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ReseaRch aRticle

Novel Bilayer Microarray Patch-Assisted Long-Acting 
Micro-Depot Cabotegravir Intradermal Delivery for HIV 
Pre-Exposure Prophylaxis

Ismaiel A. Tekko, Lalitkumar K. Vora, Fabiana Volpe-Zanutto, Kurtis Moffatt, 
Courtney Jarrahian, Helen O. McCarthy, and Ryan F. Donnelly*

Injectable long-acting cabotegravir (CAB LA) is effective and safe for pre-
exposure HIV prophylaxis. It is recently approved for clinical use in those at 
high risk of contracting HIV. However, injections are invasive and access to 
trained healthcare personnel to administer CAB LA can be limited, especially 
in low-income countries (LICs). Herein, for the first time, the development 
of a bilayer microarray patch (MAP) with unique design and novel formula-
tion as a potential alternative self-administrated intradermal delivery system 
for CAB is reported. The novel MAP has a high drug load (≈3 mg/0.5 cm2 of 
CAB LA or its micronized sodium salt) and fast-dissolving tips (<30 min) and 
shows good mechanical properties and skin insertion capabilities. Impor-
tantly, in preclinical in vivo studies using Sprague Dawley rats, this MAP is 
able to implant the drug-loaded tips in the skin, forming micro-depots. Both 
drug forms are then released in a sustained manner, maintaining human 
therapeutic levels in the rats for one month after a single application. Weekly 
repeated MAP dosing in the rats showed the MAPs to be reproducible and 
well-tolerated. This bilayer MAP presents a promising minimally-invasive, 
self-administered, alternative delivery system for CAB for enhanced HIV pre-
vention, especially in LICs.
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1. Introduction

Human immunodeficiency virus (HIV) 
remains a global epidemic.[1] More than 
76 million people have been infected 
and 33 million people have died of HIV/
AIDS since the beginning of the epi-
demic. Globally, 38.0 million people were 
living with HIV at the end of 2019.[2] More 
than 25.7  million of the infected people, 
which represents ≈67.8% of the global HIV 
cases, are located in low-income countries 
(LICs), mostly in sub-Saharan Africa.[3]

Several strategies have been introduced 
to prevent HIV infection, including i) using 
condoms, ii) limiting the number of sexual 
partners, iii) abstinence (not having sex), 
and iv) avoiding reuse or sharing of hypo-
dermic needles, all with limited success.[4] 
Antiretroviral (ARV) drugs emerged in the 
mid-1990s, revolutionizing the treatment 
of HIV-1 (the most common pathogenic 
strain of the virus) infection and reducing 
the previously high rate of HIV infec-
tions.[5] Since then, many ARV drugs have 

been developed. They are currently classified into five catego-
ries; nucleoside reverse transcriptase inhibitors, non-nucleoside 
reverse transcriptase inhibitors, protease inhibitors, entry inhibi-
tors, and integrase inhibitors.[1] These drugs are used for treat-
ment, and some are also licensed for use for prevention either as 
a pre-exposure (also called pre-exposure prophylaxis (PrEP)) or 
post-exposure (called post-exposure prophylaxis (PEP)) measure. 
While PrEP is defined as administering an ARV drug to HIV-
negative individuals at high risk of infection, PEP is defined as 
administering an ARV drug to HIV-negative individuals after 
a potential exposure (occupational or sexual), ideally within 72 
h. Both treatment and prevention have been shown to be effec-
tive in reducing the rate of HIV infection.[6] However, the high 
cost per HIV patient for lifetime treatment with multiple ARVs 
makes PrEP an attractive and cost-effective approach.[7] Despite 
the success of widespread ARV use, new HIV infections con-
tinue to emerge. In 2018, an estimated 1.7 million new infections 
occurred.[8] One of the main issues that reduce the effective use 
of the ARV therapy is patient compliance/adherence.[9]

Cabotegravir (CAB) is an integrase strand transfer inhibitor 
developed by ViiV Healthcare for treatment in combination 
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with rilpivirine or used alone for PrEP, of HIV-1 infections.[10,11] 
CAB is a highly hydrophobic drug produced in micronized 
forms, either as a free acid (CAB FA) or sodium salt (CAB Na). 
The water-solubilities of CAB FA and CAB Na are ≈0.113 and 
0.446 mg mL−1, respectively.[12]

ViiV Healthcare has also developed CAB LA for intramus-
cular (IM) injection from its micronized form (CAB FA). 
The innovative CAB LA formulation is highly effective, safe, 
and well-tolerated in animals and humans, and it exhibits an 
increased half-life of ≈40 days (25–52 days).[13] This drug has 
recently been approved for monthly (400  mg) administration 
for HIV treatment (in combination with IM rilpivirine LA as 
CABENUVA), following a 30-day lead-in period of 30 mg CAB 
Na oral tablets and a loading dose injection of 800 mg of CAB 
LA.[14] Furthermore, a supplemental New Drug Application has 
been submitted to the US Food and Drug Administration (US 
FDA) to expand the labeling indication for CABENUVA for 
delivery every two months, based on the results of the ATLAS-
2M clinical trial.[15] Now, phase 3 clinical trials have also been 
completed, showing that bimonthly injection of 600 mg of CAB 
LA is 89% more effective than daily oral tenofovir/emtricitabine 
for PrEP in women and is also superior in preventing HIV 
infection in men who have sex with men and transgender 
women.[16] Nevertheless, in addition to being relatively expen-
sive to manufacture, CAB LA IM injection is painful,[17] and 
requires trained health care professionals for administration, 
which again may affect patient compliance and adherence 
to therapy, especially in the endemic regions of LICs, where 
access to trained health care professionals is limited. Further-
more, misuse and inappropriate disposal of needles are also 
problems of particular significance in LICs, potentially leading 
to the transmission of blood-borne diseases. Indeed, recent 
studies carried out over 6–12 month periods assessing the fre-
quency of needle-stick injuries in clinical settings have shown 
the prevalence of such injuries in health care workers to be 
high over the specific reporting periods of the studies: 51% in 
Benin City, Nigeria;[18] 52.7% in Asaba city, Nigeria; 83.8% in 
Minna, Nigeria;[19] and 86.1% in New Delhi, India.[20] Therefore, 

an alternative drug delivery system that addresses these limita-
tions is highly desirable.

Dissolving microarray patch (MAP), also known as 
microneedle arrays, is an innovative alternative drug delivery 
system which has been used successfully to deliver a wide range 
of dug molecules and vaccines intra- and trans-dermally,[21,22] 
MAP contains micron-scale projections often made from self-
disabling biocompatible water-soluble polymers that can pain-
lessly, and without drawing blood, penetrate the outermost layer 
of the skin, the stratum corneum. Upon MAP application, such 
projections dissolve quickly, depositing their drug payload in the 
viable skin layers for subsequent absorption by the rich dermal 
microcirculation.[22,23] A dissolving MAP can potentially be self-
administered, reducing the burden on health care workers after 
a patient has learned to administer the dose.[24,25] Although dis-
solving MAPs have been used successfully to deliver a wide 
range of drug molecules, including hydrophilic and hydro-
phobic drugs and vaccines,[21,26] the very low water-solubility of 
CAB and its high recommended dose (400 mg monthly) for IM 
administration) make MAP-mediated delivery challenging.

Herein we report, for the first time, the development of an 
innovative, stable, dissolving bilayer MAP with unique design 
and formulation prepared from biocompatible polymers for 
high-dose, long-acting micro-depot delivery of CAB for poten-
tial HIV PrEP (Figure 1).

2. Results and Discussion

2.1. Development and Fabrication of MAP Design

To maximize CAB intradermal (ID) delivery, we developed 
a unique MAP design with high needle density and superior 
insertion capability in the skin via careful selection of geo-
metry.[27] Our MAP (Figure 2A) has a baseplate with a total surface 
area of ≈0.5 cm2 bearing 16 × 16 extended pedestal needles. Each 
extended pedestal needle consisted of a cuboidal base meas-
uring 300 µm in height and 300 µm in width, with a pyramidal 

Figure 1. Schematic depiction of programmed-dissolving bilayer MAP with high drug loading for efficient ID long-acting micro-depot drug delivery for 
HIV PrEP for potential monthly/weekly application in humans.
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tip measuring 600 µm in height. The needle tip radius is 10 µm 
to facilitate skin insertion. The needle-side to needle-side inter-
spacing is 100 µm at the baseplate.

Our MAP design allowed relatively high needle den-
sity (256  needles per 0.5 cm2 array), with the intention of 
enhancing penetration depth while avoiding the “bed of nails 
effect”.[28] The pyramidal tip length/width aspect ratio (2:1) 
was chosen to attain sufficient mechanical strength and poten-
tial for deep insertion into the skin.[28–30] Additionally, this 
MAP design should facilitate MAP demolding without needle 
breakage,[28–30] thus enabling mass production of defect-free 
MAP. Based on our design and methods of production, needle 
length could be extended further. However, in practice, it is 
difficult to remove dissolving MAP needles longer than 1 mm 
from their mold, and the insertion of longer needles may cause 
pain and reduce acceptability and potential adherence.[28]

The concept of the extended pedestal MAP is not new and 
was first reported by Chu et  al.[28] However, in their MAP 
design, the number of needles per array was limited to 100 nee-
dles per 0.5 cm2, and needle tip insertion depth was limited to 
≈40% of their 600 µm length. This may be ascribed to the dif-
ferences in the width of the cuboidal base and the side length 
of the base of the pyramidal tip (340 µm vs 300 µm).

Our MAP design (Figure 2A) was created by computer-aided 
design (CAD) software and used high-resolution 3D printing 
technology to fabricate its male master template from a rela-
tively cheap resin,[31] which was then used to create numerous 
sturdy, reusable poly(dimethyl siloxane) [PDMS] molds, as 
depicted in Figure 2B–E. These were employed to manufacture 
hundreds of bilayer MAP. Using such simple yet flexible tech-
nology could facilitate cost-effective and rapid transfer of MAP 
for mass production by industry.

2.2. Fabrication of Bilayer CAB-MAPs

Conventional dissolving MAPs are generally designed to deliver 
low doses of potent hydrophilic drugs into the skin.[22,32] The 
amount of drug delivered usually depends on the amount of 
drug embedded within the MAP needles, in addition to drug 
diffusion from the backing layer (the baseplate) after MAP 
needle insertion. In this exploratory MAP study, a high dose of 
the poorly water-soluble solid particulate CAB should be deliv-
ered from a MAP size no bigger than conventional transdermal 
patches (10–40 cm2) for future human use. For such poorly 
water-soluble particulate drugs, only drug molecules loaded into 
the parts of the MAP needles that insert beneath the stratum 
corneum are likely to be deposited in the viable skin layers, and 
this means any baseplate-loaded drug will be wasted.[32] Thus, 
CAB-MAP should be formulated with high drug loading into 
MAP needle tips only.

Polymers selected for high-drug-content dissolving MAP 
should: i) be water-soluble and biodegradable or biocompat-
ible with MW < 60 kDa, so that they are safe and can be elimi-
nated from the body readily following skin deposition, ii) be 
compatible with CAB, so they do not cause particles aggrega-
tion or chemical instability, iii) produce a MAP with maximal 
drug loading while maintaining acceptable mechanical prop-
erties, iv) can achieve programmed dissolving (fast dissolving 
drug-loaded needle tips and slowly dissolving baseplate) so that 
the needle tips completely dissolve in <30 min post skin inser-
tion, to minimize MAP wear time. The backing layer should 
be slowly dissolving so that it can be removed intact without 
depositing an unpleasant gluey mass on the skin surface.[33,34]

First, bilayer MAP was fabricated using the proprietary 
CAB LA nanosuspension after being concentrated (Section S1, 

Figure 2. Representative images of A) CAD-assisted new design of MAP consisted of 16 × 16 extended pedestal needles. B) 3D printed MAP master 
template. C) MAP master template attached to polylactic acid [PLA] holder. D) A process of casting a mixture of LSR 9-9508-30 silicone elastomer mix 
(part A: part B, 1:1, w/w). E) MAP female mold prepared from PDMS. F) A schematic representation for the manufacturing procedures of a bilayer 
CAB–MAP, namely either CAB LA-MAP, CAB Na-MAP, or CAB FA-MAP.
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Supporting Information). Following a comprehensive formu-
lation rationalization study, a hydrogel composed of poly(vinyl 
alcohol) (PVA) 10K (MW = 9–10  kDa)/poly(vinyl pyrrolidone) 
(PVP) (MW = 58  kDa) (20%: 20%, w/w) mixed with CAB LA 
(60% w/w, calculated based on tip dry weight) was used to form 
MAP tips (Section S2, Supporting Information). A drug-free 
hydrogel composed of PVA 50K (MW = 31–50 kDa)/PVP (MW = 
58  kDa) (15%: 20%, w/w) was employed to form the second 
MAP layer (the cuboidal bases and the baseplate), also called 
the backing layer (Section S3, Supporting Information). These 
two polymeric blends mixed at the aforementioned optimized 
ratios generated mechanically strong MAP, which could be 
ascribed to the synergistic effect of mixtures between PVA and 
PVP and formation of hydrogen bonds between the carbonyl 
groups of PVP and hydroxyl groups of PVA that improves the 
polymeric blend crystallinity and cohesiveness,[35–38] with pro-
grammed dissolution (fast-dissolving tips and slow-dissolving 
backing layer) features.

These two hydrogels were also used to fabricate bilayer 
MAPs from the less expensive micronized forms of the drug, 
that is, CAB Na (the finalized CAB Na-MAP) and CAB FA (the 
finalized CAB FA-MAP), with equal drug loading (Section S4, 
Supporting Information) in order to investigate their poten-
tial use as cost-effective alternatives to the proprietary CAB LA 
nanosuspension in MAP fabrication. Using a combination of 
PVA and PVP was also highly beneficial in producing homog-
enous CAB microparticulate loaded-hydrogel with sufficiently 
strong MAP tips. This could be attributed to the surface activity 
of those two polymers and their ability to improve drug micro-
particles wettability and homogenous distribution within the 
hydrogel.

Both PVA and PVP are inexpensive polymers and generally 
regarded as safe substances by the US FDA and have excel-
lent profiles in terms of low toxicity and biocompatibility.[39–42] 
Additionally, PVP is used as a plasma expander.[43] Both PVA 
and PVP with MW < 60  kDa  are known to be readily elimi-
nated from the body by the kidneys.[44,45] Indeed, PVA 10K 
has a very short apparent plasma half-life, ≈90 min.[45] Thus, 
both polymers can be considered safe and are unlikely to 
accumulate in the body once deposited in the skin post MAP 
dissolution.

In general, dissolving MAP can be prepared by various 
micro-molding methods, including the conventional centri-
fuge method,[35,46] the roller method,[47] or a positive pressure 
chamber.[48] Here, the positive pressure chamber method was 
adopted and rationalized to produce our bilayer MAP via a 
simple two-step process, as depicted in Figure  2F. Briefly, the 
drug-loaded hydrogel for the MAP tips was first cast, and excess 
hydrogel then removed and dried. Subsequently, the drug-free 
hydrogel was cast to form the second MAP layer. Bilayer MAPs 
were then dried and demolded for further characterization. 
This manufacturing method is simple, potentially cost-effective 
and scalable for mass production, which could streamline the 
transition of MAP from laboratory scale to industry and subse-
quent commercialization.

In the following sections, we report the results of in vitro, ex 
vivo characterization and the in vivo performance, safety, and 
tolerability of the finalized CAB-MAPs, namely CAB LA-MAP, 
CAB Na-MAP, and CAB FA-MAP.

2.3. CAB-MAPs In Vitro Characterization

2.3.1. CAB-MAPs Physical Characterization

To ensure successful production of defect-free bilayer MAP 
structures with the specified geometry from the three drug 
forms, the finalized CAB-MAPs were inspected using a light 
microscope and scanning electron microscope (SEM). Rep-
resentative light microscope images (Figure 3A) showed 
that bilayer MAP structures with sharp tips and smooth sur-
faces were formed, irrespective of the drug form used. This 
was also confirmed by SEM images (Figure  3B), where CAB 
LA-MAP and CAB Na-MAP appeared to have smooth sur-
faces (Figures  3B(i),(ii), respectively), which is mainly due 
to the nano-sized particulates of CAB LA and amorphous 
structures of CAB Na. In contrast, CAB FA-MAP exhibited a 
rough surface (Figure 3B(iii)), because of large micron-sized, 
poorly water-soluble particulates of CAB FA. Upon measuring 
the MAPs’ needle dimensions, they were found to be con-
sistent with the geometry of the master template, apart from 
a trivial shrinkage (≈5.5%) in the needle length, which meas-
ured ≈850 µm (the length of the cuboidal base and pyramidal 
tip were ≈250  µm and ≈600  µm, respectively), which can be 
attributed to the contraction of the polymeric matrix upon 
drying.[35,42]

2.3.2. Evaluation of the Effect of MAP Polymers and Fabrication 
Process on Drug Physical Stability and Distribution in MAP 
Polymeric Matrix

Maintaining the physical stability of the poorly water-soluble 
drug particulates, specifically as monodispersed systems, within 
the MAP polymeric matrix is crucial to maintain the drug’s 
ability to be released in a controlled and consistent fashion.[32,37] 
Additionally, the homogeneous distribution of drug particulates 
within the polymeric matrix is of paramount importance for 
MAP mechanical strength and consistent dosing.[32,37,49] There-
fore, drug physical stability and distribution in the polymeric 
matrix after its incorporation into MAP tips were investigated 
by employing SEM, x-ray diffractometer (XRD), differential 
scanning calorimetry (DSC), dissolution kinetics in phosphate 
buffer saline (PBS), and particle size analysis.

Representative SEM images of cross-sectioned CAB-MAP 
tips (Figure 3C) in the three finalized CAB-MAPs showed that 
the drug was homogeneously embedded within the polymeric 
matrix as monodispersed systems, and no aggregates could be 
observed. This finding was confirmed upon CAB-MAPs dis-
solution in PBS (Section S5, Supporting Information), where 
drug particles appeared as monodisperse systems and no drug 
aggregates could be observed post MAPs dissolution. Particle 
size and polydispersity index (PDI) of CAB LA recovered from 
bilayer CAB LA-MAPs were shown to be ≈404 nm and ≈0.172, 
respectively, which were slightly increased, but they were still 
within the same range as those reported for CAB LA before 
its incorporation into the MAP matrix (≈342  nm and ≈0.182, 
respectively).

XRD analysis also showed that the three CAB forms 
incorporated within the MAPs’ polymeric matrices exhibited 
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XRD diffractograms comparable to those exhibited by their 
unformulated pure drug counterparts (Figure  3D), where 
both CAB FA and CAB LA were shown to possess crystalline 
structures, but CAB Na was amorphous. These were con-
sistent with the results of DSC analysis (Figure  3E), where 
CAB LA and CAB FA exhibited sharp endothermic peaks 
at 236 and 249  °C, respectively, confirming their crystalline 
structures. However, CAB Na showed no peaks, confirming 
its amorphous structure. These results suggest that MAP 
matrix polymers and the fabrication process had no mean-
ingful effect on the physical stability of the three-drug forms, 
which were homogeneously distributed within the matrix as 
monodisperse systems.

2.3.3. CAB MAPs Drug Content

The amount of drug loaded into the MAP tips has a significant 
impact on the dose delivered into the skin.[42,49] Therefore, we 
measured the drug content of the three finalized CAB-MAPs by 
dissolving them in deionized (DI) water and then quantifying 
the drug in the resultant solution using a validated high-perfor-
mance liquid chromatography coupled with ultraviolet detector 
(HPLC-UV)) method. To ensure that the quantified drug was 
tip-localized and did not come from the baseplate, we also cal-
culated the theoretical drug content of CAB-MAP tips based on 
the total tip volume (≈4.61 µL/MAP) and density in the dry state 
(≈1.11 mg mm−3) (Section S6, Supporting Information). Results 

Figure 3. Representative A) light microscope and B,C) SEM images of the finalized bilayer i) CAB LA-MAP, ii) CAB Na-MAP, and iii) CAB FA-MAP, 
respectively. D) XRD diffractograms of the three forms of CAB before and after their incorporation in the first MAP layer polymeric matrix. E) DSC 
thermograms of the three forms of CAB.
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showed that the measured drug content of the finalized CAB-
MAPs was almost identical (Figure 4A) and was ≈3000 µg/MAP, 
which was not significantly (p  < 0.05)  different from the theo-
retically calculated drug content (≈3100 µg/MAP). This further 

confirms that the loaded drug was mainly localized in the MAP 
tips. Such tip-localized drug loading in a relatively small MAP 
(0.5 cm2) represents a remarkable increase in loading capacity 
compared to previously reported other MAP types.[28,32,50]

Figure 4. A) Drug content of the finalized bilayer CAB-MAPs (µg/0.5 cm2 MAP). B) Schematic representation for the experimental setup for the 
mechanical testing of CAB-MAPs. C) Percentage of reduction of needle height of the finalized CAB-MAPs upon applying a compression force of  
32 N for 30 s against the aluminum block. D) Schematic representation of skin application of CAB-MAP and OCT equipment. E) Representative OCT 
images for CAB LA-MAP after insertion into porcine skin. F) Percentage of CAB LA-MAP needle tip height that inserted into a stack of 8 layers of 
Parafilm M, excised full-thickness neonatal porcine skin, and rat skin, respectively. Data are reported as means ± SD, n = 3. G) Schematic illustration 
of skin deposition study. H–J) Representative light microscope images of the finalized bilayer MAPs containing H) CAB LA-MAP, I) CAB Na-MAP, or 
J) CAB FA-MAP, respectively, after insertion into excised full-thickness neonatal porcine skin for predetermined time intervals of i) 0 min, ii) 25 min, 
and iii) 60 min, and iv) light microscope images of skin after CAB deposition at 32 ± 1 °C. K) The percentage of height reduction of MAP tips of either 
of the finalized bilayer CAB-MAPs after insertion into an excised full-thickness neonatal porcine skin for predetermined time intervals at 32 ± 1 °C.  
L) The amount of drug (ug/0.5 cm2 MAP) deposited in excised full-thickness neonatal porcine skin post insertion of the finalized bilayer CAB-MAPs 
for predetermined time intervals at 32 ± 1 °C.

Adv. Funct. Mater. 2021, 2106999
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2.3.4. CAB-MAPs Mechanical and Insertion Properties

This study aimed to evaluate the mechanical and insertion 
properties of the finalized CAB-MAPs, as these will be critical 
to their successful use in the clinic.[42,49] Essentially, MAP tips 
should have sufficient mechanical strength to withstand a com-
pression force of 32 N per MAP, which has been shown to be 
the maximum force applied by volunteers manually inserting 
MAPs into their own skin,[51] to achieve sufficiently deep inser-
tion in the skin to deliver the highest possible amount of the 
tip-loaded drug.[42,49] These properties were evaluated using 
a commonly used and validated method employing a texture 
analyzer.[52] To assess their mechanical properties, a MAP was 
attached to the probe of the texture analyzer and compressed 
against an aluminum block for 30 s (Figure 4B), after which the 
percentage needle height reduction was determined. Results 
(Figure  4C) showed that the finalized CAB-MAPs exhibited 
almost identical height reduction (between ≈4.7 and ≈6.0%), 
which could be considered inconsequential.[53] Importantly, 
microscopic inspection of all tested MAPs showed that com-
pression of the needles starts from the tapered tip and all nee-
dles maintained their out-of-plane structure, with no cracks 
observed at the base or tips. Previous studies showed that 
MAPs that encountered up to 20% reduction in height were 
still successfully inserted into the skin, in vitro and in vivo set-
tings.[48,52,54] This suggests that the finalized CAB-MAPs pos-
sess satisfactory mechanical properties to withstand normal 
handling and skin insertion.

To assess the insertion properties of the finalized CAB-MAPs, 
the same experimental setup as the mechanical property test 
was used. However, to get a good insight into how they would 
behave upon insertion into human skin, MAPs were applied to 
validated skin models, including Parafilm M,[53] neonatal por-
cine skin, which is a common surrogate for human skin,[55] 
and Sprague Dawley rat skin. Since the insertion capability of 
a MAP is dependent on MAP geometry and mechanical prop-
erties,[51,52] and the finalized CAB-MAPs exhibited very similar 
mechanical properties. The finalized CAB LA-MAP insertion 
properties were evaluated as a representative. The percentage 
of MAP tip height that inserted in three skin models was deter-
mined using optical coherence tomography (OCT) (Figure 4D), 
which is an excellent non-invasive tool that is widely used to 
accurately measure the insertion depth of MAP needles.[37,53] 
OCT image (Figure  4E) clearly showed that MAP tips were 
well-inserted in the skin models. The calculated percentage of 
MAP pyramidal tip height (≈600 µm) that inserted in the three 
skin models (Figure 4F) were found to be of the magnitude of 
≈93%, ≈79%, and ≈83%, respectively, indicating excellent inser-
tion capability. The achieved insertion with such high needle 
density represents a meaningful improvement in comparison 
with many previously reported MAP designs with a compa-
rable surface area, such as 14 × 14  MAP (≈60% of the height 
of 600 µm the needles inserted in Parafilm M),[49] 19 × 19 MAP 
(≈50% of the height of 600 µm needles inserted in Parafilm M), 
or 11 × 11 MAP (≈65% of the height of 600 µm needles inserted 
in Parafilm M),[56] or even 10 × 10  extended pedestal MAP 
(≈40% of the height of 600 µm needle tips inserted in porcine 
skin.[28] Results from both tests demonstrate that the finalized 
CAB-MAPs have sufficient mechanical strength and insertion 

capabilities, thus suggesting their potential use for efficient ID 
delivery of CAB in humans.

2.4. CAB-MAPs Dissolution Kinetics and Drug Deposition 
in the Skin (Ex Vivo)

Moving further with the finalized CAB-MAPs, dissolution 
kinetics and drug deposition studies were performed to esti-
mate the wear time by which MAP tips would be dissolved 
and have deposited their payload in the skin and to determine 
MAP delivery efficiency. Such properties are crucial for future 
use and may influence the required patch size and frequency 
of administration, as well as potential patient adherence. In 
theory, the shorter the wear time the better for patient adher-
ence.[33,52,57] Also, the higher the delivery efficiency, the smaller 
the patch size, which may affect manufacturing scale-up and 
ease of use by patients. To mimic their application to human 
skin, the finalized CAB-MAPs were applied to excised full-thick-
ness neonatal porcine skin (Figure 4G), which is a good model 
for human skin,[55,58] using the fingertips and left in place for 
predetermined time intervals (5, 15, 25, and 60 min and 24 h). 
The MAPs were inspected before and after application by light 
microscopy (Figure 4G(iv)) to determine the percentage height 
reduction of MAP tips (due to dissolution in the skin) versus 
time. The skin at the application site was then meticulously 
cleaned, inspected by light microscope, and subsequently biop-
sied and analyzed for drug content to determine the amount of 
drug delivered by the MAPs for each “wear time” (Figure 4L).

Results showed that both CAB LA-MAP and CAB Na-MAP 
displayed almost identical dissolution profiles (Figure  4K). 
As it can be seen in the Figure  4H,I, respectively), both MAP 
tips started dissolving within 5  min (the first sampling point) 
post skin insertion (Figure  4H(i),I(i)), with ≈50% being dis-
solved, and then MAP tips continued dissolving rapidly to 
reach ≈90% and ≈100% after 25 and 60  min, respectively 
(Figure  4H(ii and iii),I(ii and iii)). Interestingly, the MAP 
baseplates were removed intact, even after 60  min post MAP 
application (Figure  4H(iii),I(iii), respectively). Applying MAPs 
for 24 h resulted in complete MAP dissolution, including tips 
and baseplates, forming a whitish glue-like mass consisting of 
undelivered drugs and the dissolved polymers (images are not 
shown). In contrast, CAB FA-MAP dissolved slowly in the skin 
(Figure  4K,J(i,ii,iii), and only ≈40% of the MAP tips dissolved 
within 60  min post MAP application. Again, complete MAP 
dissolution occurred by 24 h. This suggests that 60 min applica-
tion time for the MAPs containing CAB LA or CAB Na would 
be sufficient for the MAP tips to completely dissolve in the skin 
while the baseplate remains intact, facilitating removal. How-
ever, a longer wear time (>60 min) would be needed for CAB 
FA-MAP.

These variations in dissolution profiles between CAB 
LA-MAP, CAB Na-MAP, and CAB FA-MAP may be ascribed to 
the smaller particle size and enhanced solubility of nano-sized 
CAB LA and amorphous CAB Na compared to CAB FA, which 
has micron-sized poorly water-soluble particles that potentially 
affected the wettability and dissolution of the MAP tips in the 
skin interstitial fluid. The short dissolution time (<60  min) 
exhibited by both CAB LA-MAP and CAB Na-MAP represents 
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a notable decrease in the dissolution time of drug-loaded tips 
in comparison with other previously reported studies for a very 
hydrophobic drug (rilpivirine), in which the required time for 
dissolution of the drug-loaded tips was ≈5 h.[49]

Concerning drug deposition achieved by three finalized 
CAB-MAPs, the light microscope images of the skin at the 
application sites (Figure  4H(iv),I(iv),J(iv), respectively), clearly 
showed MAP tips deposited in the skin underneath the stratum 
corneum, which appeared like hundreds of whitish micro-
dots for both CAB LA-MAP and CAB Na-MAP, indicating a 
relatively high amount of drug being deposited in the skin. 
In contrast, CAB FA-MAP produced relatively small, faded 
white-colored dots suggesting a reduced amount of drug being 
deposited in the skin. This was consistent with the results of 
drug analysis in the harvested skin samples (Figure 4L), which 
revealed that both CAB LA-MAP and CAB Na-MAP achieved 
the highest drug deposition, which was of the magnitude of  
≈499.6  µg/MAP (≈16.9% of the loaded dose per MAP) and 
≈413  µg/MAP (≈14.5% of the loaded dose per MAP), respec-
tively. These were obtained at 25  min post MAP application; 
no significant increase (p  > 0.05)  in amounts of drug depos-
ited in the skin was observed for longer wear times, indicating 
that 25 min may be sufficient for MAP tips to be dissolved to 
deliver the maximum amount of drug. On the other hand, CAB 
FA-MAP showed significantly (p > 0.05) decreased drug deposi-
tion capability in comparison with the other two CAB-MAPs, 
where the amount of drug deposited in the skin post 24 h appli-
cation was of the magnitude of ≈225.5  µg/MAP (7.7% of the 
loaded dose per MAP). This may be ascribed again to its poor 
water-solubility, compounded by its micron-sized particles.

The delivered drug amount by the three finalized CAB-MAPs 
was, indeed, significantly (p  > 0.05)  lower than we expected 
based on drug loading, considering the exceptional insertion 
capability of our MAP tips in the skin models. This could be 
attributed to the hydrophobic nature of the drug and skin elas-
ticity, manifested as an ability to stretch by up to 200 µm before 
being pierced by the MAP tips.[29,30] This could mean that the 
upper parts of the pyramidal tips, which contain the highest 
proportion of drug, do not go beneath the stratum corneum but 
instead reside with these micron-scale “skin folds”, preventing 
more efficient drug deposition in the viable skin layers. How-
ever, although the percentage deposition of CAB LA and CAB 
Na were below our expectations considering the attained inser-
tion, the mass of the drug deposited in each case still repre-
sents a remarkable achievement for such a hydrophobic drug. 
Indeed, delivery of similarly high doses of compounds with 
such properties have never been attained before.[28,50,59–61]

2.5. CAB LA-MAP Stability Studies

The stability of MAPs is a crucial aspect for their development 
and moving forward to commercialization. Therefore, we con-
ducted a stability study, using the finalized CAB LA-MAP as a 
representative, at two storage testing conditions; intermediate 
or accelerated for 6 months, as per the International Confer-
ence for Harmonisation guidelines.[62] Results (Section S7, Sup-
porting Information) revealed that the finalized CAB LA-MAP 
was stable at both storage conditions.

2.6. In Vivo Studies

The results from the in vitro and ex vivo characterization 
revealed that the finalized bilayer CAB-MAPs, namely CAB 
LA-MAP, CAB Na-MAP, and CAB FA-MAP, were promising, as 
they were stable, mechanically strong, and able to deliver sub-
stantial amounts of CAB into ex vivo skin. However, these find-
ings need to be complemented by in vivo data to evaluate the 
performance (pharmacokinetics [PK]), safety, and tolerability of 
the finalized CAB-MAPs following single and repeated dosing 
using healthy female Sprague Dawley rats, a good preclinical 
model for screening and evaluating the PK of long-acting for-
mulations.[63] For comparison, rats received the proprietary 
CAB LA nanosuspension by IM injection (the conventional 
administration route) or by ID injection (to evaluate the effect 
of the anatomy and physiology of the skin). Studies details were 
reported in (Section S8, Supporting Information).

To facilitate translating our in vivo findings to human appli-
cation, while accounting for the biological and anatomical 
differences between humans and rats and the fact that rats 
eliminate drugs faster than humans,[64] allometric scaling 
(Section S9, Supporting Information) was used to calculate 
the monthly dose for rats based on a human monthly dose of 
400 mg (equates to 5.71 mg/kg in a person with an average body 
weight of 70 kg).[13] This was found to be ≈40 mg/kg (equates to 
10 mg/rat, for a rat with an average body weight of 250 g).[64]

2.6.1. CAB Pharmacokinetics After a Single Dose of CAB-MAPs

As the first step in MAP performance assessment, this study 
was designed i) to evaluate MAP’s functionality in vivo (the 
ability of the finalized CAB-MAP tips to be inserted in the 
skin, dissolved, and have deposited their payload); ii) to eval-
uate how the skin anatomy and physiology (where MAPs are 
expected to deliver their payload) would affect CAB PK in 
comparison with IM injection; iii) to estimate MAP delivery 
efficiency and absorption rate and assess whether the three 
drug-forms—namely CAB LA, CAB Na, or CAB FA—delivered 
by MAPs would achieve long-acting PK profiles that main-
tain drug plasma levels above the effective therapeutic con-
centration in humans over a 4-week period (to mimic human 
monthly dosing) in a similar fashion to IM injection (the con-
ventional administration route). The effective therapeutic con-
centration in humans that provides 100% protection against 
HIV-1 was reported to be 0.664  µg mL−1, which is equivalent 
to four times the protein-adjusted 90% inhibitory concentration  
(4 × PA-IC90).[65]

To this end, five cohorts of rats were assigned to this study, 
as illustrated in Figure 5A. In the first two cohorts, each rat 
received CAB LA (10 mg/rat) by either IM injection (cohort 1) 
or ID injection (cohort 2). The other three cohorts (3–5) were 
allocated for MAP application. In these three cohorts, each rat 
received the drug by simultaneous application of 4× MAPs of 
either the finalized CAB LA-MAP (cohort 3), CAB Na-MAP 
(cohort 4), or CAB FA-MAP (cohort 5) for 24 h. The skin at 
MAP application sites was imaged post MAPs remaining 
removal (after 24 h from the application) using a digital camera 
and inspected for evidence of drug delivery and any sign of 
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toxicity or irritation (Figure 5B). Blood samples were collected 
from all cohorts at predetermined time intervals over 28 days 
(Figure 5C) and assayed for CAB content by a validated UPLC-
MS-MS method (Figure 5D) (Section S10, Supporting Informa-
tion). Data were then used to construct the mean CAB plasma 
concentration versus time profiles, which were then used to cal-
culate the key PK parameters (Section S11, Supporting Informa-
tion), including the maximum drug concentration (Cmax), the 
time of maximum concentration (Tmax), the apparent half-life 
(t0.5), and drug minimum concentration (Ctrough), that is, (C28) 
at day 28. The area-under-the-curve from time zero (t  = 0) to 
the last experimental time point (t = 28 days) (AUC0–28) and the 
dose/body weight normalized PK parameters (specifically Cmax 
and AUC0–28) (Table 1) were used for comparison with their 
corresponding PK parameters achieved by administering the 
drug by IM injection. Finally, the relative bioavailability (FR) in 
comparison with IM injection was also calculated and reported. 

Furthermore, conducting such a comprehensive study necessi-
tated using a considerable number of rats and performing the 
experiment in multiple steps, which resulted in inevitable inter-
cohort weight variations. Due to the difficulty of tailoring the 
administered dose as per rats’ weights, a fixed dose (assuming 
a rat’s average weight to be ≈250 g) was given to each rat as per 
cohort, which resulted in inter-cohort dose/body weight (calcu-
lated as mg/kg) disparity. To eliminate the effect of the inter-
cohort dose/body weight (mg/kg) disparity among the cohorts 
of interest, weight-dependent PK parameters, specifically 
drug concentrations (C) and the area-under-the-curve (AUC), 
were normalized (Section S11, Supporting Information) and 
reported.

Inspecting skin at application sites (Figure  5B) in all rats 
(cohorts 3–5) showed that, post-application for 24 h, all MAPs 
completely dissolved, forming a whitish gluey mass consisted 
of the undelivered drug and the dissolved polymers from the 

Figure 5. A) Schematic representation of the in vivo experimental setup [* For single dose, three cohorts were allocated to receive the drug by simulta-
neous application of 4× patches of either the finalized CAB LA-MAP, CAB Na-MAP, or CAB FA-MAP. For repeated dose, two cohorts were allocated to 
receive the drug by simultaneous application of either 4× patches or 2× patches of the finalized CAB LA-MAP]. B) Exemplar digital images of rat skin 
at the application site upon removal of CAB LA-MAP post-24 h application with visible whitish micro-depots representing MAP tips implanted in the 
skin. C) Schematic diagram representing blood collection from rats at predetermined time intervals over studies periods. D) Schematic illustration of 
LC-MS setup used. E) CAB PK profiles post administration of a single dose of CAB LA either by IM injection or ID injection or applying 4× CAB LA-MAP 
(containing ≈11.72 mg CAB LA in total), 4× CAB Na-MAP (containing ≈11.0 mg CAB Na in total), or 4× CAB FA-MAP (containing ≈11.8 mg CAB FA in 
total). F) CAB PK profiles post administration of a repeated once-weekly × 4 doses of CAB LA (2.5 mg/rat) by IM injection or ID injection or applying 
4× or 2× CAB LA-MAP (containing 11.72 or 5.86 mg in total, respectively). Red dotted lines in (E) and (F) indicate the minimum therapeutic plasma 
levels for PrEP (4× PA-IC90 = 0.664 µg mL−1). Data are reported as means ± SD, n ≥ 5.
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baseplates (images are not shown). After a meticulous cleaning, 
hundreds of whitish microdots were revealed to be deposited 
in the skin (Figure 5B), which comprised the implanted MAP 
drug-loaded tips in the skin. This observation was consistent 
with the findings of ex vivo drug deposition studies reported in 
the previous section, confirming the functionality of the final-
ized CAB-MAPs in an in vivo setup.

Regarding the effect of skin anatomy and physiology of CAB 
PK in comparison with IM injection, we studied the CAB PK 
profiles produced by ID injection and compared them to those 
produced by IM injection. In those rats that received CAB LA by 
IM injection, the drug appeared in plasma within 1 h (the first 
sampling point) post-dosing and rapidly increased in concentra-
tion to reach ≈8.4 µg mL−1 at 4 h and then continued to increase 
gradually to reach its Cmax (67.1 µg mL−1) at Tmax (9 days). Sub-
sequently, drug concentrations continued fluctuating around 
Cmax until day 28 (the end of the study period). This PK profile 
and parameters are very comparable to a previously reported 
CAB LA PK profile, where it was previously reported that 
Tmax = 7–14 days and Cmax ≈ 70.5 µg mL−1 upon administering 
a similar CAB LA dose (40 mg/kg) by IM injection to the same 
strain of rats.[66] In those rats that received CAB LA by ID injec-
tion, the drug exhibited almost identical PK profiles, except 
the time (Tmax  = 14 days) to reach Cmax (71.0  µg mL−1). This 
time is significantly (p  < 0.05)  longer than that observed post 
IM injection. Upon comparing the normalized PK parameters 
(Table 1), specifically the norm-Cmax (≈57.3 µg mL−1), and norm-
AUC0–28 (≈1163.2  µg.day mL−1), were found to be significantly 
lower (p  < 0.05)  and equate to ≈76.6 and ≈71.0%, respectively, 
of the corresponding PK parameters produced by IM injection 
(≈74.7  µg mL−1 and ≈1637.6  µg.day mL−1, respectively). Taking 
into consideration that ID-injected drug by the hypodermic 
needle can be completely delivered into the skin, it concluded 
that the longer Tmax, and lower norm-Cmax and norm-AUC0–28, 
were not because of the decreased delivery efficiency but may 
be due to a decreased dissolution or absorption rate from the 
viable skin layers. This was not unexpected, taking into account 
the inherited structural physiological differences between the 
two tissues and the slower blood flow rate in the skin tissue, 
in comparison with blood flow in the muscles.[67] Interestingly, 

the PK profile of CAB post ID injection of CAB LA presented 
here was comparable to CAB PK profiles obtained post admin-
istering an equivalent dose of CAB LA to rats of the same strain 
by subcutaneous injection.[66]

The PK profiles of CAB in the rats from the three cohorts 
(3–5) that received the three forms of the drug by MAPs 
(Figure  5E), showed that, similarly to IM injection, the drug 
appeared in plasma within 1 h of dosing and no lag time was 
observed. CAB plasma concentration then increased rapidly 
to achieve plasma levels 2.8-fold above 4× PA-IC90 after 4  h 
from dosing and continued increasing to achieve Cmax at Tmax 
(5 days for CAB LA-MAP and 6 days for the other two MAPs), 
indicating fast absorption rates from MAPs. Subsequently, the 
plasma levels fluctuated around Cmax for a few days and then 
decreased gradually to reach (C28) at day 28, which was MAP 
type-dependent, but was still above 4× PA-IC90 in all three 
cohorts.

The observed Tmax (5 and 6 days) in those rats that received 
the drug by MAPs were significantly (p  > 0.05)  shorter than 
Tmax post IM injection (9 days) or ID injection (14 days). This 
suggests that the drug absorption rate from MAP application 
sites was greater than that from IM and ID injected depots. 
This may be ascribed to the hundreds of micro-depots the 
MAP drug-loaded tips implanted in the skin, which will have 
considerably larger surface areas than the single “large” depot 
delivered by IM or ID injection using hypodermic needles.[68] 
The higher absorption rate achieved by MAPs has a potential 
advantage, not only because it combats the slower absorption 
rate caused by the inherited physiology and anatomy of the 
skin, but also because it could help in quickly achieving the 
required drug plasma levels for immediate protection against 
HIV-1 infections.

In terms of MAP delivery efficiency, CAB plasma exposure 
(as exemplified by Cmax and AUC0–28) achieved by all CAB-
MAPs were MAP type-dependent and significantly lower than 
that achieved by IM injection (Table 1), which is consistent with 
incomplete drug delivery by MAPs. This was not unexpected 
for such a hydrophobic drug, and indeed, it was in good agree-
ment with our observation of the skin at MAP application sites 
(in vivo) and with the results of the ex vivo drug deposition 

Table 1. CAB PK parameters in Sprague Dawley rats and their corresponding dose/body weight-normalized counterparts following administration a 
single dose of either CAB LA, CAB Na, or CAB FA by either IM or ID injection or MAP application. Data are reported as mean ± SD, n ≥ 5.

Experimental PK parameters Dose/body weight (as if 40 mg/kg is 
given) normalized PK parameters

Cohort  
no.

Drug form used/ 
admin. route

Dose 
[mg/kg]

Tmax 
[days]

t0.5 
[days]

Cmax 
[µg mL−1]

AUC0–28 
[µg.day mL−1]

C28 
[µg mL−1]

norm-Cmax 
[µg mL−1]

norm-AUC0–28 
[µg.day mL−1]

1 CAB LA/IM 35.9  
(±4.5)

9 – 67.1
(±7.6)

1472.5
(±150.0)

67.1
(±9.1)

74.7
(±8.6)

1637.6
(±167.2)

2 CAB LA/ID 50.2
(±4.0)

14 – 71.9
(±10.4)

1459.8
(±324.2)

69.4
(±15.8)

57.3
(±8.3)

1163.2
(±258.3)

3 CAB LA-MAP 35.3
(±2.4)

5 7.3 18.1
(±2.3)

291.1
(±23.4)

3.1
(±1.1)

20.5
(±2.6)

329.8
(±26.5)

4 CAB Na-MAP 59.3
(±1.8)

6 5.8 39.3
(±5.8)

454.3
(±23.4)

2.7
(±0.4)

26.5
(±3.9)

306.5
(±15.8)

5 CAB FA-MAP 61.0
(±2.1)

6 4.5 18.7
(±3.2)

226.3
(±13.4)

0.9
(±0.7)

12.4
(±2.1)

148.4
(±8.8)
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studies reported in the previous section. Accordingly, not all 
drugs encapsulated within the MAP tips would be expected to 
be delivered throughout the 24 h application time, unlike the 
complete delivery by IM or ID injection.

At this stage, it was very challenging to accurately calculate 
the relative bioavailability (FR) of the drug from MAPs in com-
parison with IM injection due to incomplete drug absorption 
from both IM and MAP cohorts over 28 days (the study period). 
However, assuming no significant differences in the drug 
absorption and elimination kinetics between the two adminis-
tration routes, IM, or MAP, from day 28 and onward, we can 
still cautiously use the partial absorption data to calculate FR 
and then use it to perform estimation for the percentage of 
drug delivered by each MAP. Under this assumption, the FR 
of drugs from CAB LA-MAP, CAB Na-MAP, and CAB FA-MAP 
were of the magnitude 0.2, 0.19, and 0.09, respectively. Hence, 
the amount of drug delivered by 4× MAPs/rat would be of 
the magnitude of ≈0.585  mg/MAP × 4 ≈2.340  mg for CAB 
LA-MAP, ≈0.570  mg/MAP × 4 ≈2.280  mg for CAB Na-MAP, 
and ≈0.270 mg/MAP × 4 ≈1.080 mg for CAB FA-MAP, respec-
tively. This suggests that both CAB LA-MAP and CAB Na-MAP 
exhibited a comparable relative bioavailability that was almost 
twice that achieved by CAB FA-MAP. This finding is consistent 
with in vivo observation and in good agreement with the results 
of the ex vivo drug deposition study reported in the previous 
section.

Interestingly, despite the incomplete drug delivery by MAPs, 
the delivered doses rapidly achieved plasma levels that were 
maintained above 4× PA-IC90 throughout the 28-day study 
period, indicating long-acting PK profiles achieved by the 
applied CAB-MAPs. This was evident from the achieved (C28) 
at day 28 by CAB LA-MAP, CAB Na-MAP, and CAB FA-MAP, 
which were of the magnitude ≈3.1, ≈2.7, and ≈0.9  µg mL−1, 
respectively. These are ≈4.7, ≈4.1, and ≈1.4-fold, respectively, 
above the 4× PA-IC90.

The comparable C28 achieved by CAB LA-MAP and CAB 
Na-MAP, which are several-fold higher than that achieved by 
CAB FA-MAP, could be due to the relatively high delivery effi-
ciency achieved by those two MAPs.

These findings are very encouraging and demonstrated the 
functionality of these MAPs in rats. However, in order to pre-
dict MAP performance in humans, the correlation between 
CAB delivered by MAPs and that delivered by IM injection (the 
conventional administration route) in terms of PK behavior 
should be investigated and then extrapolated to PK behavior in 
human post-administration by the same route (IM injection). 
This can be achieved by calculating the apparent half-life (t0.5) 
of CAB and using it for comparison.

Calculating t0.5 of CAB LA post-IM injection in rats using 
the PK profile produced upon injecting 10  mg/rat (equate to 
≈40  mg/kg) was rather difficult, since the drug reached Cmax 
and remained around that concentration until the end of the 
study. Therefore, lower doses of CAB LA of either 5  mg/rat 
(equates to 21.3 mg/kg) or 2.5 mg/rat (equates to 10.4 mg/kg)  
(Section S12, Supporting Information) were used to calcu-
late t0.5 and investigate the effect of the administered dose on 
t0.5. This study showed that t0.5 of CAB post-administration of 
CAB LA by IM injection was dose-dependent and was in the 
magnitude of 12.3 days (for dose of 5 mg/rat) and 9.0 days (for 

dose of 2.5 mg/rat), respectively (Section S12, Supporting Infor-
mation). This suggests that CAB follows “flip flop” pharma-
cokinetics,[69] which means that drug persistence in the body 
central compartment (plasma exposure), and thus its apparent 
t0.5, is dependent upon the absorption process, rather than the 
drug elimination process. Thus, the higher delivered dose and 
the slower the absorption rate, the longer the apparent t0.5.

[69]

Taking into consideration that the administered CAB LA 
dose of 2.5 mg/rat (equates to 10.4 mg/kg) is closely related to 
the CAB LA dose of 800 mg (≈11.4 mg/kg) in humans without 
allometric scaling,[13] the apparent t0.5 (≈9.0 days) of CAB in rats 
is ≈4.4-fold shorter than that (≈40 days [25–54 days]) observed in 
humans post administering CAB LA by the same route. This 
is consistent with the fact that rats generally eliminate drugs at 
faster rates than humans.[64]

The apparent t0.5 of CAB achieved post-applying CAB 
LA-MAP and CAB Na-MAP were of the magnitude of ≈7.3 and 
≈5.8 days, respectively. These are within the same range of 
that (≈9.0 day) achieved by CAB LA administered by IM injec-
tion and represent a duration 5.4- to 6.8-fold shorter than that 
(≈40 days) observed in humans post administering CAB LA by 
IM injection. This suggests it is most likely that, if either CAB 
LA or CAB Na were delivered by MAPs in a human, they would 
behave pharmacokinetically in a similar fashion to CAB LA 
delivered by IM injection.

The apparent t0.5 of CAB in rats, calculated here, is of great 
importance, as it can be also used to estimate the dosing 
interval (T) in rats that mimics the currently used dosing inter-
vals in humans (monthly or bimonthly), providing that closely 
related doses are used, without allometric scaling. Currently, 
in the monthly dosing regimen in humans, the T/t0.5 ratio 
(28/40) is of the magnitude of 0.70. This suggests that a weekly 
(≈6.3 days) dosing interval in rats, (where the T/t0.5 ratio would 
be = 6.3/9 = 0.70) would be a fair and reasonable approximation 
to the monthly dosing interval in humans.

Taken all together, the results demonstrated that both CAB 
LA-MAP and CAB Na-MAP were successfully inserted in the 
skin, dissolved, and deposited comparable and substantial 
amounts of their drug cargo (≈20%), which were consistent with 
ex vivo results. The delivered doses by both MAPs were able to 
achieve drug plasma levels over 4× PA-IC90 over 28 days. Thus, 
both MAPs have potential to be used in ID delivery of CAB and 
could be used interchangeably. Although CAB FA-MAP exhib-
ited similar properties in vivo, its delivery efficiency was very 
low (≈9%) in comparison, being ≈50% of that achieved by the 
other two MAPs, diminishing its potential for use.

2.6.2. CAB Pharmacokinetics After a Weekly Repeated 
Dose of CAB LA-MAP

To achieve the desired therapeutic effects, it is essential to use 
a robust drug delivery system that delivers a consistent dose 
upon each application and a dosing regimen that leads to drug 
accumulation to achieve and maintain steady-state drug con-
centrations in plasma (Css) within therapeutic levels. There-
fore, in this study, in addition to safety and tolerability, we 
aimed i)  to evaluate the ability of MAPs to repeatedly deliver 
a consistent dose post each application (MAP robustness) and 
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the effect of MAP-delivered dose on CAB PK and ii) to assess 
whether repeated dosing that approximately mimics a monthly 
dosing regimen in humans would lead to drug accumulation 
and achieve steady-state drug plasma levels within the thera-
peutic concentration range, that is, 4× PA-IC90.

Since CAB LA is the established form of the drug and the 
previous in vivo study (where single doses were administered) 
demonstrated that CAB Na-MAP and CAB LA-MAP produced 
comparable PK profiles, the finalized CAB LA-MAP was 
selected as representative here.

Taking into consideration the results of the previous in vivo 
study in terms of the relative bioavailability of CAB from MAPs, 
the apparent t0.5 and the study aims, a dose of 2.5 mg/rat was 
selected as the dose to be administered to the rats once-weekly 
(to mimic once-monthly dosing in humans) on each of 4 weeks, 
in addition to other cohorts that received half of the dose by 
MAPs for the sake of comparison.

To this end, four cohorts were allocated for this study, two 
cohorts (cohorts 8 and 9) were used as controls, where each rat 
received a dose of 2.5 mg/rat of CAB LA (four times diluted by 
water) by IM or ID injection, respectively, and in the other two 
cohorts, each rat received the drug by MAPs either as 4× MAPs 
(cohort 10) or 2× MAPs (cohort 11). Plasma samples collected 
at predetermined time intervals over 42 days were analyzed by 
UPLC-MS-MS (Section S10, Supporting Information). CAB PK 
profiles are presented in Figure 5F and the key PK parameters, 
including the maximum drug concentration (Cmax−1) after the 
first dose, the time of maximum concentration (Tmax−1) after 
the first dose, the maximum drug concentration at the pseudo-
steady-state (Cmax-ss), the time to reach the pseudo-steady-state 
maximum concentration (Tmax-ss), and the minimum drug con-
centration at the last sampling point (Ctrough), that is, (C42) at day 
42, and the dose/body weight normalized PK parameters were 
determined (Section S11, Supporting Information) (Table 2) and 
used for comparison with the corresponding PK parameters 
achieved post-administering the drug by IM injection. Finally, 
drug accumulation (Cmax-ss/Cmax−1) and depreciation (Cmax-ss/C42) 
rates for each cohort were calculated and reported.

As can be seen from Figure  5F, in all cohorts the drug 
appeared in plasma within 1 h (the first sampling point) post-

dosing and continued increasing in concentration upon admin-
istration of further doses. The plasma levels showed various 
patterns and that were dependent upon the administration 
route/device and the administered dose.

In those rats that received the drug by IM injection, CAB PK 
profiles showed a high plasma exposure, even higher than that 
in cohort 1 (where rats received 10 mg/rat doses), which is con-
sistent with complete drug delivery and the effect of diluting 
CAB LA. The drug appeared in plasma within 1 h (the first 
sampling point) post-dosing and increased in concentration 
gradually to reach Cmax−1 at Tmax−1 (7 days). Administering fur-
ther drug doses resulted in drug accumulation and continuous 
increase in drug plasma concentrations until day 15 (Tmax-ss  = 
15 days) (1-day post 3rd dose), where the drug reached its Cmax-ss 
and remained around this concentration for almost two weeks 
until day 28, Subsequently, drug concentration declined gradu-
ally to reach its (C42) at day 42. The drug concentration accu-
mulation rate (Cmax-ss/Cmax−1) was ≈2.1. Drug concentration 
depreciation rate (Cmax-ss/C42) was 3.4.

In those rats that received the drug by ID injection (cohort 
9), as expected, CAB exhibited a parallel PK profile. However, as 
in the single-dose study, Tmax-ss was longer (22 days, 1-day post 
the 4th dose). Also, Cmax−1, Cmax-ss, and C42 were significantly 
(p < 0.05)  lower than those achieved by IM injection (Table 2). 
The drug concentration accumulation rate and depreciation 
rate were of the magnitude of ≈2.9 and 1.8, respectively, indi-
cating that skin can retain the drug to a greater extent than 
muscle tissues. This is consistent with a decreased absorption 
rate in the skin due to the inherited differences in the anatomy 
and physiology between the skin and the muscle tissues, as dis-
cussed in the previous section.

Concerning CAB PK profiles, in rats that received 4× CAB 
LA-MAP (cohort 10), CAB again appeared in plasma within 1 h 
post-dosing and increased in concentration gradually to reach 
its Cmax after the first dose (Cmax−1) at day 4 (Tmax−1). Adminis-
tering further drug doses, similarly to IM injection, resulted 
in drug accumulation and continuous increase in drug con-
centrations until day 15 (Tss) (1-day post 3rd dose), where the 
drug reached its Cmax-ss and remained around this concentra-
tion for almost two weeks until day 28, implying that the drug 

Table 2. CAB pharmacokinetic parameters in Sprague Dawley rats following administering a repeated once-weekly dose of CAB LA by either IM or ID 
injection or MAP application. Data are reported as means ± SD, n ≥ 5.

Experimental PK parameters Dose/body weight-normalized  
PK parametersa)

Cohort  
no.

Drug form used/
admin. route/device

Dose 
[mg/kg]

Tmax−1 
[days]

Tmax-ss 
[days]

Cmax−1 
[µg mL−1]

Cmax-ss 
[µg mL−1]

C42 days 
[µg mL−1]

norm-Cmax−1 
[µg mL−1]

norm-Cmax-ss 
[µg mL−1]

norm-C42 days 
[µg mL−1]

8 CAB LA/IM 11.3
(±1.3)

7 15 54.5
(±6.8)

111.7
(±4.5)

33.8
(±8.5)

48.4
(±6.0)

100.3
(±4.0)

29.9
(±7.5)

9 CAB LA/ID 10.8
(±0.4)

7 22 28.8
(±4.4)

85.0
(±8.4)

48.0
(±5.8)

26.7
(±4.1)

78.2
(±7.7)

44.4
(±5.4)

10 CAB LA/4-MAP 51.9
(±1.8)

4 15 35.1
(±4.6)

60.3
(±10.7)

11.2
(±2.2)

27.1
(±3.5)

46.7
(±8.2)

8.6
(±1.7)

11 CAB LA/2-MAP 25.8
(±0.9)

4 15 17.5
(±5.5)

43.1
(±7.9)

9.6
(±3.2)

13.6
(±4.2)

33.4
(±6.2)

7.4
(±2.5)

a)The dose/body weight used for normalization was 10 mg/kg for cohorts 8 and 9; it was 40 and 20 mg/kg for cohorts 10 and 11, respectively, as described in the PK para-
meters calculation (Section S10, Supporting Information).
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was accumulating in the skin, leading to drug concentrations 
fluctuating around Cmax-ss and then declining gradually to reach 
C42 (≈11.2 µg mL−1) at day 42. The drug concentration accumu-
lation rate and depreciation rates were of the magnitude of ≈1.7 
and ≈5.4, respectively, which are more closely related to those 
observed post-IM injection, rather than post-ID injection. This 
was again consistent with a relatively faster absorption rate 
(than from ID depots), due to the relatively large surface area 
provided by hundreds of micro-depots deposited in the skin 
by MAPs.

It is worth mentioning that the produced normalized Cmax-1, 
Cmax-ss, and C42 were 56.1%, 45.3%, and 29.4%, respectively, 
of the corresponding PK parameters observed after IM injec-
tion. However, if we take into consideration the dilution factor 
(four times dilution resulted in increased Cmax, (Section S12, 
Supporting Information) effect on those parameters produced 
by IM injection, Cmax-1 and Css produced by applying 4×CAB 
LA-MAP would be expected to be higher or equal to those pro-
duced if undiluted equivalent CAB LA doss were administered 
by IM injection.

In cohort 11 (rats that received 2× CAB LA-MAP containing 
5.86  mg CAB LA, half of the dose received by rats in cohort 
10), the plasma CAB concentrations were almost halved. For 
example, norm-Cmax−1 after the first dose was ≈13.6  µg mL−1, 
which is ≈50.3% of that observed after applying 4× CAB 
LA-MAP (≈27.1  µg mL−1) (Table  2), indicating that the MAPs 
were robust and can repeatedly deliver a consistent dose, which 
is proportional to the number of MAPs applied. The Cmax-ss 
(≈33.4  µg mL−1) was ≈72% of that observed after applying 4× 
CAB LA-MAP (≈33.4  µg mL−1), which is consistent with the 
reduced clearance due to the reduced dose. Also, drug plasma 
levels gradually decreased to reach C42 (≈7.4 µg mL−1) at day 42, 
which equates to ≈86.1% that observed after applying 4× CAB 
LA-MAP. This is still 11.1-fold above 4× PA-IC90. The drug con-
centration accumulation rate and depreciation rates were of 
the magnitude of ≈2.5 and ≈4.5, respectively. These are within 
the same range as the previous cohort, where 4× MAPs were 
applied, indicating that administering two different doses 
that varied by a factor of 2 did not significantly affect CAB PK 
in rats.

This study confirms that MAP administration of long-acting 
CAB is robust and was able to deliver a consistent dose upon 
application and achieve pseudo-steady-state concentrations 
after the 3rd dose, similar to that achieved with IM injection. 
CAB concentration patterns at steady-state were similar to 
those observed in humans following 800  mg loading dose by 
IM injection with a maintenance dose of 200  mg monthly by 
either IM or subcutaneous injection.[13,70]

2.6.3. CAB-MAP Safety and Tolerability

Safety and tolerability are of paramount importance for any 
drug delivery system. We were testing our MAPs for the first 
time in vivo, and we were concerned about any potential side 
effects that may be induced. Therefore, MAP application 
sites were inspected for any signs of toxicity. Rat weights and 
behavior in all treatment groups, including controls, were 
monitored over the study periods and compared with a negative 

control cohort (where rats did not receive any drug). All treat-
ments were well tolerated with no deaths or serious adverse 
effects observed. Importantly, rats that received the drug by 
MAPs did not show any sign of apparent irritation, infection, 
or any other skin complications post-application, apart from the 
expected mild erythema, which always subsided within a few 
hours after MAP removal. Additionally, no significant differ-
ences in weight gain were observed between the control and 
treatment groups (Section S4, Supporting Information), indi-
cating that MAPs were safe and well-tolerated.

2.7. MAP Size Estimation for Human Use and Special 
Considerations for Application

Our studies have demonstrated that our MAP was able to 
deliver substantial amount of CAB LA and its less expensive 
micronized form, CAB Na, ID and maintaining its long-acting 
PK profile over 28 days in rats such that drug plasma levels were 
greater than 4× PA-IC90. This was so, even though the CAB LA 
apparent half-life in rats was ≈4.4-fold shorter than that reported 
in humans (9.0 days in rats vs 40 days in human).[13] The once-
weekly repeated doses in rats (that mimics once-monthly in 
humans) showed our MAP was robust and led to drug accu-
mulation in the plasma. Plasma drug concentrations reached 
pseudo-steady-state at 1-day post the 3rd dose and remained 
around that concentration for 2 weeks, before declining gradu-
ally to reach Ctrough that was >10-fold higher than 4× PA-IC90 at 
day 42. The PK pattern observed in our study resembles that 
produced upon applying an 800  mg loading dose flowed by 
repeated 200 mg maintenance doses once-monthly in humans, 
which achieved a consistent steady-state concentration above 4× 
PA-IC90.

[71]

Although rats are a good model for screening long-acting 
formulations,[63] the inherent differences between rats and 
humans, make it rather difficult, at this stage, to accurately cal-
culate the MAP size needed to achieve similar efficacy of pre-
vention from HIV-1 transmission. However, we can still use in 
vivo relative bioavailability and the estimated amount of drug 
delivered per unit area of MAP to make an approximate estima-
tion of MAP size that would be required to deliver the necessary 
dose in humans in two dosing scenarios (monthly or weekly).

Since we are the first to develop such systems, no previous 
studies have specifically dealt with the pharmacokinetics of 
CAB LA-MAPs in humans. However, a whole-body physiologi-
cally based pharmacokinetic (PBPK) model has been recently 
developed for the in silico prediction of the optimal CAB 
LA-MAP dosing.[72] The authors have validated the PBPK model 
for CAB LA pharmacokinetic prediction and employed it to esti-
mate the required CAB LA dose that should be delivered ID by 
either MAP or hypodermic injection to achieve drug systemic 
exposure comparable to that produced by once-monthly 400 mg 
IM injection and maintain plasma concentrations at twice the 
4× PA-IC90 (i.e., 1.2 µg mL−1).[72] Interestingly, the authors have 
reported that a loading dose of 360  mg of CAB LA, followed 
by 180  mg monthly or 60  mg weekly administered ID either 
by hypodermic injection or by MAP would produce CAB LA 
plasma levels comparable to those achieved by a 400  mg IM 
dose once monthly. Therefore, using the estimated CAB LA 
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doses from the PBPK model and the percentage of the dose 
that was delivered by MAPs (containing 3  mg/0.5 cm2) from 
our in vivo PK studies on rats, where the amount of drug deliv-
ered was ≈0.585  mg/0.5 cm2 MAP, we cautiously estimated 
the patch sizes that would be required for monthly or weekly 
dosing in adult humans.

Using these data set, it was estimated that MAP size that 
would be required to deliver a loading dose of 360  mg and a 
monthly maintenance dose of 180  mg would be of the mag-
nitude of ≈307 and ≈153.5 cm2, respectively. Such MAP sizes 
are quite large and likely unrealistic for patient application. 
However, the MAP size to deliver 60 mg (≈50 cm2) for weekly 
dosing is very feasible, especially if the therapy is initiated by 
administering a large dose of CAB LA (e.g., 800  mg) by IM 
injection, similar to the currently employed dosing regimen[10] 
and then followed by MAP application as a maintenance dose 
on a weekly basis. Indeed, this MAP size is within the range 
of available conventional transdermal patches, with sizes up to 
140 cm2 found on the market. Common patch sizes include, for 
example, Nicotinell (nicotine) patches measuring 30 cm2 and 
Duragesic CII (fentanyl) patches measuring 32 and 42 cm2. 
Accordingly, the comparable patch size for weekly maintenance 
dosing of CAB estimated here (≈50 cm2) is quite promising.

In considering the potential value proposition of MAP in 
LICs, cost-effectiveness is essential. Therefore, manual appli-
cation (without an additional applicator) would be preferable if 
it can be demonstrated to result in the reliable application by 
target users and also result in a lower-cost product. To this end, 
a patient must be properly instructed how to apply the MAP and 
a feedback indicator documenting successful insertion be incor-
porated to increase client confidence. Our research team and 
others have previously published user feasibility studies, with 
results indicating that MAP can be reproducibly self-applied to 
the skin without the need for complex applicators or specialist 
personnel, including larger, multi-array patches.[73] An assess-
ment of a MAP prototype among target audiences at risk of 
HIV in Uganda and South Africa found that MAP technology is 
acceptable and that self-administration is highly valued.[74] A dis-
creet, painless drug delivery system such as an HIV PrEP MAP 
could be an important option for women and men in LICs who 
may have difficulty accepting or accessing other PrEP options 
that are currently available or in development, including pills, 
injections, and vaginal rings. Once trained, clients could apply 
an HIV PrEP MAP by themselves outside a clinic setting. MAP-
based drug delivery has the potential not only to improve access, 
acceptability, and adherence for HIV PrEP but also could be 
used to deliver other drug molecules.

Our in vivo studies showed that CAB-MAPs were safe and 
well-tolerated in rats and did not cause irritation or infection, 
but only mild erythema, which subsided within a few hours 
post MAP removal. However, to facilitate MAP translation to 
human application, patient acceptability and safety of MAPs 
should be investigated further.

2.8. Limitation and Future Outlook

Although our novel MAPs have demonstrated promising prop-
erties and capabilities, they have some limitations—the first 

of these lies in delivery efficiency. MAPs were able to deliver 
substantial amounts of the loaded dose. Nevertheless, the 
delivery efficiency was suboptimal (≈13–17% ex vivo and ≈20% 
in vivo). The second limitation was in the in vivo experimental 
conditions. Even though 60  min was sufficient for the MAP 
tips to completely dissolve in the skin (ex vivo), MAPs had to 
be applied for 24 h, as their removal required using anesthesia, 
which is only permitted once per 24 h (as per our Institutional 
Animal License). This precluded us from evaluating the actual 
wear time in vivo to benefit from fabricating bilayer MAPs with 
fast-dissolving tips and slowly dissolving baseplates. Future 
studies must be carried out to further optimize CAB delivery 
efficiency by improving MAP design to increase needle inser-
tion capability and concentrating the drug in the MAP tip ends 
to avoid wastage of the drug. The MAP design can potentially be 
improved by employing various strategies, such as increasing 
the aspect ratio, increasing the density of the needles per MAP, 
increasing the interspacing, or trying different needle shapes. 
Further studies will also be needed to evaluate the dissolution 
kinetics and drug deposition at various time points in vivo. We 
are currently working to resolve these issues.

3. Conclusion

These prototype MAPs represent a minimally invasive drug 
delivery system, which can potentially be self-administered for 
long-acting delivery of clinically relevant doses of CAB for HIV 
prevention. This work with tip-localized drug loading resulted 
in a considerable increase in loading capacity in a relatively 
small MAP compared with many other MAP types. This could 
mean that microneedle technologies will be increasingly con-
sidered for the delivery of a much wider range of drugs. Further 
studies are now required, first to enhance delivery efficiency 
and then to evaluate pharmacokinetics and safety in humans, 
before these highly promising MAPs can be taken forward for 
more extensive clinical evaluation in HIV prevention.

4. Experimental Section
Materials: CAB LA vials for IM injection with drug content 

(400 mg/2 mL), and micronized powders of CAB Na and CAB FA, were 
kindly supplied by ViiV Healthcare (North Carolina, USA). Poly(vinyl 
alcohol) of molecular weight (MW) 9–10 kDa, 80% hydrolyzed (PVA 
10K) and of MW 31–50  kDa, 87–89% hydrolyzed (PVA 50K) were 
purchased from Sigma-Aldrich (Dorset, UK). Poly(vinyl pyrrolidone) 
K29-32 of MW 58 kDa (PVP) was a gift from Ashland (Kidderminster, 
UK). Pullulan (viscosity: 133 mm2 s−1, 10%w/w, Ubbelohde type 
viscometer, average MW 200 kDa) was kindly provided by Hayashibara 
Co. Ltd. (Tokyo, Japan). Hyaluronic acid (HA) (Hyabest (S) LF-P, sodium 
hyaluronate 99.9% purity, MW 250–400 kDa range) was obtained from 
Kewpie Corporation Fine Chemical Division (Tokyo, Japan). Liquid 
silicone rubber (DDR-4320) was purchased from Nusil Technology 
(Buckinghamshire, UK). Ultrapure water was obtained from a water 
purification system (Elga PURELAB DV 25, Veolia Water Systems, 
Dublin, Ireland). All other chemicals and materials were of analytical 
reagent grade supplied by Sigma-Aldrich (Dorset, UK).

Development and Fabrication of MAP Design: Briefly, CAD was used to 
create the novel MAP design (Figure  2A), which was used to produce 
a master template (Figure  2B,C) by 2-photon polymerization of IP-S 
resins (acrylate-based polymers) using a photonic professional GT 3D 
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printer system (Nanoscribe GmbH, Germany).[31,75] Subsequently, the 
master template was attached to a PLA-based holder (Figure  2C) and 
then used to prepare MAP female molds using the transparent LSR9-
9508-30 silicone elastomer mix (Figure 2D). The silicone-filled template 
was then centrifuged at 3500 rpm for 15 min to remove any residual air 
bubbles and cured for 3–6 h at 60 °C. The master template was allowed 
to cool down before the removal of the PDMS mold. The PDMS mold 
(Figure 2E) was then used to manufacture the bilayer CAB-MAPs.

Fabrication of Bilayer CAB-MAPs: Bilayer CAB LA-MAPs were prepared 
using the finalized CAB LA-loaded polymeric blend (Section S1, 
Supporting Information) to form the first MAP layer and the optimized 
polymeric blend (Section S2, Supporting Information) for the second 
MAP layer by a two-step casting approach using the same positive 
pressure chamber as depicted in Figure  2F. Briefly, 100  mg of the 
finalized CAB LA-loaded hydrogel was dispensed onto the PDMS mold 
of the developed MAP and then placed in the positive pressure chamber 
at 5 bars for 3 min. After that, the PDMS molds were removed from the 
chamber. The excess of the drug-loaded hydrogel was carefully scraped 
using a stainless-steel spatula, and the molds were immediately placed 
again in the chamber with 5 bars of pressure for 15 min. Subsequently, 
the PDMS molds were removed from the chamber, and the first MAP 
layer was dried overnight at room temperature. The second MAP 
layer was then prepared by pouring the optimized drug-free polymeric 
blend on top of the first layer under vacuum and placing the molds in 
a positive pressure chamber at 5 bars for 15  min. Finally, the bilayer 
CAB LA-MAP was dried at room temperature for 24 h, and then at 37 °C 
for 24 h before being gently removed from the molds and stored in a 
desiccator until further testing or use.

Bilayer micronized CAB-MAPs were prepared using either the 
finalized CAB Na-loaded hydrogel or finalized CAB FA-loaded hydrogel 
to form the first MAP layer (Section S4, Supporting Information) and 
the optimized drug-free hydrogel for the second MAP layer by a two-
step casting approach following the same fabrication procedures as 
described above.

Determination of CAB-MAP Drug Content: MAP drug content was 
determined by two methods: directly by dissolving the MAP and then 
analyzing its drug content; or indirectly by calculating the theoretical 
drug loading per MAP tips based on its dimensions, the needle-free 
patch density, and drug content.

To determine CAB content in the three different forms of bilayer 
CAB-MAP in addition to a CAB LA-loaded needle-free patch, a direct 
method was employed. In triplicate, a sample of the designated MAP/
patch was first dissolved in 5  mL of DI water. Following its complete 
dissolution, 100  µL of the resultant suspension was transferred to 
1.5 mL tubes and mixed vigorously with 0.9 mL acetonitrile. This process 
allowed the drug to be completely dissolved and led to precipitation of 
water-soluble polymers. The resultant suspension was subsequently 
centrifuged at 14 800 rpm for 15 min, and 100 µL of the clear supernatant 
solution was collected and analyzed after making an appropriate dilution 
with acetonitrile by the validated HPLC method.

Assessment of CAB-MAP Mechanical and Insertion Properties: A 
TA.XT2 texture analyzer (Stable Micro Systems, Haslemere, UK) in 
compression mode was used to determine mechanical and insertion 
properties of the fabricated MAPs, namely monolayer CAB LA-MAP, 
drug free-MAP, and the finalized bilayer CAB LA-MAP, CAB Na-MAP, 
and CAB FA-MAP, as previously described.[51,76,77] Briefly, the MAP was 
attached to a cylindrical probe (cross-sectional area 1.5 cm2), the texture 
analyzer arm moved vertically downward at a speed of 0.5 mm s−1, and 
the MAP was compressed against a flat aluminum block (Figure  4B). 
A force of 32 N was applied for 30 s before the probe moved upward 
again. The length of individual needles in each MAP was measured 
before and after compression using a Leica EZ4W stereo microscope 
(Leica Microsystems, Milton Keynes, UK). The percentage reduction of 
microneedle heights was calculated and reported.

To evaluate MAP insertion properties, which are solely dependent on 
the mechanical property and geometry of the MAP, the finalized bilayer 
CAB LA-MAP was selected as an exemplar, and its insertion properties 
into a skin-simulant membrane (Parafilm M) were first assessed 

employing the same experimental setup (speed 0.5 mm s−1, force 32 N) as 
in the mechanical properties assessment. However, the tested MAP was 
moved downward to be compressed against a stack of 8 layers of Parafilm 
M (Bemis Inc., Soignies, Belgium) as previously described.[78] Then, 
the insertion depth of the MAP needles was determined indirectly by 
measuring the distance between MAP baseplate and the first layer of the 
Parafilm M using OCT (EX1301 OCT Microscope Michelson Diagnostics 
Ltd., Kent, UK) and the imaging software ImageJ (National Institutes of 
Health, Bethesda, MD, USA). The indirect measurement of MAP needle 
insertion depth was done due to opaqueness of the drug-loaded tips, 
which prevent their accurate visualization by the OCT microscope.

To increase our confidence in the ability of the finalized CAB LA-MAP 
to be inserted into the skin, their insertion into two skin models was 
also evaluated. These included an excised full-thickness neonatal 
porcine skin, which is a good model for human skin,[51,55,58,79] and full-
thickness rat skin. The same experimental setup for MAP insertion 
into the Parafilm M was again used. To achieve this, skin samples were 
obtained from stillborn piglets or Sprague Dawley rats. After birth, they 
were stored immediately at −20 °C and thawed for two days before being 
skinned. Full-thickness skin was cut into pieces and stored at −20  °C 
until further use. To do the insertion test, skin samples were immersed 
in PBS 10 mm (pH 7.4) for 30 min for thawing and hydration and then 
shaved before use. After that, the skin samples were cleaned and then 
left in PBS solution for another 30  min at 32 ±  1  °C for equilibration, 
before being blotted dry using a tissue paper and used for testing. The 
MAP needle insertion into the skin was monitored again using the OCT 
microscope as previously described.

SEM Studies: SEM was used to examine the drug particulate 
morphology and distribution within the first CAB-MAP layer matrix. To 
achieve this, samples from the three different forms of bilayer CAB-MAP 
(namely, CAB LA-MAP, CAB Na-MAP, and CAB FA-MAP) were affixed 
onto a sticky carbon tape, sputter-coated at 2.5 kV, 18 mA with gold for 
45 s (POLARON E5150, Gold Sputter Coater, Quorum Technologies, East 
Sussex, UK) and viewed under SEM using a Quanta FEG 250 benchtop 
SEM (FEI, Hillsboro, OR, USA) at an acceleration voltage of 10–20  kV 
under high chamber pressure (8 × 10−5 mbar).

XRD Measurements: The X-ray measurements were carried out 
using a benchtop XRD (Miniflex, Rigaku, Neu-Isenburg, Germany) 
equipped with Ni-filtered, Cu Kβ radiation, at a voltage of 30 kV and a 
current of 15 mA. The drug-loaded tips of CAB LA-MAP, CAB Na-MAP, 
and CAB FA-MAP were cut using a scalpel and then pulverized using 
stainless-steel beads and a high-speed sample homogenizer for 60 s. 
Then pulverized CAB-MAP and their pure related drugs were packed 
individually into the rotating sample holder and analyzed. The obtained 
data were typically collected by scanning at a range of 3°–60° in a 
continuous mode with a scanning rate of 2° min−1.

DSC Studies: Drug-polymer interaction in the CAB-MAP was 
evaluated using a DSC (NETZSCH DSC 200 F3 Maia (NETZSCH, 
Geratebäu GmbH, Selb/Germany). Again, the drug-loaded tips of CAB 
LA-MAP, CAB Na-MAP, and CAB FA-MAP were cut using a scalpel and 
then pulverized using stainless-steel beads and a high-speed sample 
homogenizer (TissueLyser LT, Qiagen Corp, Manchester, UK) for 60 s. 
Then pulverized CAB-MAP and their pure related drugs were assayed 
thermally. The sample were assessed thermally in a range from 10 to 
200 °C at 10 °C min−1 and the gas flow rate was 50 mL min−1.

Measurement of CAB LA Particle Size: To further evaluate the effects 
of MAP polymers and fabrication process on CAB LA particle size and 
PDI, CAB LA-MAP were dissolved in 10 mL of DI water. After appropriate 
dilution, the characteristics of CAB LA, namely particle size and PDI 
were determined using a NanoBrook Omni particle sizer as described in 
the previous section. The results obtained were compared to the initial 
characteristics of the CAB LA.

Evaluation of MAP Dissolution Kinetics in the Skin (Ex Vivo) and Drug 
Deposition: These studies were performed using full-thickness neonatal 
porcine as described previously.[37] Briefly, the skin samples were 
prepared as described in the previous section and then the skin samples 
were placed on paper tissue sheets soaked with 10  mm PBS (pH 7.4) 
solution to maintain skin hydration and placed in a weighing boat. To 
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mimic the human skin temperature, the skin samples were placed in a 
preheated incubator for 30 min at 32 ± 1 °C. As illustrated in Figure 4H, 
the selected MAPs were subsequently inserted into the skin manually 
using thumb pressure for 30 s. After that, a 13 g cylindrical stainless-
steel block was placed on top of each MAP to keep it in place, and then 
the skin samples were incubated again in the incubator at 32 ± 1 °C. To 
prevent skin drying, another weighing boat was placed on the top and 
10  mm PBS (pH 7.4) solution was added to maintain skin hydration. 
The inserted MAPs were then removed from the skin at predetermined 
time intervals. For MAPs that were used to develop and optimize the 
first and the second MAP layer, namely monolayer CAB LA-MAP and 
drug free-MAP, these were applied only for 30  min. However, for the 
finalized bilayer CAB-MAPs, namely CAB LA-MAP, CAB Na-MAP, and 
CAB FA-MAP, these were applied for 5, 15, 25, and 60  min and 24 h. 
MAP shaft height was measured before and after insertion using the 
light microscope, and the percentage MAP needles height reduction was 
determined and reported (Figure 4I).

To evaluate drug deposition in the skin (ex vivo) from the finalized 
bilayer CAB-MAPs, following applications, MAPs remaining on the skin 
surface were carefully removed and then the skin surface was thoroughly 
cleaned by applying 3 × 1 mL of PBS (pH 7.4) solution and gently wiped 
with a wet paper tissue. The skin at the MAP application site was then 
visualized using a Leica EZ4W stereo microscope and then harvested 
using a biopsy punch (5.0  mm diameter) (Stiefel, Middlesex, UK) and 
stored in Eppendorf tubes at −20 °C until further processing and analysis 
using a validated HPLC-UV method described in the pharmaceutical 
analysis section.

In Vivo Studies: The in vivo studies were conducted according to 
the policy of the Federation of European Laboratory Animal Science 
Associations and the European Convention for the protection of 
vertebrate animals used for experimental and other scientific purposes, 
with the implementation of the principles of the 3Rs (replacement, 
reduction, and refinement). These studies were performed under 
project license no. 2794 and personal licenses nos. 1747 and 1892 at the 
Biological Services Unit, Queens University Belfast (UK) after obtaining 
the required ethical permission from the Queen’s University Animal 
Welfare and Ethics Review Board.

These studies aimed to evaluate in vivo safety and performance of 
the finalized bilayer CAB-MAPs (namely CAB LA-MAP, CAB Na-MAP, 
and CAB FA-MAP) post applying a single dose and multiple doses in 
comparison with three controls using Sprague Dawley rats as a good 
preclinical model for screening and evaluating the pharmacokinetics of 
long-acting drugs.[63] The experimental design and procedures details 
are provided in (Section S8, Supporting Information).

Pharmaceutical Analysis: Samples collected from the in vitro, ex vivo, 
and in vivo studies where drug content measuring was required were first 
processed as per matrix and then analyzed employing an appropriate 
analytical method as detailed in (Section S10, Supporting Information).

Statistical Analysis: All results were expressed as means ± standard 
deviation (SD), n ≥ 3. These were calculated using Microsoft Excel 2013 
(Microsoft Corporation, Redmond, USA). Statistical analysis was carried 
out using GraphPad Prism version 6 (GraphPad Software, San Diego, 
California, USA) followed by Tukey’s multiple comparisons post-hoc 
test and t-test for two-group comparisons. A value of p  < 0.05  was 
considered statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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