the F4 HF-MAPs formulation, a significantly (p <

Fig. 4. Summarizes the mechanical characterization of HF-MAPs. Digital microscopic images of (A) F2 HF-MAP and (B) F4 HF-MAP using a light microscope, where 
the black scale bar resembles a length of 2 mm. (C) SEM images for F2 and (D) F4 HF- MAPs, where the length of the black scale bar = 1 mm. (E) Heights of HF-MAPs 
before and after the application of 32 N force for 30 s against a stainless-steel baseplate. (Means + S.Ds., n = 3) (**p = 0.0012, ***p = 0.0003). (F) Percentage of holes 
created in each Parafilm® M layer and approximate insertion depth of each formulation of HF-MAPs. (Means ± S.Ds., n = 3). (G) Height reduction of MAPs before 
and after their insertion into the Parafilm® M sheet using a 32 N force for 30 s. (Means + S.Ds., n = 4). Representative OCT images of hydrogel-forming MAPs 
prepared from (H) F2 and (I) F4, where the white scale bar represents a length of 1 mm. 
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0.05) higher swelling capacity was observed. This can be attributed to 
the interaction between Na2CO3 and the COOH moiety in Gantrez® S- 
97, forming the sodium salt of the free acid, and thus preventing ester- 
based crosslinking. This can result in a lower crosslinking density 
along with a higher swelling percentage. A proposed crosslinking 
mechanism between Gantrez® S-97 and PEG 10,000 and a salt- 
formation reaction between Gantrez® S-97 and Na2CO3 is presented 
in Fig. S2 in the supplementary materials. Furthermore, the addition of 
the sodium carbonate would probably raise the pH of the hydrogels, thus 
causing more COOH groups to ionize to COO-, preventing them from 
interacting with the OH groups in PEG to form esters. These swelling 
results are comparable to similar findings in the literature 
[12,29,65,66]. The esterification reaction, previously described by 
Donnelly et al in 2014, resulted in the new ester bond formation of so-
dium salts on free carboxylic acid groups, which was seen in the FTIR 
spectra of the ‘super swelling’ formulation at 1500–1600 cm− 1 [12]. 
This band was unique due to its absence in the spectra of the other 
formulations [12]. As a marker of the water uptake capability of 

formulations, the percentage equilibrium water content (%EWC) was 
determined. The %EWC findings, shown in Fig. 5C, followed a similar 
pattern to the results of the swelling study. The presence of Na2CO3 in F4 
resulted in a lower crosslinking density, and thus, a significantly (p <
0.0001) higher %EWC. Fig. 5(D-G) depicts a ‘super swelling’ F4 HF-MAP 
before and after 24 h of immersion in PBS at pH 7.4. The swelling per-
centage of F3 from 2 h onwards underwent gradual decrements. This 
could be due to its lower content of Gantrez® S-97. Furthermore, F2 and 
F4 possessed significantly higher %EWC. Therefore, subsequent studies 
were conducted using F2 and F4 HF-MAPs. 

3.1.4. In vitro permeation of ATR through swollen hydrogel films 
The quantity of ATR permeating across swollen hydrogel films of F2 

and F4 HF-MAPs was assessed using side-by-side diffusion cells (Per-
megear, Hellertown, PA, USA), as shown in Fig. 5H. ATR permeation 
profiles across the swollen hydrogel films of formulations F2 and F4 at 
equilibrium are presented in Fig. 5I. ATR permeation profiles through 
both membrane formulations exhibited a remarkably similar pattern, 

Fig. 5. Demonstrates the swelling of HF-MAPs and its effect on the permeation of ATR. (A) Swelling study setup, where films from the 3 different hydrogel for-
mulations (F2, F3, F4) were weighed at t = 0 and at predefined timepoints following their immersion in PBS (pH 7.4) to study their swelling behavior. (B) The 
swelling kinetics of F2, F3 and F4 Gantrez® S-97-based hydrogel films in PBS (pH 7.4). (Means ± SDs., n = 3) and (C) The %EWC of hydrogel films from F2, F3 and 
F4. (Means +SDs., n = 3) (****p < 0.0001). (D-E) HF-MAPs of the F4 ‘super swelling’ formulation (D) before and (E) after their swelling in PBS pH 7.4 over 24 h. (F- 
G) Microscopic images of F4 HF-MAPs (F) before swelling and (G) following its immersion in PBS for 24 h. (H) Side-by-side apparatus used in the permeation study. 
(I) The percentage of ATR permeated across the swollen hydrogel films of F2 and F4 over24 h. (Means ± SDs., n = 3). 
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with no significant difference denoted between both formulations (p >
0.05) at any time point. After 24 h, a cumulative amount of 867.1 ±
377.6 μg and 843.8 ± 76.2 μg of ATR could permeate across swollen 
films of F2 and F4, respectively. This amount stands for approximately 
28.9 ± 12.6% for F2 and 28.1 ± 2.5% for F4 of the initial ATR amount 
loaded in the donor half-cell of the setup. This could be attributed to the 
fact that both film formulations prepared from Gantrez® S-97 could 
have been beneficial in enhancing the permeation of hydrophobic ATR 
due to their characteristics of high water-containing capacity and high 
porosity within the hydrogel formulations. Therefore, the mobility of 
ATR molecules could have been less restricted within the hydrogel 
network [67]. However, the amount of ATR recovered from the donor 
half-cell at the end of the study was 1258 ± 158.5 μg from F2 and 1819.2 
± 181.3 μg from F4, representing approximately and 42 ± 5.8% and 
60.6 ± 6% of the original drug loading, respectively. This means that 
approximately 30% of ATR was entrapped in the swollen film of the F2 
formulation compared to approximately 12% in F4. This is due to the 
higher crosslinking density of F2, hindering ATR diffusion and resulting 

in entrapping a higher percentage of the drug within the swollen 
hydrogel compared to F4. Nonetheless, both formulations were further 
evaluated in subsequent ex vivo studies. 

3.2. Formulation and characterization of PEG-based ATR reservoirs 

One of the most crucial factors affecting the absorption of drugs is 
their dissolution [68]. It plays a vital role in achieving therapeutic ef-
fects following drug administration. However, >40% of commercially 
available drugs are hydrophobic molecules, exhibiting poor aqueous 
solubilities, thus resulting in low bioavailability and high variability in 
the concentration of drugs in the blood due to suboptimal delivery [35]. 
ATR is a class II drug according to the BSC classification [51,52], pos-
sessing high permeability and low aqueous solubility (0.1 mg⋅mL− 1) 
[51,69]. One of the commonly used approaches to overcome the limi-
tation of drug dissolution, and thus bioavailability, is the use of SD as a 
solubility enhancing technique [39]. As the HF-MAPs themselves are 
devoid of any drug, the formulator can control the drug release rate. 

Fig. 6. Shows the characterization of ATR-based SD reservoirs. (A) The saturation solubility of ATR in a range of different low molecular weight PEG, namely, PEG 
200, PEG 400, and PEG 600. (Means + S.Ds., n = 3) (***p = 0.0003, ****p < 0.0001) (B) Dissolution time (in sec) of ATR-containing reservoirs after being placed in 
20 mL of 1% w/v SLS in PBS, preheated to 37 ◦C, and stirred at 1500 rpm using a stirring bar. (Means + S.Ds., n = 3) (***p = 0.0008, **p = 0.0021). (C) Percentage 
ATR recovered from drug reservoirs of each different formulation. The formulations tested were RF-1, RF-2, RF-5, and RF-6 due to their significantly shorter 
dissolution time. (Means + S.Ds., n = 3) (*** p = 0.0006). (D) Representative TGA thermograms of pure ATR powder, the selected PEG reservoir formulation (RF-2), 
and the physical mixture of blank solid PEG 200 and PEG 6000. (E) Representative DSC thermograms of pure ATR powder, the selected PEG reservoir formulation 
(RF-2), and the physical mixture of blank solid PEG 200 and PEG 6000. (F) Representative FTIR spectra of pure ATR powder, the selected PEG reservoir formulation 
(RF-2), and the physical mixture of blank solid PEG 200 and PEG 6000. 
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Therefore, polymer selection plays a critical role in drug delivery. In this 
study, an SD approach using the solvent-melt method was applied in 
developing PEG reservoirs as hydrophilic carriers for the delivery of 
hydrophobic ATR, upon its combination with HF-MAPs, across the skin. 
Several studies demonstrated that the presence of PEG in a formulation 
could improve the solubility of various drugs [42,44,48,70]. PEGs can 
increase the wettability of hydrophobic molecules, thus improving their 
solubility [47,71]. In addition, PEG possesses an established safety 
profile. They are also of a low cost, tend to be well-tolerated, and can be 
easily scalable to an industrial level in the future [70,72]. Therefore, 
they were selected as the matrix for the preparation of the ATR- 
containing SD reservoirs. 

3.2.1. Dissolution studies 
The results of the preliminary saturation solubility study of ATR in 

PEG 200, PEG 400, and PEG 600, as candidate cosolvents in the prep-
aration of the SD, are presented in Fig. 6A. The saturation solubility of 
ATR in PEG 200 was 277.4 ± 18.8 mg⋅mL− 1. This was significantly (p <
0.05) higher than the saturation solubilities of ATR in both PEG 400 and 
PEG 600, which were 86.4 ± 4.9 mg⋅mL− 1 and 3.62 ± 0.4 mg⋅mL− 1, 
respectively. This can be ascribed to the dielectric constant of the low- 
MW PEG, as it is also directly proportional to the polarity of the sol-
vent used [73]. The dielectric constants of PEG 200, 400 and 600 at 
35 ◦C were reported to be 17.5, 12.5 and 9.6, respectively [73]. 
Furthermore, lower MW PEGs possess shorter hydrocarbon chains; thus, 
as the MW of PEG increases, the length of the hydrophobic chains will 
also increase and result in a shift from hydrophilic to amphiphilic 
properties [74]. Therefore, PEG 200 was used as the cosolvent of choice 
to prepare PEG reservoir formulations. 

PEG reservoirs were prepared in an SD technique, using either PEG 
6000 or PEG 8000 as a solid base and PEG 200 as a liquid cosolvent, 
based on the results of the preliminary screening study. As per the 
dissolution time of ATR-containing PEG reservoirs, the results are pre-
sented in Fig. 6B. Due to their high PEG 200 content, reservoirs from all 
formulations were entirely dissolved within 2 min. Statistically, as the 
content of PEG 200 increased in the system, the dissolution time was 
significantly (p < 0.05) shorter. This is potentially due to increased 
hydrogen bonding between the polar hydroxyl groups of PEG and the 
dissolution media, resulting in enhanced wettability and reduced 
interfacial tension [47,71,74]. According to Fig. 6C, ATR recovery per-
centages from all ATR-containing PEG reservoirs were between 95 and 
100.2% of the theoretical content of ATR initially loaded. This finding 
confirms the stability of ATR within the reservoirs and the absence of 
any compatibility issues between ATR and PEG. 

Considering the previous results, and despite the higher content of 
ATR in those reservoirs, RF-1 and RF-3 were eliminated as formulation 
candidates. RF-1 and RF-3 incorporated 90% PEG 200 into their 
formulation. Therefore, they were prone to form droplets on their sur-
faces shortly following casting due to their high liquid content (Table S1 
in supplementary data). RF-2 and RF-4, on the other hand, were given 
further consideration, as they showed a greater integrity at ambient 
temperatures after 2 h of casting. This granted those formulations with 
more favorable qualities and appearance, potentially making them more 
appealing to patients. Furthermore, as demonstrated in Fig. 6B, the 
dissolution time of RF-2 was significantly less than that of RF-4 (p =
0.0008). Therefore, RF-2 was anticipated to provide earlier and faster 
dissolution during the ex vivo permeation and skin deposition studies. 

3.2.2. Thermal analysis and ATR-FTIR spectroscopy studies 
Thermal gravimetric analysis (TGA) was conducted to assess the 

thermal behavior of ATR upon its incorporation into the lead PEG 
reservoir formulation (RF-2), by analyzing the water content in the 
samples. Fig. 6D shows TGA thermograms of samples containing pure 
ATR powder, a blank PEG reservoir, and the ATR-containing PEG 
reservoir of choice (RF-2). The results revealed that the thermograms of 
both the RF-2 and blank PEG reservoirs followed a similar trend, with 

approximately 5% weight loss observed before reaching 100 ◦C. This can 
be ascribed to the evaporation of excess water adsorbed on the surface 
and embedded within the formulation. At temperatures ranging from 
150 to 300 ◦C, significant weight loss was recorded, accounting for more 
than half of the reservoir mass (Δm = 62.2% for RF-2 and 64.3% for 
blank PEG reservoir), potentially indicating thermal decomposition of 
the formulation. The pure ATR powder was thermally stable up to 
200 ◦C. Nonetheless, between 250 and 400 ◦C, an abrupt decrease in 
ATR mass was observed, where Δm was 56.5%. These findings are 
similar to the results reported in the literature [75]. 

Differential scanning calorimetry (DSC) was used to determine the 
heat and temperature of the transformation of the samples. DSC ther-
mograms of the different samples are presented in Fig. 6E. At approxi-
mately 158.4 ◦C, an endothermic peak of the crude ATR powder was 
noticed, which corresponds to the melting point of ATR at 159.14 ◦C 
[76]. This peak was absent in the RF-2 thermogram, which could suggest 
the conversion of ATR from a crystalline into an amorphous form. A 
sharp endothermic peak at approximately 46.9 ◦C was seen in the blank 
PEG thermogram, corresponding to the melting point of PEG 200 and 
PEG 6000. A similar peak was also identified in the RF-2 thermogram at 
44 ◦C. The presence of such comparable peaks may be evidence of SD 
formation. 

Drug-carrier interactions can often lead to significant changes in the 
Fourier transform infrared (FTIR) profiles of S.Ds. The RF-2 spectrum 
was compared to the spectra of both ATR powder and a blank PEG 
reservoir, as presented in Fig. 6F, where the presence and absence of 
characteristic peaks linked with specific structural characteristics of 
ATR were observed. Five characteristic signals can be observed in the 
ATR powder spectrum (peak energies: 3366 cm− 1 for an-OH stretching, 
3228 cm− 1 for -NH bending, 1652 cm− 1 for -C=O stretching, 2904 cm− 1 

for -CH (aromatic) stretching, and 1595 cm− 1 for C––C (aromatic) 
stretching. The spectra of RF-2 exhibited a remarkable shift compared to 
the ATR powder spectrum. Nevertheless, those new bands had similar 
peak energies to the characteristic bands of the blank reservoir, as they 
were present in both spectra. This can be ascribed to the development of 
interparticle bonding between ATR and PEG [77]. The RF-2 FTIR spectra 
show overlapping of O–H and N–H groups (at 3366 and 3228 cm− 1, 
respectively) and broadening of the peak. However, the remaining peaks 
related to C–H, C–O, and C–N stretching remained unaffected, sug-
gesting no notable change in the overall molecular symmetry [78]. 
There is also the possibility that PEG might form hydrogen bonds with 
itself (PEG-PEG bonds). Therefore, high energy might be initially 
required to break those PEG-PEG bonds and to help form new bonds 
with ATR [79]. 

3.3. Ex vivo studies of HF-MAPs and PEG-based ATR reservoir assembly 

3.3.1. Ex vivo permeation study using the HF-MAP/PEG-based ATR 
reservoir assembly 

For the ex vivo permeation studies, modified Franz diffusion cells 
(Permegear, Hellertown PA, USA) (Fig. 7A) were used to evaluate the 
amount of ATR capable of permeating through the dermatomed 
neonatal porcine skin, as a human skin simulant, using HF-MAPs. Fig. 7B 
depicts the ex vivo permeation profiles of ATR from RF-2 PEG reservoirs 
through F2 and F4 HF-MAPs. The profiles of both formulations followed 
a similar trend to their swelling profiles. At every time point starting 
from 2 h onwards, a significantly higher quantity of ATR was delivered 
via F4 HF-MAPs compared to F2 (p = 0.0018) and the control setup (p =
0.0001). Approximately 2.05 ± 0.23 mg of ATR was delivered and 
quantified in the receiver compartment of Franz cells after 24 h upon 
using F4 HF-MAPs. A significantly lower quantity (p < 0.05) of only 0.64 
± 0.37 mg was delivered using F2 HF-MAPs. This was expected due to 
the lower crosslink density of F4 HF-MAPs, which could have led to less 
drug entrapment within the system. In contrast, given the lower swelling 
capacity of F2 HF-MAPs, insufficient hydration led to their failure to 
thoroughly dissolve ATR reservoirs during the ex vivo study. 
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Nevertheless, only 0.23 ± 0.22 mg of ATR was detected in the receiver 
compartment in control cells where no HF-MAPs were used. This can 
also show that HF-MAPs can significantly enhance the amount of ATR 
delivered transdermally. It was also apparent that the drug permeation 
increased linearly over the first 8 h, followed by slow increments in the 

cumulative drug concentration. However, ATR permeation, especially 
from F4 HF-MAPs, did not reach a plateau, suggesting that it may 
potentially be continued for durations longer than 24 h. Nevertheless, 
due to the nature of the Franz cell setup and the use of excised porcine 
skin at 37 ◦C, permeation for longer than 24 h could not be evaluated in 

Fig. 7. Illustrates the ex vivo permeation and skin deposition studies using Franz diffusion cells. (A) A schematic representation of the Franz cell setup. (B) Ex vivo 
permeation profiles of ATR from PEG reservoirs of the selected formulation (RF-2), in combination with super swelling HF-MAPs (F4) and normal swelling HF-MAPs 
formulation (F2), and control cells that contained no HF-MAPs across dermatomed neonatal porcine skin over 24 h. (Means + S.Ds., n ≥ 4). (C) The quantity of ATR 
in mg recovered from each compartment of F4 and F2 HF-MAPs setups and the control setup. (Means + S.Ds., n ≥ 3) (****p < 0.0001, ***p = 0.0001, **p = 0.0018). 
(D) Cumulative amount of ATR recovered from each Franz cell setup following the conclusion of the experiment. (Means + S.Ds., n = 3) (***p = 0.0004, *p < 0.02). 
(E) The quantity of ATR in mg recovered from each compartment following skin deposition studies for 4 and 24 h. (Means + S.Ds., n = 3). (F) Cumulative amount of 
ATR recovered from each Franz cell set following skin deposition studies for 4 and 24 h, respectively. (Means + S.Ds., n = 3). (G) Comparison of the amount of ATR 
(mg) retrieved from each compartment for both full-thickness and dermatomed skin setups. (Means + S.Ds., n ≥ 3) (****p < 0.0001, ***p = 0.0002). (H) Digital 
microscope images displaying porcine skin following initial removal of F4 HF-MAPs after 8× magnification after 4 h, where full penetration of the HF-MAPs arrays 
into the porcine skin can be observed. (I) Digital microscopic image showing the porcine at 24 h upon the removal of F4 HF-MAPs, where full insertion is seen in the 
image. (J) Digital microscopic pictures representing F4 HF-MAPs at 8× magnification after 4 h. (K) Digital microscopic picture representing F4 HF-MAPs at 8×
magnification after 24 h, where the HF-MAPs were observed to had swollen more extensively as they remained in the skin for 24 h rather than 4 h. 
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this case. 
After 24 h, all Franz cells were disassembled, and ATR was extracted 

from the skin, HF-MAPs, and the residues of the drug reservoirs from 
each Franz cell to quantify ATR found in each compartment after 
concluding the experiment. It was found that ATR reservoirs from the 
control setups maintained a very similar size and shape to the original 
reservoirs, whereas in the HF-MAPs-containing setups, reservoirs were 
dissolved, as shown in Fig. S5 in the supplementary materials. A mean of 
13.12 ± 1.73 mg of ATR was quantified from the reservoir residuals in 
the control setup, which was significantly (p < 0.0001) higher than the 
quantity recovered from the reservoirs of both HF-MAP-containing 
setups. On the other hand, the amount of drug reckoned from the re-
siduals of the F4 and F2 HF-MAPs setup reservoirs was 6.2 ± 1.82 mg 
and 6.44 ± 2.06 mg, respectively. Moreover, there was no significant 
difference between the amounts of ATR recovered from either skin or 
HF-MAPs samples from all setups, as they were similar (p > 0.05). The 
amount of ATR retrieved from Franz cells was significantly higher upon 
using F4 HF-MAPs compared to the F2 HF-MAPs formulation (p =
0.0018) and the control group (p = 0.0001). Fig. 7C summarizes these 
findings. 

The cumulative amount of ATR recovered from all Franz cell com-
partments was calculated for each setup individually. This was mainly 
performed to estimate the percentage of ATR recovered from the total 
amount initially loaded per reservoir. A mean of 11.0 ± 0.14 mg ATR 
was recovered from the samples obtained from the F4 HF-MAPs- 
containing setup, which represents approximately 79.28% of the 
initial ATR loading. Additionally, a mean of 7.96 ± 0.42 mg was 
quantified from the F2 HF-MAP-containing setup, which is equivalent to 
57.58% of the initial drug load. However, 13.55 ± 1.06 mg ATR was 
recovered for the control (no HF-MAPs) setup, accounting for 98.01% of 
the ATR initially loaded in the reservoirs. These results are represented 
in Fig. 7D. 

3.3.2. Ex vivo skin deposition studies 
Franz-cells were again employed to assess the amount of ATR 

deposited in full-thickness excised neonatal porcine skin using the F4 
HF-MAPs formulation with RF-2 PEG-based SD reservoirs at two pre-
defined time points: 4 and 24 h. In this instance, HF-MAPs were not 
capable of completely penetrating through the skin due to its higher 
thickness. Consequently, the HF-MAPs’ contact with the fluids in the 
receiver compartment was limited and resulted in less swelling 
compared to the dermatomed skin setup. Samples obtained from skin, 
swollen HF-MAPs and ATR-containing reservoir residuals were quanti-
fied and analyzed. Fig. 7E represents the ATR quantity (mg) obtained 
from each compartment of Franz-cells at 4 and 24 h, respectively. The 
results show that, upon comparing both time points, there was no sig-
nificant difference in the ATR amount recovered from each compart-
ment (p > 0.05). Additionally, there was no significant difference in the 
total amount of ATR recovered from all compartments in both studies 
after 4 and 24 h (10.17 ± 0.16 mg and 10.13 ± 1.13 mg, respectively). 
This suggests that similar amounts of ATR were deposited in the skin at 
both time points, as shown in Fig. 7F. A comparison between the amount 
of ATR deposited in both full-thickness and dermatomed skin setups at 
24 h is presented in Fig. 7G. Herein, it was revealed that significantly 
more ATR (p < 0.0001) was recovered from the receiver compartment of 
Franz cells and skin upon using dermatomed skin compared to the full- 
thickness skin. On the other hand, significantly more ATR was retrieved 
from the HF-MAPs when using full-thickness skin (p = 0.0002). This can 
be attributed to the higher thickness of the skin, which could have 
resulted in less hydration of the HF-MAPs compared to the dermatomed 
skin. This might have allowed for the reservoir to dissolve and diffuse 
into the MAPs but not into the skin and subsequent receiver compart-
ment. It might have required more time or hydration to diffuse through 
the MAPs into the skin and the receiver compartment. Once all Franz- 
cells were disassembled, images were taken of the skin and HF-MAPs 
after 4 and 24 h, as shown in Fig. 7(H–I) and Fig. 7(J-K), respectively. 

The SEM images taken following the lyophilization of skin and HF- 
MAPs (Fig. 8) clearly demonstrate the presence of ATR inside the HF- 
MAPs and the pores created within the skin. This showed that ATR 
was delivered into the skin through the micro conduits created using HF- 
MAPs and made a microdepot in the skin. This could predict the po-
tential long-acting delivery of ATR in the subsequent in vivo studies. 

3.4. In vivo delivery of ATR from Sprague Dawley rats 

3.4.1. In vivo delivery of ATR 
The in vivo study was conducted to determine the possibility of 

translating the developed HF-MAPs and RF-2 reservoir SD system from 
an ex vivo setup into an animal model. HF-MAPs were inserted into the 
backs of female Sprague Dawley rats using manual thumb pressure and 
were left in place for 24 h. The pharmacokinetic parameters of ATR, 
following a single dose application, were evaluated in this in vivo study 
over 14 days. The appropriate insertion of the HF-MAPs into the skin of 
the rats plays a vital role in ensuring effective drug delivery. Moreover, 
the adhesion of a transdermal system onto the skin is considered a 
crucial factor governing drug delivery and, subsequently, therapeutic 
outcomes of the system [80,81]. In the instance of insufficient adhesion, 
therapeutic failure may be inevitable due to improper dosing, especially 
if the patch is removed sooner than required [82]. During the sampling 
points within the first 6 h and just before HF-MAPs removal at 24 h, it 
was promising to notice that the HF-MAPs remained intact, secure in 
their places, and did not move or cause any discomfort to the rats, 
despite their high mobility. Visible holes created by the insertion of HF- 
MAPs were observed on the application site (Fig. 9A), but the skin had 
fully recovered within an hour following their removal. In minor cases, a 
few rats displayed mild erythema at the application site at 24 h, as seen 
in Fig. 9B. However, it was entirely resolved within a few hours 
following the removal of MAPs, and no signs of erythema were seen on 
the following day [22,83]. Upon removing HF-MAPs, it was promising to 
find that RF-2 reservoirs were entirely dissolved with no residuals 
spotted within the system (Fig. 9C). Once removed, HF-MAPs demon-
strated extensive swelling. Nevertheless, they were removed completely 
intact from the rats’ skin, leaving no polymer residues behind (Fig. 9 
D–F). These findings match previously reported results [11,12,22,29] 
and confirm the versatility of the developed HF-MAPs in terms of 
functionality and safety. The biocompatibility of HF-MAPs has been 
widely addressed in previous reports. One study carried out by Al- 
kasasbeh et al. addressed the clinical impact of the repeated insertion 
of HF-MAPs into the skin of human volunteers [84]. The results showed 
that the multiple reinsertions and prolonged wear of HF-MAPs did not 
have an impact on skin barrier function or cause prolonged skin re-
actions. The concentrations of particular systemic biomarkers of 
inflammation (C-reactive protein (CRP); tumor necrosis factor-α (TNF- 
α)); infection (interleukin-1β (IL-1β)); allergy (immunoglobulin E (IgE)) 
and immunity (immunoglobulin G (IgG)) were all measured during the 
study period. Over the duration of the trial, no biomarker values above 
the typical, reported adult levels were detected, indicating that no sys-
temic reactions were initiated in volunteers [84]. Another study pub-
lished by Donnelly et al, in 2014, proves that HF-MAPs can still be 
removed completely intact from the skin following their swelling, 
without affecting the skin barrier function [22]. An additional study, 
published by Donnelly et al. in 2012, measures the biocompatibility of 
the hydrogel materials with cells in cultures, as well as 3D reconstructed 
epidermal models. An indirect test with two suspended cell lines, fi-
broblasts (Balb/3 T3) and keratinocytes (NRERT-1)24, and a 3D kera-
tinocyte organotypic raft culture were used. The results showed no signs 
of significant reduction of cell viability in all three different tests, indi-
cating the biocompatibility of the hydrogels [11]. 

The in vivo plasma profile of ATR from the rats of both cohorts is 
presented in Fig. 10A. An immediate increase in the plasma concentra-
tion of ATR following its oral administration can be observed. This is 
indicated by the elevated plasma concentration of ATR (Cmax of 998.2 ±
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306.3 ng⋅mL− 1) at t = 1 h (Tmax in this case). It started to decline sharply 
afterwards to reach a concentration of 24.3 ± 6.7 ng⋅mL− 1 at 24 h before 
it completely collapsed below the limit of quantification of the method 
(20 ng⋅mL− 1) after that time point. The plasma concentration of the HF- 
MAPs cohort rats was shown to possess a delayed initial response 
compared to the control group. This was expected and can be attributed 
to the time required for the HF-MAPs to imbibe the interstitial fluid and 
swell. Upon their swelling, HF-MAPs were able to dissolve the ATR 
reservoir laid on their surfaces, allowing for the diffusion of ATR across 
their swollen matrix and into the dermal layers of the skin, where it was 
taken up by the dermal microcirculation. Consequently, at t = 2 h (Tmax), 
plasma levels of ATR started to increase significantly and reached a Cmax 
of 275.2 ± 88.9 ng⋅mL− 1. Afterwards, they began to gradually decrease, 
reaching a concentration of 93 ± 55.9 ng⋅mL− 1 at 24 h. The ATR plasma 
levels on the second day were highly similar to those at the 24 h time 
point. From the third day onwards, ATR plasma levels were relatively 
consistent, with a concentration starting from 46.9 ± 17.9 ng⋅mL− 1 on 
the third day and reaching 36.6 ± 24.8 ng⋅mL− 1 on the last day of the 
study. Sustained delivery of ATR from HF-MAPs was maintained 
throughout the study period of 14 days. This is considered a novel aspect 
of this work, as it is the first time that the feasibility of long-acting de-
livery of a hydrophobic compound using HF-MAPs combined with PEG- 
based SD reservoirs has been reported. A therapeutically-relevant con-
centration of ATR was observed in the cohorts receiving HF-MAPs 
within the first hour [85,86] and was maintained thereafter 
throughout the entire study period. 

In 2017, Mahmoud et al reported the use of nanovesicular system 
encapsulating ATR for its transdermal drug delivery. Their optimized 
vesicular systems were created by combining phosphatidylcholine and 
Gelucire 44/14 in a 15:1 M ratio and 10 mg of ATR. In their in vivo study, 
rats received this optimized nanotransfersomal gel formulation. Their 
abdominal area was shaved, and 1 g of the gel was applied over a surface 

area of 20 cm2. The results has shown a successful transdermal delivery 
of ATR for only 72 h [87]. Another study conducted by El-Say et al in 
2021, investigated the use of an oleic acid–reinforced PEGylated poly-
methacrylate transdermal film as an alternative delivery system for ATR. 
Using the Quality by Design (QbD) technique, they optimized the in-
fluence of varied quantities of Eudragit RLPO, PEG 400, and oleic acid 
on the desired product profile. The studied the in vivo transdermal de-
livery of their optimized film formulation using rats. Each film (6.74 
cm2) contained approximately 200 mg of ATR. They managed to achieve 
transdermal delivery of ATR for 72 h [88]. On the other hand, this article 
reports, for the first time, the long-acting delivery of ATR over 14 days. 
Furthermore, the patch size used in this work was 2 cm2, which is 10 
times smaller than the area Mahmoud et al required to deliver ATR from 
their gels over 72 h [87] and is approximately the third of the area of El- 
Say et al films [88]. Moreover, the reproducibility of applying the same 
dose of the cream every time may also be unreliable, especially when 
compared to the known drug-loading of each HF-MAP. This demon-
strates the superiority of HF-MAPs combined with the SD PEG-based 
reservoirs in terms of patch area, dosing, and performance in the 
transdermal long-acting delivery of ATR, as a model hydrophobic agent, 
over prolonged periods of time. 

The reservoir formulation, where ATR was incorporated into the PEG 
matrix using an SD technique, had played a vital role in those findings. 
Since PEG is a water-soluble polymer, it will have been readily taken up 
by the dermal microcirculation once it reached the dermis. The initial 
surge in the Cmax of ATR at t = 2 h could be attributed to the amount of 
ATR dissolved within the PEG and was able to be immediately absorbed 
into the bloodstream. Due to the hydrophobic nature of ATR, the 
remaining amount delivered would have formed a microdepot within 
the skin layers, from which it was slowly dissolved and released over the 
study period. Consequently, therapeutically-relevant concentrations of 
ATR were detected throughout the study. This microdepot, formed 

Fig. 8. SEM images of the lyophilized skin and HF-MAPs samples following an ex vivo study. (A) Shows the pores created in the upper surface of the porcine skin 
following the insertion of the HF-MAPs and the delivery of ATR from the PEG reservoir across them. (B) A zoom into one of the pores, where ATR (small particles) can 
be seen within the pores. (C) The lower side of the porcine skin, where ATR (small particles) can also be seen. (D) HF-MAPs image, showing the pores created as a 
result of the HF-MAPs swelling. ATR can be seen (small particles) all around the swollen hydrogel pores. (E) A zoom into some of the hydrogel pores showing ATR 
inside them. (F) A closer image to one of the pores, with ATR particles seen inside. 
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within the skin, was the key player in the long-acting delivery of ATR 
using this unique system. To the best of the authors’ knowledge, it has 
never been proven before that ATR can be transdermally delivered as a 
microdepot, from which a therapeutic dose can be released in a 
controlled manner over 2 weeks. Furthermore, the long-acting delivery 
of ATR using HF-MAPs has never been addressed previously. Addition-
ally, this is the first report of the successful use of PEG-based SD reser-
voirs in combination with HF-MAPs for the long-acting delivery of a 
hydrophobic compound. Moreover, this is the first study to describe the 
usage of HF-MAPs to deliver hydrophobic drugs in therapeutically- 
relevant doses for treatment purposes over a prolonged period of time. 
Therefore, all these points are considered novel aspects of the present 
work. 

3.4.2. Pharmacokinetic analysis 
The use of the HF-MAPs formulation could enhance the overall 

pharmacokinetics profile of ATR in plasma compared to the oral group, 
as shown in Table 4. ATR promptly reaches the systemic circulation 
following oral administration but is then swiftly eliminated. This was to 
be expected and explains the short-term efficacy and the frequent 
administration of ATR delivered via this route [90]. Conversely, HF- 
MAPs displayed a slower Tmax than the oral control and offered a sus-
tained release of ATR over 2 weeks. Moreover, the prolonged release of 
ATR achieved using HF-MAPs resulted in approximately ten folds higher 
systemic exposure levels than the oral control. Significantly (p < 0.05) 
higher AUC 0–14 values of 678.35 ± 351.63 ng⋅mL− 1⋅day were obtained 
from HF-MAPs compared to values of the oral group (197.05 ± 106.6 
ng⋅mL− 1⋅day). The AUC 0-inf_obs obtained from the HF-MAPs group was 
2336.58 ± 2146.98 ng⋅mL− 1⋅day, which was higher than that of the 
control group (222.97 ± 116.45 ng⋅mL− 1⋅day). Furthermore, HF-MAPs 
attained MRT values of 34.98 ± 33.31 days, which were significantly 

(p < 0.05) higher than those of the control group (0.61 ± 0.35 days). 
Fig. 10(B–D) summarizes these findings. Therapeutically relevant 
concentrations (> 10 ng⋅mL− 1) were quantified throughout the study 
[85,89], proving the versatility of HF-MAPs technology in combination 
with the PEG-based SD reservoirs for the first time in the long-acting 
delivery of ATR. 

3.4.3. Estimation of actual patch size for humans 
Upon the cautious extrapolation of the information obtained from 

this study, an approximate patch size was estimated. ATR is given in an 
oral dose ranging from 10 to 80 mg⋅day− 1, where the oral bioavailability 
is approximately 14% [78,89,91]. Therefore, to provide a dose equiva-
lent to 40 mg⋅day− 1 in humans, roughly 5.6 mg of ATR needs to be 
delivered transdermally using HF-MAPs. Given that the amount of ATR 
delivered from 4 HF-MAPs possessing a total area of 2 cm2 was 
approximately 4.82 mg (estimated based on the in vivo AUC 0-t values 
and ATR dose), a patch size of 2.3 cm2 could potentially deliver thera-
peutically relevant concentration, equivalent to an oral dose of 40 
mg⋅day− 1. Therefore, a patch size of 32.5 cm2 would be sufficient to 
provide therapeutically-relevant plasma concentration of ATR over 2 
weeks from a single HF-MAP application for only 24 h. This area is 
considered within the acceptable range of commercially-available con-
ventional transdermal patches, with the commonly used fentanyl-loaded 
transdermal patch possessing an area of approximately 42 cm2 [92]. 

The potential of the long-acting delivery of ATR using HF-MAPs can 
positively impact the quality of life for patients. It can improve their 
compliance with their treatment regimens by reducing dosing fre-
quencies and thus enhancing therapeutic outcomes [93,94]. Further-
more, HF-MAPs were proven to be safe to use, with a self-disabling 
design aiding in decreasing the likelihood of mistaken reinsertion [22]. 
Therefore, HF-MAPs technology combined with PEG-based ATR SD 

Fig. 9. Digital and microscopic images taken 24 h after the application of HF-MAPs to the rats and immediately upon their removal. (A) The site of application of a 
HF-MAP. (B) The removal of the swollen HF-MAPs from the rats’ backs completely intact without leaving any polymer behind. (C) The backing adhesive layer, where 
reservoirs were inserted prior to their application, attached to Tegaderm™ adhesive tape and kinesiology surgical tape from the rodents. Also shows the complete 
disappearance of the RF-2 drug reservoir, which indicates its complete dissolution and the delivery of its contents to the animal. (D) A swollen HF-MAP upon its 
removal from the skin and backing layer. (E) A digital microscopic image of the a HF-MAP prior to its insertion into the rat skin (scale bar = 0.5 mm). (F) A digital 
microscopic image of the swollen HF-MAP following its removal from rat skin during the in vivo study (scale bar = 1 mm). 
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reservoirs possesses the potential to enhance patient outcomes by 
providing a pain-free delivery method that maximizes the therapeutic 
effect over prolonged periods. 

4. Conclusion 

This work described, for the first time, the versality of HF-MAPs in 
the long-acting delivery of ATR over two weeks. The system was 
comprised of HF-MAPs in combination with PEG-based ATR SD reser-
voirs, and could successfully deposit ATR in the rat model within a 24 h 
application time and provided therapeutically-relevant concentrations 
over 14 days. The solubilization of ATR in the PEG-based SD reservoirs 
provided a promising means to facilitate the transdermal delivery of this 
hydrophobic agent across the aqueous conduits of the HF-MAPs and into 
the skin. This novel technology offers a potential platform with broad 
applicability in terms of depot-delivery of many hydrophobic drugs for 
long-acting release and absorption. This system can overcome various 
obstacles associated with the available parenteral and implantable long- 
acting delivery devices in terms of being a self-applicable painless drug 

delivery method. These findings suggest that HF-MAPs technology can 
be used to expand the range of drugs delivered transdermally to include 
hydrophobic agents. SD is a straightforward, well-reported solubility 
enhancement method that can be easily scaled up to an industrial 
manufacturing setup, hence, increasing the chances of commercializa-
tion of this novel system. Moving forward, there are various priorities 
that must be addressed in terms of large-scale manufacturing, 
commercialization, and eventually, patient usage of a MAP product. 
Future studies could include a pharmacological animal study in which 
the correlation between drug bioavailability and treatment efficacy is 
further investigated prior to performing a clinical trial to evaluate the 
safety and pharmacokinetics in humans. Future work may also involve 
the regulatory bodies’ criteria for MAP products, as well as whether 
manufacturing under aseptic conditions would be necessary or end- 
product sterilization is rather required. These factors will be critical in 
determining whether the product can be commercialized on a wide scale 
while still being cost-effective, without neglecting the ultimate aim of 
enhancing patients’ compliance and improving the quality of their lives. 
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cohorts. Each point on the graph represents one rat (total n = 12). (**p = 0.0093, *p < 0.0368). 

Table 4 
In vivo plasma pharmacokinetic parameters of ATR after oral and HF-MAPs 
administration to Sprague Dawley rats. (Means ± S.Ds., n = 6 for each group).  

Parameter Unit Control (oral) HF-MAPs 

T max hour 1 2 
C max ng⋅mL− 1 998.2 ± 306.3 275.2 ± 88.9 
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MRT 0-inf_obs day 0.61 ± 0.35 34.98 ± 33.31  
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