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GRAPHICAL ABSTRACT

« The use of MAPs for drug delivery has
gzained considerable attention over
the last decade.

« MAPs can deliver drugs systemically
for weeks, which is desirable in HIV
PrEP.

« The manufacture of MAPs is
associated with several challenges,
including bubble formation.

« The ring inserts developed here
allowed the formation of highly
uniform MAPs.

« Long-acting delivery of CAB in rats
was maintained for 14 days.
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ABSTRACT

The role of microneedle array patches (MAPs) and, in particular, dissolving
delivery has increased exponentially over the last decade. MAPs are able to for
skin from where poorly soluble drugs dissolve in a long-acting fashion, showi
ment of multiple diseases. The manufacture of these systems can present son
presence of bubbles in the baseplates and consequent lack of uniformity in

drug content. Here, we present a simple method based on ring inserts to proc
the antiretroviral drug cabotegravir sodium (CAB). The obtained MAPs pres
terms of microneedle formation, and a suitable insertion capability, as per th
tion performed. An optimisation based on design of experiments revealed tha
had a significant impact on the skin deposition of the MAPs in excised neonal
cells, with values ranging from 62.24 + 47.13 pg to 174.13 + 41.10 pg of CA

rce; L-CNT-MAPs, Micn
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carried out in rats evidenced the capacity of the MAPs to maintain therapeutic plasma levels of CAB for

14 days, with Ty value
© 2022 The Author(s).

ched between 5 and 8 days.
lished by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by [4.0/).

1. Introduction

The use of microneedl] ray patches (MAPs) for patient moni-
toring purposes and the delivery of a wide variety of drugs has
grown exponentially over the last decade [1]. In particular, dissolv-
ing MAPs have been proven to be one of the most versatile plat-
forms for drug delivery through the skin [2,3]. Essentially, these
systems consist of a baseplate from which regularly spaced micro-
needles (MNs) made of water-soluble polymers and drug protrude.
Once inserted in the skin, the polymeric matrix dissolves in the
extracellular fluids of the viable epidermis, enabling drug dissolu-
tion and absorption by the rich dermal microcirculation for subse-
quent systemic distribution [4]. MAPs can be self-applied by users
and, because the height of the MNs is lower than 1 mm, they do not
reach the blood vessels and nociceptors in deeper layers of the
skin, thus avoiding pain and bleeding [5]|. Another remarkable
advantage for MAPs is that after use, the drug- and needle-free
baseplate can be easily peeled off and discarded, avoiding potential
needle-stick injuries [G]. All these characteristics make MAPs an
appealing platform for the administration of multiple actives to
the body, with a wide range of therapeutic applications.

MAPs are often produced using multi-step microfabrication
processes in which a blend of the drug and the matrix former poly-
mers are dispersed in a solvent, usually water, and cast into pre-
formed moulds [7,8]. In order to increase drug delivery efficiency,
the production of tip-loaded MAPs is desirable, since the drug can
be deposited in the skin with minimum drug waste after patch
removal, which is particularly relevant for expensive or environ-
mentally contaminant actives. On the other hand, formulations
containing the drug in the whole patch (baseplate and MN tips)
limit drug delivery efficiency and are useful mostly for cheap,
small, water-soluble compounds [9,10]. Moreover, drugs that read-
ily permeate the skin, such as hormones, could be accidentally
delivered to other people than the user by simple physical contact.
Therefore, the localisation of the drug in the microneedle tips is a
highly desirable target, as revealed by recent publications explor-
ing this approach [11-14]. The production of multi-layered MAPs,
however, presents several challenges in terms of manufacture,
including inadequate MN tip formation due to a limited interaction
between the polymer layers, which is exacerbated when
hydrophobic drugs are being loaded and the formation of air bub-
bles during drying [ 13,15]. This can ultimately be reflected in lack
of uniformity, lack of batch-to-batch reproducibility and variable
drug content. Finally, the manufacture of MAPs requires up to
three days to allow the system to dry, and the polymer excess on
the edges of the patches must be removed manually [14,16,17].
Therefore, the development of new methodologies to manufacture
MAPs is highly attractive.

One of the crucial features of MAPs is their ability to release
drugs in a long-acting fashion [18], which is particularly relevant
for long-term treatments. An example of this is the HIV prevention
(also known as pre-exposure prophylaxis, PrEP), where MAPs have
shown promising results [6,14,19-22]. The human immunodefi-
ciency virus (HIV) still represents an important global health chal-
lenge. By the end of 2020, 27.5 million people were accessing
antiretroviral (ARV) therapy, meaning that there are 10.2 million
people still waiting [23,24]. Importantly, most ARV drugs are cur-
rently administered on a daily basis through the oral route in the

form of tablets. ARV drugs are also used for HIV PrEP, orally and
in the form of local formulations for vaginal and rectal delivery
|25-27], subdermal implants [28], and intramuscularly injected
long-acting nanosuspensions [29]. However, these lifelong treat-
ments are often associated with sub-optimal adherence and ineffi-
cient PrEP protection [30,31]. Therefore, the development of ARV-
loaded MAPs is an attractive prospect, since they could overcome
many of the disadvantages of currently available treatments, for
instance pill fatigue in oral treatments and the use of conventional
needles and the need for healthcare infrastructure for injectable
formulations.

In this work, we describe for the first time an optimised
methodology to prepare tip loaded MAPs loaded with the
antiretroviral drug cabotegravir sodium (CAB). A silicone ring
insert was prepared using 3D-printed moulds to ensure the local-
isation of the drug in the MN tips and the efficient formation of a
drug-free and uniform baseplate. This approach can be easily
transferred to other laboratories for formulation development.
Moreover, two manufacture methods, including the use of positive
pressures and centrifugation, were explored. Design of experi-
ments (DoE) was used to optimise the MAP formulations, which
were evaluated in terms of mechanical properties and ex vivo skin
deposition in Franz cells using excised full-thickness neonatal por-
cine skin. Finally, the MAPs were subjected to a pharmacokinetic
study in rats to assess their capability of delivering CAB in a
long-acting fashion.

2. Materials

Cabotegravir sodium (CAB) of analytical grade was kindly pro-
vided by ViiV Healthcare (North Caﬂna, USA). Poly(vinylpyrroli-
done) (PVP k29-32; and PVP k90) was purchased from Ashland
(Kidderminster, UK). Poly(vinyl alcohol) (PVA) (9-10 kDa) was
obtained from Sigma-Aldrich (Dorset, UK) and. Poly(lactic acid},
PLA filament, for the 3D printing of the ring inserts master tem-
plate was obtain rom Ultimaker (Geldermalsen, The Nether-
lands). Xiameter” RTV-4250-S silicone base and curing agent for
the f@brication of the ring inserts were sourced from Motcutt (Sur-
rey, W¥K). Phosphate buffered saline (PBS) tablets were from Oxoid
Ltd, Thermo Fischer Scient Massachusetts, USA. Ultrapure
water was obtained from an Elga PURELAB DV 25 system (Veolia
Water Systems, D , Ireland) and used in all the experiments.
All other reagents used in this work were of analytical grade.

3. Methodology
3.1. Microneedle manufacture

3.1.1. Preparation of the drug containing layer

Tip-loaded MAPs were manufactured by micromoulding using
silicone moulds with a 16 x 16 needle density (in 0.5 cm?, inter-
spacing 300 pm), with pyramidal needles of 850 pm in height
(250 pm base column, 600 pm pyramidal tip), and 300 pm width
at the base. For the drug-containing layer, a blend consisting of
0.84 g of CAB, 1.2 g of a solution made of PVP K90 and PVA (9-

kDa), both at 40% wjw, (mass ratio 1:1), and 1,000 pL of water.

DAC 150 FVZSpeedMixer™ (Synergy Devices Limited, High
Wycombe, England) was used to homogenise the formulation
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(3,000 rpm for 10 min). The resultant blend was poured on top of
the silicone moulds and the system was subjected to positive pres-
sure (5 bar for 2.5 min) in a ?ssure chamber (Airpro AT-10H, Tai-
pei, Taiwan). Subsequently, the excess of the blend on the top of
the moulds was gently removed with a spatula, and a silicone ring
insert@@lescribed in Section 3.1.3) was attached to the moulds
using PVA (9-10 kDa) 40% wiw as a glue.

3.1.2. Addition of the drug-free baseplate

The baseplate was added using two methodologies involving
centrifugation or positive pressure. To this purpose, the baseplate
composed of 850 pL 30% w/w PVP k90 aqueous blend was added
on top of the pre-formed drug-containing layer. This was followed
by either 15 min of centrifugation at 4,332 g at 20 °C using an
Eppendorf 5804 R centrifuge (Eppendorf, Hamburg, Germany) (for-
mulation code for MAPs prepared by centrifugation: CNT), or
2.5 min at 5 bar in a positive preﬁ chamber (formulation code
PC). After 1.5 days on the bench at room temperature, excess of
polymer in the baseplates was trimmed, and the MAPs were left
in an oven at 37 °C for further 24 h. MAPs were then stored in a
desiccator before characterization.

3.1.3. Ring insert fabrication

Master templates for the ring insert were fabricated using
Tinkercad software ( Autodesk, Helsinki, Finland) and printed from
PLA with an Ultimaker™ 3 3D printer (Ultimaker, Geldermalsen,
The Netherlands) equipped with Cura® software. For this purpose,
2.85 mm PLA grey filament was used (Ultimaker, Geldermalsen,
The Netherlands). The 3D-printing parameters used for the produc-
tion of the PLA ring temtes are presented in Table 1. Xiameter®™
silicone base was mixed with its curing agent (10:1 w/w), cast into
the 3D-printed templates and cured ovemiggat room tempera-
ture to obtain ring inserts with an internal diameter of 18 mm,
external diameter of 23 mm, and thickness of 3 mm. Fig. 1 sum-
marises the manufacture method to manufacture the tip-loaded
MAPs.

3.2. Microscopical examination

MAPs obtained by the ET and PC methods were observed
under a stereo microscope (Leica EZ4W, Leica Microsystems, Mil-
ton Keynes, UK) and the number of MN tips formed was assessed.
The experiment was performed in sextuplicate (n = 6), and the
results expressed in percentage + standard deviation.

3.3. MAPs physical testing and insertion capacity

A Texture Analyser [TA.XTZ,gahle Micro Systems, Ltd., Hasle-
mere, UK} in compression mode s used to evaluate the MN
height reduction. To this purpose, a force of 32 N was applied for
30 s vertically at a downward speed of 1.19 mm/s, representing
the human force used for MAPs application, as shown in previous
reports |32, MAPs were compressed against a flat aluminium
surface and the height of the MNs was measured before and after
the test using a stereo microscope (Leica EZ4W, Leica Microsys-
tems, Milton Keynes, UK). The experiment was carried out by quin-
tuplicate (n = 5), and results expressed as percentage height
reduction. Insertion studies were carried out using Parafilm M™

@e 1
-printing parameters used for the production of the PLA templates.

Print Build Plate Print Speed Layer Height
Temperature (°C) Temperature (°C) (mm/s) (mm)
200 85 70 0.1
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as a skin-simulant model, which was cut to form eight layers. This
method has shown close correlation with results obtained from
skin studies [32]. Using the f@me Texture Analyser set up, insertion
was quantified by counting the number of perforations in each Par-
afilm M" layer when separated and examineP.mder a stereo
microscope equipped with two polarizer filters (Leica EZ4W, Leica
Microsystems, Milton Keynes, UK).

3.4. Determination of MAP and MN tips drug content

Drug content was analysed by dispersing each MAP in 5 mL of
water using magnetic stirring until full dissolution of the patch.
From this solution, 100 pL were collected into 1.5 mL Eppendorf
tubes. Then, 900 pL of acetonitrile (ACN) were added to
the precipitation of polymer and drug dilution. The tubes were
centrifuged at 14462 g for lanin (Sigma microtube centrifuge
SciQuip Ltd, Shropshire, UK), and the supernatant was collected
for analysis using high-performance liquid chromatography
(HPLC). The same protocol was applied to analyse the drug content
in the MN tips, which were caref harvested in glass vials using
a scalpel. Each experiment was carried out in triplicate and the
results were expressed as means + SD.

23
3.5. Evaluation of skin insertion using optical coherence tomography

AP insertion in neonatal porcine skin was evaluated using
optical coherence tomography (OCT) (EX1301, Michelson Diagnos-
tics Ltd., Kent, UK). To this purpose, both CNT- and PC-MAPs were
applied with manual force and OCT images were taken
immediately.

3.6. Skin deposition experiments
20

The skin deposition of CAB MAP evaluated using excised
full-thickness neonatal porcine skin. The skin was obtained from
stillborn piglets and excised within 24 h of , then packed in
an acrylic petri dish and stored in a freezer at —20 °C until use.
Before the experiment, the skin was car@( shaved using dispos-
able razors and washed with PBS. The skin was attached to the
donor compartment of then‘anz cells using cyanoacrylate glue.
The CAB MAP applied with manual force for 30 s. The I com-
partments were mounted on the Franz cells, and a 20 g stainless-
steel nder was placed on top of the MAPs to ensure their fixa-
tion. (pH 7.4) was used as the release media, and the temper-
ature of the system was kept at 37 + 1 °C with the aid of a water
circulator (Julabo Corio C, Cole Palmer, Vernon Hills, Illinois,
USA). The experiment was performed for 24 h with n = 4 for each
group. At the endpoint of the study, the skin samples were
observed under a stereo microscope and processed as indicated
below.

3.6.1. Extracti drug from skin samples

To extract the drug deposited in the skin, the excess of CAB and
polymer on top of the skin was removed by PBS ked tissues
with mild pressure. Then, the skin samples were cut into small
pieces using scissors, placed into a 2 mL Eppendorf tube with
500 pL of water andﬂ)mogenized for 15 min with 2 metal beads
(0.5 cm in diameter) using a TissueLyser” LT (QIAGEN, Manchester,
UK) to enable the extraction of the drug. Further homogenisation
in the TissueLyser” (15 min) was applied after the addition of
another millilitnofACN. Afterwards, the samples were transferred
to a glass vial with 3.5 mL of ACN:H,0 (1:1, v/v), and left in an
ultrasonic bath for 2 h. Then, the samples were homogenized using
avortex and 100 pL of th@fesultant dispersion were mixed with pL
of ACN, vortexed again and centrifuged at 14,462 g for 10 min
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Fig. 1. Summarized methodology used to prepare tip-loaded MAPs using silicone ring inserts. A- Manufacture of silicone rings. Design of master templates using CAD
Software (i), 3D printing of master templates using an Ultimaker™ 3D printer (ii), picture of a master template for the ring insert printed with PLA (iii), picture of a ring insert
after silicone curation (iv). B- Manufacture protocol of bi-lavered MAPs using ring inserts. After the ring is fixed and the baseplate solution was added, centrifugation or

positive pressure were applied to obtain the final formulations.

(Sigma microtube centrifuge SciQuip Ltd, Shropshire, UK). The CAB
content in the supernatant was analysed by HPLC.

3.7. DoE optimization of MAPs manufacture by centrifugation

Aiming to optimize the formulation and evaluate the effect of
critical parameters of the centrifugation process on the final for-
mulation, a 2 full factorial design was carried out using Design-
Expert” Software (StatEase®, Minneapolis, US). The variables
assayed were centrifugation force 1,733; 3,032 and 4,332 g (corre-
sponding to 2,000; 3,500 and 5,000 rpm in the instrument settings,
respectively), and centrifugation time (5, 17.5 and 30 min). To
determine the maximum and minimum levels for each parameter,
a preliminary set of runs was carried out (data not shown). The
minimum centrifugation speed and times were fixed at
2,000 rpm and 5 min, respectively, because below these levels,
the adhesion between the baseplate and the first layer were not
sufficient to form viable MAPs. For the maximum values, centrifu-
gation times beyond 30 min led to the dissolution of the first layer
and its redispersion in the liquid baseplate, leading to incorrect
MAP formation. The maximum centrifugation speed was set at
5,000 rpm per the maximum level allowed by the instrument spec-
ifications. The response variables chosen were MN formation, MN
height reduction and skin deposition, determined in all cases using
the correspondent methodologies described above. The variables
were assayed in three levels in order to obtain quadratic response
surfaces and estimate the characteristics of MAPs based on these
independent formulation variables. For each variable, the range
of study was chosen according to the results of the initial experi-
ments. Table 2 shows a total of 9 runs was required to complete
the study. For avoidance of any biases, the experiments were per-
formed in a randomised order.

Table 2
List of runs for the optimisation of MAP manufacture by centrifugation using design of
experiments.

Run Factor 1: Factor 2: centrifugation
Time (min) force (RPM(g force)
1 30 3500(3,032
2 30 2,000{1,733
3 5 3500(3,032
4 5 2,000{1,733
5 5 5000/4332
[ 17.5 3500(3,032
7 17.5 5000/4332
8 30 5000/4332
El 17.5 2,000{1,733

3.8. Pharmacokinetic study

The pharmacokinetic experiments were performed in female
gue Dawley rats of 9-13 weeks of age at the starting point of

e study. The animals had access to water and food ad libitum
throughout the duration of the experiment. The animals were
divided in two groups (n = 6), that were treated with CNT MAPs
prepared at low centrifugation force (5 min, 1,733 g, formulation
code: L-CNT MAPs) and high centrifugation forc min, 4,332
g, formulation code: H-C| APs). Two patches were applied to
the back of each rat and blood samples were taken from the tail
vein at defined time intervals up to 14 days | 14]. The animal stud-
ies were carried out with ethical permission ﬁ'o%ealth Ethical
Committee, Hasanuddin University, Indonesia. Plasma samples
were obtained by centrifugation of the blood at 1000 g and 4 °C
for 10 min and stored at —20 °C for extraction and HPLC quantifi-
cation. In order to extract CAB from plasma samples, 500 pL of
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methanol was added to 10 f plasma and vortexed for 10 min.
The resultant mixture was centrifuged for 15 min at 14,462 g at
4 °C. Following this, the clear supernatan evaporated for 3 h
in a fume hood. The dry extract obtained was reconstituted using
100 pL of the mobile phase and analysed using HPLC.

3.8.1. Calculation of pharmacokinetic parameters

The pharmacokinetic curves of the MAPs were constructed by
plotting CAB plasma concentrations against time and analyzed
usin non-compartmental model. The pharmacokinetic parame-
ters maximum drug concentration (Cpax), mean residence time
(MRT), time of maximum concentration (Ta), area under the
curve (AUC), and mean half-life (t, ;) were calculated using PKSol-
ver software [34].

3.9. Drug quantification

3.9.1. HPLC-UV methodology for in vitro studies 15

Cabotegravir sodium samples were quantified by using a HPLC-
UV method vaed for in vitro studies [35]. To this purpose, an
Agilent 1200" series system (Agilent Technologi K Ltd., Stock-
port, UK) was utilised, Agilent ChemStation® Softwar 02.01
were used. Chromatographic separation was possible using an
Inter@¥ ODS-3 C18 column (150 mm x 4.6 mm, 5 um particle
size) at a temperature of 40 °C. The PAbbile phase was constituted
by ACN:trifluoracetic acid (0.1% v/v, pH 2.35) 70:30% using an
isocratic method with UV detection fixed at 257 nm. run time
was 8 min, flow rate 0.8 mL/min, injection volume 40 pL. Stock
solution for CAB MNa was prepared containing 421.70 pg/mL/CAB
Ma dissolved in ACMN:water (1:1 v/v). Molar equivalence of CAB
molecule was considered to develop the method, considering
CAB 400 pg/mL = CAB Na 421.70 pg/mL = 9.868 = 10™ g/mol
CAB. Calibration curve was used from 5 — 100 pg/mL.

3.9.2. HPLC bioanalytical method

CAB plasma concentrations were determined by HPLC (Shi-
madzu Prominence, Shimadzu, Kyoto, Japan) using an Xselect
CSH C18 column (3 = 150 mm, particle size: 3.5 pm). ixture
of ACN:trifluoracetic acid (0.1% v/v, pH 2.35) 70:30% v/v was used
as the mobile phase. The analysis process was performed using UV

A

120+

100+

204

Microneedles formed (%)
L @ [=:]
o o o
1 | 1

o
1
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detection at 257 nm with flow rate of%umin and injection vol-
ume of 25 pL at room temperature.

3.10. Statistical analysis

o build plots and perform statistical analyses GraphPad Prism”
sottware (version 8.0, GraphPad Software Inc, San Diego, California,
USA) was used. To compare more than two cohorts, one-way
ANOVA was applied, whereas an ur ed t-test was applied when
comparing two cohorts. The results were expressed as means  SD,
and in all cases, a p value < 0.05 denoted significance.

4. Results and discussion
4.1. Microneedle formation

Dissolving MAPs loaded with CAB were obtained using both the
CNT and PC methods. After the first layer was cast, the MN cavities
of the moulds were homogeneously filled, which was visually con-
firmed by the presence of the white coloured first layer blend
forming white dots on the surface of the silicone moulds. The
application of the second layer using CNT or PC led to the forma-
tion of MAPs with notable differences in terms of uniformity and
appearance. As observed in Fig. 2A, the amount of MNs formed
using the centrifugation method was 99.6 + 0.5%, whereas the
pressure chamber method produced formulations with only
60.8 + 12.6% of MNs completely formed, with significant differ-
ences found between the two groups (p < 0.0001, r* = 0.8659). This
agreed with the macroscopical observation of the resultant MAPs,
since those prepared using PC showed obvious lack of MN tips
and bubbles on the baseplates, which ultimately led to poor adhe-
sion between the first and second layer, and incomplete MN forma-
tion as observed in Fig. 2B. The same trend was observed when
blank (drug free) MAPs were prepared, with the PC method leading
to MAPs showing only 69.2 + 8.1% of the MN formed, against
99.2 + 1.1% for the blank CNT group. Although positive pressure
methods have the potential for large scale MAPs production, one
of their main disadvantages is the incorporation of air into the
hydrogels that are commonly used to produce the MAPs. Centrifu-

Fig. 2. Microneedle formation in MAPs obtained by centrifugation (CNT) and pressure chamber (PC). (A) Comparative formation of MN tips in drug-loaded MAPs by CNT and
PC, and controls obtained using free-drug polymeric blends. (B) Photomicrographs of drug-loaded MAPs obtained from MAPs prepared by CNT (i) and MAPs obtained by PC

(ii). **** p < 00001 (r* = 0.8659), data expressed as means + SD (n = 6).
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gation, on the other hand, allowed to obtain highly uniform and
bubble-free MAPs.

Centrifugation generates higher forces on the formulation than
the PC method. Therefore, the resulting MAPs prepared using CNT
methodology shows higher percentage of needle formation. It is
important to note that PC methods have been used in the past
for the manufacturing of MAPs lo with nanosuspensions
[7,19,20,36,37]. Consequently, the Tormulation characteristics,
such as its viscosity and/or hydrophobicity, can affect the mould
filling during the process. Additionally, it is important to note that
the PC method will be easier to scale up than centrifugation for
industrial manufacturing of MAPs. However, the method described
here is intended for formulation development and small batch pro-
duction in a laboratory set-up. For this purpose, the methodology
requires simple equipment that can be found even in humble lab-
oratories. The use of low-cost fused deposition modelling printers
allows the production of different rings and adapters for many dif-
ferent MAP designs.

4.2, Mechanical characterisation

The reduction of the MN tips height was determined before and
after compression against a flat solid surface. The results can be
observed in Fig. 3A. The height reduction observed was signifi-
cantly lower for the CNT MAPs than the PC MAPs, both for the drug
loaded and blank formulations (p < 0.0001, r? = 0.9410). This is
attributable to the higher MN density that the CNT MAPs have,
which allows the distribution of the vertical forces applied among
the MN tips. Oppositely, PC MAPs counting with a lower amount of
MN tips had a reduced capacity to withstand the mechanical stress.
The insertion tests carried out in the skin-simulant Parafilm®
model, which has been widely employed after the method was first
reported by Larrafieta et al. | In this case, the CNT MAPs pre-
sented evident differences in the number of holes created in the
first and second Parafilm® layers, with both drug-loaded and
drug-free formulations following similar patterns. While the CNT
MAPs were able to pierce the outermost layers with the vast
majority of the MNs, the PC MAPs produced less holes in the Par-
afilm™ layers, given the lower number of microneedles formed.

Materials & Design 224 (2022) 111416

This data indicates that the MN tips themselves were strong
enough for penetrating the Parafilm layers, but the hole count
was, expectedly, influenced by the number of MN tips formed in
the patch.

Despite the lack of pharmacopeial methods for the quality con-
trol MAPs, compressiol d insertion tests can provide valuable
information regarding the ability of MAPs to pierce the skin, a
key attribute for successful drug delivery via the skin. Regarding
penetration capacity, the literature shows that MAPs able to perfo-
rate two or more Parafilm® layers (equivalent to 252 pum in depth)
were able to deliver drugs to the skin, and systemically [ 14,37,38].

4.3. Drug content in entire MAPs and MN tips
The CAB content in the CNT and PC whole MAPs were 1998.5

0+ 183.02 pg and 949.85 + 75.43 g, respectively, with significant
differences found between the two formulations (Fig. 4). This was
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in agreement with the findings of previous sections, where a lower
number of MN tips were observed for the formulations obtained by
the PC method. CNT methods have been used before to ensure effi-
cient packing of micro- and nanoparticles within MAP tips [39]. On
the other hand, the incorporation of air within the still liquid base-
plate led to the production of bubbles that were detrimental to the
adhesion of the MN tips and the baseplate. Another factor con-
tributing equally for both formulations is the hydrophobicity of
the drug, which, likely repels the hydrophilic polymer baseplate.
Finally, when comparing the amount of drug in whole patches
(Le., g nd baseplate) with their correspondent MN tips, there
were no significant differences found, indicating that the drug
was localised in the tips of the MAPs and no back-migration took
place.

4.4. Skin deposition experiment
CNT and PC MAPs were able to deposit 488.88 + 90.31 pg and

261.23 8.89 g of CAB in the skin respectively, as shown in
Fig. 5A. The drug delivered to the receptor compartment of the
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Franz cells was 242,93 + 158.73 pg and 90.27 + 13.89 pg for the
CNT and PC formulations, respectively (Fig. 5B). A significant differ-
ence between the two formulations was observed in terms of skin
deposition, whereas the amount of drug delivered to the receptor
compartment showed clear differences between the two groups,
yet with no significant differences. Considering the amount of drug
quantified in the MN tips, the percentage deposited in the skin was
28.81% for the CNT MAPs and 39.89% for the PC MAPs. Despite the
higher efficiency in drug deposition observed for the PC MAPs, a
higher drug amount deposited is more desirable, since this has a
greater potential to deliver drug for longer periods, and thus sim-
plify dose regimes [40]. Complementary information regarding
the insertion capacity of both formulations to insert in the skin
was obtained by using OCT. As shown in Fig. 5C, OCT images of
the CNT MAPs obtained immediately after MN application revealed
a uniform MN tip insertion in the skin, with clear white areas that
correspond to the powder drug loaded in the MAPs. Expectedly, the
PC MAPs showed discontinued MN tip insertion, with a few MN
tips correctly inserted on the left bottom part of the figure, fol-
lowed by a disruption created by a bubble in the baseplate of the
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Fig. 5. Drug deposition experiment in excised full-thickness neonatal porcine skin in Franz cells. A- Drug quantification in skin; B- Drug quantification in the receptor
compartment; C- Optical coherence tomography taken immediately after MAP skin insertion for CNT-MAPs (CNT) and PC-MAPs (PC); D- Optical photomicrograph of the skin
after Franz cells experiment (24 h) for CNT-MAPs (CNT) and PC-MAPs (PC), * p < 0.05, r* = 0.6063 one-way ANOVA, ns: not significant, data expressed as means + SD (n = 4).
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MAP. Finally, the photomicrographs taken after the 24 h Franz cells
experiment and shown in Fig. 5D reveals a uniform pattern of holes
produced by the insertion of the CNT MAP in the skin. The PC
MAPs, on the other hand, had areas with no signs of MN tip inser-
tion, again probably due to the presence of bubbles and incorrect
formation of MN tips in these MAPs.

The ability of MAPs to form drug depots in the viable layers of
the skin, where it dissolves and slowly diffuses to the dermal
microcirculation is a key characteristic of these systems [G]. Franz
cell experiments are valuable to assess this capability, since they
provide illustration of how much of the drug has been deposited
in the skin for long-acting delivery, and how much of the drug per-
meates across the skin, representing the potential for systemic
immediate or sustained delivery. The lower number of MN tips
formed in the PC MAPs and their relatively lower drug were in
agreement with a poorer performance in the Franz cell experi-
ments, where these formulations deposited significantly lower
drug amounts (p < 0.05, r* = 0.6063). Altogether, the results
observed in the previous sections demonstrate a deficient capacity
of the formulations with baseplates added using positive pressures.
Therefore, the CNT MAPs were taken forward to further
investigations.

4.5. Optimization of MAP manufacture by centrifugation

Aiming to gain a better understanding of the centrifugation pro-
cess on the performance of the final formulation, several experi-
ments were carried out varying two independent factors, namely
the centrifugation force and time. As responses, the number of nee-
dles formed, MN tip height reduction and skin deposition were
assessed. Fig. 6A displays the trend in MN tip formation at the var-
ious g forces and times assayed. Here, an increasing trend in MN tip
formation was observed when both variables were increased, with
a model F-value of 2.29. For instance, a lower centrifugation inten-
sity (low g forces and short processing times) led to the formation
of 238 microneedle tips, whereas higher energies led to the forma-
tion of 256 MN tips, equivalent to 100% of the MN tips available in
the silicone moulds. Despite changes observed, the fit statistical
analysis produced a p value of 0.1828, indicating no significant dif-
ferences regarding MN tip formation among the processing condi-
tions explored. Regarding MN tip height reduction, the values
ran from 14.71 + 4.34% to 534 + 1.69% (Fig. 6B). However,
the statistical analyses showed no significant differences, with a
p value of 0.2206 (F-value 2.09) indicating a limited relevance of
the processing parameter to the percentage of MN tips height
reduction, as an indicator of the mechanical strength of these
MAPs. On the other hand, the variables assayed presented a consid-
erable impact in the skin deposition within the MAPs assayed,
leading to significant differences (p = 0.0023, F-value 19.78).

Fig. 6C shows an increasing trend in the amount of drug depos-
ited in the skin when increasing both the centrifugation force and
time, with values ranging from 62.24 +47.13 pgto 174.13 £41.10
g of CAB. The photomicrographs of the nine MAPs resulting from
the DoE were observed by the optical microscope and the images
are presented in Fig. 6D (arranged from 1 to 9 according to the list
of runs presented in Table 2. From the observation of these pic-
tures, it is evident that MAPs manufactured at higher centrifuga-
tion intensity produced highly uniform MAPs, with clearly
identifiable white drug loaded tips, as is the case for formulation
8 (prepared at 4,332 g, 30 min). On the other hand, formulation
4, with the lowest centrifugation intensity (1,733 g 5 min), pre-
sented a cloudy appearance, with the drug distributed in larger
areas of the MN tips. This was in agreement with the data observed
in skin deposition response (Fig. 6C), where the formulations pro-
duced by at higher centrifugation intensities led to more drug
being deposited in the skin. Given the hydrophobic nature of
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CAB, the drug particles located in the base of the MN tips are less
likely to be deposited in the skin. In this case, however, drug con-
centration in the MN tips led to an enhanced drug deposition. This,
in theory, could lead to the formation of drug depots in deeper lay-
ers of the skin, closer to the rich skin microcirculation, conse-
quently affecting the pharmacokinetic performance of the
formulation. Therefore, the formulations on both extremes in
terms of centrifugation intensities, namely high and low (L-CNT
MAPs and H-CNT MAPs, respectively), were taken to a pharmacoki-
netic experiment in rats.

4.6. Pharmacokinetic performance

The pharmacokinetic data obtained for L- and H-CNT MAPs are
presented in Fig. 7 and Table 3. The mean plasma concentration
profiles indicate a rapid absorption of drug, with detection of
CAB in plasma within the first hours of the study. Moreover, both
profiles showed similar trends, with plasma levels above the
human therapeutic threshold, indicated in the figure with a green
dashed line, until day 14. The therapeutic plasma levels that allow
100% of protection against HIV in pre-exposure regimes in humans

664 pg/mL, as reported in the literature, which corresponds to
ur times the protein-adjusted 90% inhibitory concentration
(4 = PA-ICy) [41]. No significant differences were observed
between the two cohorts in terms of AUC, Ciax, MRT and Ty, val-
ues. However, the Tyax values did show significarfEffifferences (L-
CNT MAPs: 8 days, H-CNT MAPs: 5 days). This can be possibly
attributed to the closeness of the drug depots formed after polymer
dissolution to the dermal microvasculature. While the H-CNT
MAPs, with the drug more localised in the MN tips, led to a faster
peak, the opposite was observed with L-CNT MAPs. Independently
of the MAP type, both formulations were able to deliver CAB sys-
temically in a long-acting fashion, maintaining therapeutic plasma
levels above the human therapeutic threshold until the endpoint of
the study (14 days).

The use of MAPs for HIV PrEP has gailg considerable attention
over recent years [G]. The HIV epidemic has already claimed 36.3
million lives, and nea 8 million people were living with HIV
in 2020 | 2@ Despite a decline in the number of new HIV infections
observed, the 90-90-90 target (90% diagnosed, 90% on treatment
and 90% virally suppressed) aimed to 2020 by UNAIDS (Joint Uni-
ted Nations Programme on HIV and acquired immunodeficiency
syndrome) has still not been achieved [42]. One of the most critical
aspects in the fight against HIV is guaranteeing that people can
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Fig. 7. Pharmacokinetic profiles obtained after the application of L-CNT MAPs and
H-CNT MAPs to female Sprague Dawley rats. 4x|('9bdical:e5 the therapeutic
plasma concentration in human. Results expressed as means + SD (n = 6).
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Table 3
Pharmacokinetic parameters nb@ after obtained after the application of L-CNT
MAPs and H-CNT MAPs to female Sprague Dawley rats, data expressed as means + SD

(n=86)
Formulation

meters L-CNT MAPs H-CNT MAPs

x (pgfmL) 11.87 £ 318 16.18 £ 431 ™
T (days) 8 5*
AUCq., (pg/mL.day) 99.66 + 31.87 11472 £3582 ™
AUConr (pgfmLh) 14260 £ 35.31 12383 £26.54 ™
Tyj2 (days) 6.13+ 1.74 643+ 182 ™
MRT ({days) 123+ 331 13.54 + 346 ™

*Statistically significant difference @e IM formulation, ™Mo statistical differ-
ences between both assaved cohorts. T, 5, CAB half-life; AUC, Area under the curve;
MRT, mean residence time.

access ARV drugs, which has demonstrated to improve a patient's
life expectancy practically to the same levels as the HIV-negative
population in developed countries. The recent approval of an
injectable long-acting nanosuspension of CAB free acid (Apretude™
from ViiV Healthcare) is considered to be major advancement in
HIV PrEP [43,44]. However, the need for hypodermic syringes,
trained healthcare professionals, and dedicated infrastructure,
might lﬁsent a challenge for the correct deployment of the tech-
nology in low- and middle-income countries where HIV is more
prevalent. In this scenario, the results obtained here are promising,
since the user-centric MAPs could deliver these ARVs drugs in a
very convenient manner.

5. Conclusions

The work presented here demonstrates the feasibility of a for-
mulation approach using ring inserts to manufacture highly uni-
form MAPs. The observation of the microneedles confirmed that
the vast majority of the MN tips formed correctly using centrifuga-
tion and ring inserts. Moreover, consistent formation of uniform
baseplates was achieved. The MAPs presented suitable mechanical
properties for skin insertion and demonstrated ability to form
micro-depots of drug in the viable skin layers. An optimisation
experiment revealed that centrifugation parameters had a signifi-
cant impact in the ex vivo skin deposition of the drug. Finally,
long-acting drug delivery was observed in the pharmacokinetic
study, with therapeutic human plasma levels maintained in rats
until the endpoint of the study. The MAPs developed here reveals
the potential of this platform, especially in the delivery of long-
term dose regimes, including HIV PrEP. The ring inserts developed
in this work resulted a viable strategy to produce uniform MAPs in
an easy manner at the laboratory scale, and the approach is appli-
cable to other MAPs loading any type of active. Future work
includes scalability studies to assess the feasibility of this formula-
tion approach in larger manufacturing set-ups and exploration in
greater depth the delivery of antiretroviral drugs, including a com-
bination of actives using MADPs.
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