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Abstract

Introduction: Existing HIV therapy using oral antiretrovirals (ARVS) can result in pill fatigue
and sub-optimal adherence. Microneedle array patches (MAPSs) offer non-invasive, blood-free and
painless drug delivery, and may improve patient adherence. The objective of this study was to
develop a novel physiologically-based pharmacokinetic (PBPK) model to simulate the systemic
pharmacokinetics of cabotegravir and rilpivirine MAPs using the intradermal route.

Methods: The developed PBPK models were qualified against observed pharmacokinetic data
after intramuscular (IM) and intradermal administration of long-acting nanoformulated rilpivirine
to rats, and for IM administration of both drugs to healthy adults. Qualified models were then
utilised to estimate suitable MAP characteristics (e.g. nanoformulation dose and release rates) and
inform dosing strategies to maintain plasma concentrations above target trough concentrations for
the designated dosing interval.

Results: PBPK models simulated g4-weekly loading and maintenance doses of 360 mg and 180
mg for long-acting formulated cabotegravir between the release rates of 1x1073 - 3x1073 h~1 and
1x1073 — 1.5x1073 h~1 respectively, for a 70 kg adult. Estimated patch size was 60 cm? for a 360
mg dose of cabotegravir. For g4-weekly dosing, rilpivirine required a 1080 mg loading dose and a
540 mg maintenance dose with release rates of 1.5x1073 - 2.5x1073 h™1 and 5x1074 - 1x1073 h71,
respectively. Weekly dosing was also evaluated to assess the potential application from a smaller
patch size. The ability to self-administer via a patch that is only left in place for a short duration
makes longer durations less important than for some other long-acting approaches. Weekly

"Authors for correspondence: Dr Rajith KR Rajoli & Dr Marco Siccardi, Department of Molecular and Clinical Pharmacology,
University of Liverpool, 70 Pembroke Place, Liverpool, L69 3GF, U.K., Tel No +44 (0) 151 794 5911, rkrajoli@liverpool.ac.uk,
siccardi@liverpool.ac.uk.

Author contributions

All the authors contributed to the overall design of this study and the choice of drugs. RR designed the model, performed the
simulations and analysis. RD provided the physical description of the microneedles. RR, EL and MS wrote the manuscript with the
support from JC, CF, AO and RD. All the authors contributed towards the writing and reviewing of the final manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rajoli et al.

Page 2

cabotegravir required 60 mg between release rates 7x1073 — 9x1073 h~1 and rilpivirine required
270 mg and 180 mg respectively between release rates of 7x1073 — 9x1073 h~1.

Discussion: This model estimated optimal dose and release rates for cabotegravir and rilpivirine
MAPs. Our approach provides a computational platform to support rational development of
intradermal administration strategies to tackle problems associated with chronic oral ARV
administration.

Graphical Abstract
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Introduction

Antiretrovirals (ARVS) have improved the average lifespan of infected individuals and also
found clinical application in HIV pre-exposure prophylaxis (PrEP), preventing transmission
to high risk individuals. The majority of existing ARVSs are available only as oral
formulations. They require daily administration and chronic dosing, often resulting in sub-
optimal adherence and pill fatigue (1, 2). Alternative dosing strategies such as long-acting
injectables (LAIs) have been utilised for the administration of antipsychotics (e.g.
paliperidone palmitate) and contraceptives (e.g. medroxyprogesterone), effectively
addressing adherence issues associated with chronic oral administration (3). The recent
development of cabotegravir and rilpivirine LAl intramuscular (IM) nanoformulations has
stimulated interest in this strategy (4).

The existing injectable ARV formulations face challenges that may hinder development,
acceptability, and widespread implementation although they have proven very successful for
other indications. Administration of IM injections typically requires a skilled healthcare
worker. For LA rilpivirine, two large volume injections are necessary and the formulation
requires a cold-chain, thus hindering clinical implementation (5). Importantly, cold chain is
required because of stability of an excipient rather than the drug itself and thus this may not
be a widespread problem for the approach. Nonetheless, the need for cold chain increases
cost and, in low income countries, may reduce or even prevent access to treatments. In
addition, some studies noted that 20% of people administered with 1M injection reportedly
suffer from needle phobia. This may reduce the number of patients accepting injectables, as
seen for vaccines and routine dental procedures (6). It should be noted that all existing HIV
patient attitude surveys for LAl approaches have shown a high level of enthusiasm for the
approach, but complimentary approaches warrant further investigation (7-9).
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Microneedle array patches (MAPS) can be used for minimally-invasive intradermal delivery
of micro- or nanoformulated drug into the skin (10). The intradermal route of administration
has multiple advantages compared to oral intake, avoiding gastrointestinal degradation and
first-pass metabolism, resulting in reduced total dose and may improve patient adherence
(11). MAPs disrupt the stratum corneum, the major skin barrier to drug delivery, and can
deliver drugs painlessly and without drawing blood into the upper skin layers (12), thus
avoiding local pain, bruising, discomfort or bleeding (13). Drugs deposited in particulate
form by MAPs in viable skin layers can be absorbed systemically by the rich dermal
microcirculation upon release into the interstitial fluid (13). Hence, MAPS represent a
promising strategy for chronic administration as long as the doses necessary for adequate
pharmacokinetic exposure can be achieved, and may be compatible with nanoformulation
strategies being investigated for long-acting drug delivery (14, 15).

Various types of MAPs exist for intradermal drug delivery (e.g. hollow, dissolvable and
solid) and these have been extensively studied in the delivery of various drugs, including
large molecules and vaccines. Hollow stainless steel microneedles (AdminPen® template)
have been used to deliver liquid formulations (16). MAPs can be used for the delivery of
biomacromolecules (17), transcutaneous immunization (18) and hormones (19).

Polymeric MAPs are suitable for LA systemic delivery of small molecules. Hydrogel-
forming MAPs control drug release through in-skin hydrogel swelling (20). Micro- or
nanoformulations loaded into dissolving MAPs deliver the formulations to the viable skin
layers upon dissolution of the needles. Subsequent controlled drug release from the
polymeric micro- or nanoparticles can then achieve LA release for sustained time intervals
(21, 22). Unlike hydrogel-forming MAPs, drug release is therefore possible for weeks or
even months after removal of the patch, thus potentially improving patient compliance.

Preclinical and clinical evaluation of novel formulations and modes of delivery is hindered
by numerous challenges. Computational simulations can support design of successful
administration strategies and rational optimisation. Physiologically-based pharmacokinetic
(PBPK) modelling is based on the mathematical description of anatomical, physiological
and molecular processes describing pharmacokinetics through the integration of drug and
patient specific data (23). PBPK modelling has been increasingly used in new chemical
entity (NCE) applications and in investigation of clinical scenarios, suggesting reliability in
pharmacokinetic predictions. PBPK models have been used to inform drug-drug
interactions, CYP induction/ inhibition, pharmacogenetics and therapy optimisation in
special patient populations (24).

The aim of this paper was to develop a novel intradermal PBPK model for ARV
administration using MAPs. The developed model was used to identify minimum dose and a
range of release rates for the LA administration of cabotegravir and rilpivirine
nanoformulations to maintain plasma concentrations above established antiretroviral targets
throughout dosing intervals of one to four weeks.
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Methods

A whole-body PBPK model was used to assess the intradermal release from MAPs in
healthy adults. An intradermal compartment was appended to an earlier PBPK model using
Simbiology® v.4.3.1., a product of MATLAB® v.8.2 (MathWorks, Natick, MA, USA 2013)
(25) Drug distribution was described using blood flow-limited, first-order Kinetics (26).
Instant and uniform drug distribution across each tissue and organ was assumed. Ethical
approval was not required for this study as the data was computer generated.

Microneedle patch

In this exploratory study, we used a single dissolving MAP design as a starting point, based
on some of our previous work (27). The thickness of stratum corneum, viable epidermis and
dermis were in the range of 12-20 pm (28), 50-80 um (29) and 300-4000 pm (30)
respectively. An 11 x 11 array of microneedles 600 pm long with an interspacing of 300 pm
on a 0.49 cm? baseplate were considered as the base of a single microneedle array (27). A
mean penetration depth of the microneedles after skin application was assumed to be 430

+ 6.0 pm, with a pore width of 224 + 5.0 um made during penetration for each microneedle
(27). A maximum of 32.7 mg formulation (including drug and excipients) was assumed per
MAP (made up of 16.33 individual microneedle arrays), with an area of 8 cm2. An average
of 3.55 ml/min/100g tissue (2.8-4.3 ml/min/100g tissue) (31) and 8 x 1076 cm3/s/cm3 of
tissue (31) in the adult forearm were considered as the respective blood and lymphatic flow
rates to the intradermal compartment.

Intradermal PBPK model

The intradermal compartment was adapted and modified from Gajewska et a/. (32), as
shown in Figure 1. The intradermal compartment has been divided into four sub-
compartments, namely stratum corneum, viable epidermis, hair follicles and dermis. The
inserted microneedle was divided into three different compartments having a relative
proportion of the total drug amount depending on insertion length and pore width of each
skin layer as shown in Figure 2.

The following assumptions were made in the skin compartment: 1) unidirectional drug flow
from the top layer (stratum corneum) to blood circulation; 2) hair follicles cover 0.1 % of the
total skin (as previously described, it was assumed that hair follicles have access to one-third
of the drug traversing laterally, with one-fourth of the fine skin’s blood-flow reaching the
hair follicles (32)); 3) diffusion and partition coefficients across different skin layers and
nanoparticle release rate were kept constant throughout the kinetic process; 4) only the free
drug released from the nanoparticles diffuse through the layers of skin to reach blood
circulation. Drug flow through the intradermal compartment is shown in Figure 2. The
equations used in the intradermal compartment are as follows:

Drug present at the microneedle depot in the stratum corneum:

dD
SC
a - —2><KTD~DSC
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Where Dgc — total drug present at the microneedle depot in the stratum corneum, Ktp —
drug release rate from the encapsulated formulation, Dscp — total free drug present at the
microneedle depot in the stratum corneum at time t, Kgc — permeability rate constant to the
Stratum corneum

Drug present at the microneedle depot in the viable epidermis:

dD
VE:K D

d D Dsc—2%K

0 PvE

dD
VE:K

dt D'

1

2
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Where Dy is the total drug present at the microneedle depot in the viable epidermis at time
t, Dyvep — total free drug present at the microneedle depot in the viable epidermis at time t,
PCsw — partition coefficient between skin and water, Kyg — permeability rate constant to
the viable epidermis, Kg — permeability rate constant to the skin/hair follicles.

Drug present at the microneedle depot in the dermis:

dD
DE:K

a o' P

D K D

vet&rp Pvep~Krp Ppe

Where Dpg is the total drug amount present at the microneedle depot in the dermis at time t.

Drug permeation from the microneedle to the adjacent skin layers (33) is given by:

2 AP . C
e

dt b

Where M is the amount of drug permeating across the skin, A is the surface area of drug in
contact with the skin, Py is the effective permeability and Cy, is the drug concentration at the
depot site.

Drug traversing through the stratum corneum.

dASC

sc_2,
dt 3

Kq.~—PC

DscpKsc=PCscrveAsc

Where Agc is the amount present in the stratum corneum at time t, PCgcpyg — partition
coefficient between stratum corneum and viable epidermis.
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Drug traversing through the viable epidermis:

dAVE

dt K

Ac~—A

sc ~Ayvg/PC

=2
=3

Dyep Kye+Kscve: SIW

Where Ay is the amount present in the viable epidermis at time t, Dygp — total free drug
present at the microneedle depot in the viable epidermis at time t, PCgpy — partition
coefficient between skin and water.

Drug traversing through the hair follicles:

Aup 1

i
=3 Pscp Kgt3D K

—-A

vep Ks = Apr/PCqiw

Where Aye is the amount present in the hair follicles at time t

Lateral diffusion from the microneedle depot was based on the drug permeability rate and
the diffusion across the skin was dependent on the drug partition coefficient between the
layers. Permeability rate constants — Kg, Ksc, Ky and drug partition coefficients -
PCscve, PCspw Were derived using quantitative structure-property relationships (QSPR)
informed by a previous publication (32) (included in the supplementary document). A
summary of the various QSPR equations used for parameter computation is provided in the
supplementary section. An average value was considered from the numerous equations.

Human physiological parameters

Key characteristics of both male and female (50:50) adults such as age ranging between 18
and 60 years, weight and body mass index (BMI) were defined initially, and other key
characteristics such as body surface area (BSA) and height were computed using allometric
equations. Organ weights, volumes, and blood flow rates were computed using
anthropometric equations from the literature (34, 35). The drug distribution across tissues
and organs were described using first-order differential equations (36, 37). Physicochemical
and drug specific properties are presented in Table 1.

Model qualification

The model was initially qualified /n vivo for IM nanoformulated rilpivirine in rats followed
by human data as shown in supplementary figure 1. The drug specific parameters of
rilpivirine utilised in the PBPK model were qualified against available IM pharmacokinetic
data followed by the qualification of the intradermal compartmental model using available /in
vivo data in rats from an earlier pharmacokinetic study (38). A single IM injection with two
different doses - 5 mg/kg and 20 mg/kg and new /n vivo experiments performed in rats with
a 120 mg intradermal microneedle patch administered for 8 weeks were used for model
qualification. For the intradermal patch, only 57.45% of the total available drug was
assumed to be effectively delivered over the dosing interval, /.e., the total amount of drug
present in the microneedles excluding the drug present in the baseplates, as determined in
previous /n vivo experiments (27). PBPK models were considered as qualified if the mean
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simulated Cpax (Mmaximum plasma concentration), Cyrougn (trough plasma concentration) and
AUC (area under the curve) were within 50% of the mean reported /n vivo data.
Subsequently, the intradermal compartment was appended to a previously qualified
rilpivirine PBPK model in humans (23) for pharmacokinetic predictions.

PBPK analysis

Results

PBPK predictions were performed initially for a daily oral dosing for four weeks (10 mg and
25 mg once daily for cabotegravir and rilpivirine, respectively) to reach steady-state
concentrations, followed by a q4-weekly loading dose with a single microneedle patch and
then 11 consecutive g4-weekly maintenance patches, for a total of 336 consecutive days of
drug exposure. Pharmacokinetics were predicted for various combinations of dose (180 mg,
360 mg, 540 mg, 720 mg, 900 mg and 1080 mg) and release rates (5x1074, 1x1073,
1.5x1073, 2x1073, 2.5x1073 and 3x1073 h™1) for both cabotegravir and rilpivirine.
Considering smaller patch sizes, g-weekly MAP doses were also modelled using loading
doses — 30mg, 60 mg , 90 mg, 180 mg, 270 mg and 360 mg -- and maintenance doses —
30mg, 60mg, 90 mg, 180 mg and 270 mg -- at various release rates (7x1073, 8x1073,
9x1073, 10x1073, 11x10723 and 12x1073 h™1) after achieving steady state concentrations
from oral administration. The optimal dose and release rate were identified by implementing
trial and error approach by assessing various combinations of doses and release rates.
Minimum doses and a range of suitable release rates of nanoformulations were estimated
such that plasma concentrations remained above minimally effective concentrations
throughout the dosing interval — 1.2 mg/L for a 10 mg daily oral Cyoygn for cabotegravir
(39), and 70 ng/ml for a 25 mg daily oral Cyqygn for rilpivirine (39).

The effect of varying penetration depth was assessed at a constant pore width of 224 + 5.0
pum and varying pore radius. The effect of pore size on the release rate pharmacokinetics of
rilpivirine was also assessed at a constant microneedle length of 430 £ 6.0 um and varying
pore width at a constant dose of 720 mg and release rate of 1.5x1073 h1,

PBPK qualification

Comparisons of observed and simulated pharmacokinetic parameters at the end of eight
weeks are shown in Table 2. The percentage difference of the simulated Cy,x and AUC
against /n vivo data is less than 50% for model qualification. Simulated pharmacokinetics
from the designed intradermal PBPK model also satisfied the qualification limit against
experimental data. Qualification of IM cabotegravir and rilpivirine human PBPK models is
presented in the supplementary section.

Intradermal dose and release rates

The Cyrough of cabotegravir and rilpivirine at various g4-weekly doses and release rates
(Figure 3) and weekly intradermal loading and maintenance dose and release rates (Figure 4)
are shown. Our calculations indicate that a minimum g4-weekly loading dose of 360 mg
with a release rate between 1x1073 — 3x1073 h~1, and a maintenance dose of 180 mg with a
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release rate of 1x1073 —1.5x1073 h~1 would be required for an intradermal cabotegravir
MAP to maintain plasma concentrations above a target Cyqugh 0f 1.2 pg/ml.

For rilpivirine, a g4-weekly regimen requires a 1080 mg loading dose with release rates of
1.5x1073 - 2.5x1073 h~1, and a maintenance dose of 540 mg release rates of 5x10™4 —
1x1073 h™1 to maintain a target Cyrougn Of 70 ng/ml.

Cabotegravir g-weekly MAP administration requires a minimum loading and maintenance
dose of 60 mg between the release rates of 7x1073 and 12x1073 h~L. But if the loading dose
is increased to 90 mg, a maintenance dose of 30 mg would be enough to have plasma
concentrations over the target Cyough. For rilpivirine a loading dose of 270 mg and a
maintenance dose of 180 mg, with a nanoformulation release rate ranging from 7x1073 —
9x1073 h~L. This is significantly higher than the optimal release rate observed for q4-weekly
formulations. However, if the loading dose is increased to 360 mg, the required maintenance
dose falls to 90 mg to sustain the required Cyroygh-

Effect of needle length, pore radius and release rate

The effect on pharmacokinetics of rilpivirine for varying penetration depths and needle pore
sizes at a constant dose and release rate are shown in Figure 5a & b. The pharmacokinetic
parameters Cynax and AUC increased as the penetration depth increased. However, there was
no significant difference in the simulated Cyqygn. Neither a significant difference nor a trend
was observed in the pharmacokinetic parameters as the pore radius increased (Figure 5b).

Simulated intradermal administration of rilpivirine predicted a rise in Cpayx as the release
rate increased. However, Cyqygh increased until a release rate of 1.5)(10‘3 h=1 and faster
release rates were characterised by decreasing Cyrqygn (Figure 6a). At a constant release rate,
as the dose increased, rilpivirine pharmacokinetics increased accordingly (6b).

Discussion

Non-invasive intradermal MAPs may represent effective novel drug delivery vehicles for
chronic administration of ARVSs. In this study, a compartmental PBPK model was designed
and integrated with a previously published whole-body PBPK model (25). This was first
qualified with observed data in rats and humans followed by informing nanoformulation
characteristics in humans for cabotegravir and rilpivirine MAPs.

Model qualification against observed data showed satisfactory results with differences less
than 50% in line with convention for this approach. Subsequently, the models were utilised
to simulate administration of rilpivirine and cabotegravir LA formulations using MAPs. A
range of release rates were evaluated to identify the optimal dosing values that would sustain
plasma concentrations over established targets throughout the dosing interval at the lowest
possible doses.

The simulations of cabotegravir MAPs indicate an initial minimum monthly dose of 360 mg
and a maintenance dose of 180 mg. Consequently, a MAP with high drug loading will be
required. In the past, several examples of MAPs containing drug loading between 50 and
90% have been reported (40, 41). Additionally, in order to maximize drug loading in the
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needle tips, differently shaped MAPs may be used. Patches containing a higher needle
density (19%19) while keeping the needle geometry (600 um height and 300 um base
diameter) have been previously used (42-45). These MAPs showed similar insertion depths
as the 11x11 MAPs (approximately 450 um using manual insertion) (45) but have three
times more needles in the same MAP area. Therefore, with drug loading of 50% to 90%, the
density of common polymeric materials used to prepare MAPs (1.2 g/cmq) (46), and the
volume of the needles tips, all the drug present in the needles can be successfully delivered
(40, 41). The estimated patch size for the loading dose of cabotegravir will range between 70
and 90 cm? (based on a loading of 32.7 mg of formulation per 8 cm?2). On the other hand, the
maintenance dose patch will have a size ranging from 35 to 45 cm?2. Although the required
patch sizes seem large, smaller patches can be achieved with higher drug loading and since
these are dissolvable patches, they can be removed within a short span of time (<24 h)
subsequent to their application.

Following a similar rationale, rilpivirine could be formulated in g-weekly patches (weekly
loading and maintenance doses of 270 mg and 180 mg, respectively). Our model suggests
that the doses required for g4-weekly patches of RPV will require unrealistically large
patches between 130 — 260 cm?2. If a 19x19 RPV MAP can be prepared, the patch sizes will
range between 25 and 44 cm? for the g-weekly RPV loading dose and between 15 and 30
cm? for the maintenance dose. High variability in dose predictions were observed due to the
high variation in the abundance of cytochrome P450 enzyme across the population that
affects the systemic clearance of rilpivirine.

The presented data indicate that a weekly combination CAB and RPV may be achievable for
a self-administered therapy. These patch sizes seem large, but it is important to note that
conventional transdermal patches with sizes up to 140 cm? can be found in the market for
post-herpetic neuralgia (47). Moreover, it has been reported that manual application of larger
MAPs has been carried out successfully in human volunteers (11). However, the patient
must be properly instructed as to how these patches should be applied (11). It should also be
noted that the required patch size could be reduced by using more potent ARV formulations,
or higher drug loading.

The parametrisation of drug partition coefficients and permeability rates between skin
tissues were based on previous models, and when multiple parameters were available, an
average value was selected (correlations shown in the supplementary document). However,
standardised experimental methodology for the characterisation of these parameters and /n
vitro - in vivo extrapolation would support a more reliable parametrisation with application
across different computational models.

Several percutaneous /17 sifico models have been published to describe drug absorption
kinetics for topical or systemic delivery. Some relevant examples include a percutaneous
model for different topical formulations of diclofenac (48), as well as quantitative structure-
permeation relationship (QSPR) models, porous models, transient models such as
compartment models, and slow partition kinetic models, to describe transdermal drug
delivery (49). Additionally, multiple pharmacokinetic dermal models for the simulation of
drug permeation through the skin for topical applications have been developed (32).
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However, no intradermal models for the simulation of LA formulation administration using
MAPs has yet been reported.

The described intradermal PBPK model provides a valuable estimate of formulation
requirements for MAP delivery but is characterised by several limitations. The dose and
release rates were simulated in optimal conditions and do not include any loss of drug during
application. This includes the assumption of 100% bioavailability during dose predictions
and lower fraction can increase the dose required thus increasing the size of the microneedle
patch. A canonical shaped needle has been simulated in this study; changes in the shape and
size of the microneedle such as pyramidal or tetrahedral, or an increase in microneedle
density could be used to tune the release rate and diffusion following application. Ethnicity
and sex are additional patient factors that can influence pharmacokinetics following
intradermal administration. However, their effect on release kinetics has not been evaluated
in clinical studies to date. Lag time after the application of MAPs has not been considered in
this model, and a delay could be observed in the Cpax and tmax as a consequence. The
human dermis is highly vascularized, and vasodilation or vasoconstriction could lead to
altered drug release from the depot, affecting plasma pharmacokinetics (50, 51). Highly
lipophilic drugs and particles less than 100 nm tend to enter the lymphatic circulation rather
than blood, which may impact pharmacokinetics (52). Drug transport proteins play a key
role in defining the pharmacokinetic profile of many drugs, but limited data relating to this
site of delivery restricted their inclusion in the PBPK model. Complexity in the design of
nanoformulations with the estimated release rates from current technology used in this
model could also prove to be a limiting factor.

The qualified intradermal PBPK model has been cross-checked only against rat data for one
drug, as this was the only relevant in vivo data in the published literature. Qualification
against observed human data and diverse formulations will further improve confidence in the
predictive value of the model. Long-term stability and tolerability of drug formulation at the
site of administration in human skin must be investigated thoroughly to prevent any
unwanted side effects. Transdermal drug administration is attractive for neonatal and
paediatric applications, but this model only investigated the kinetics of drug delivery in
average sized adults.

Conclusion

PBPK models have been successfully qualified for oral and IM rilpivirine and cabotegravir.
A novel intradermal model has been qualified against observed data in rats and
nanoformulation design has been informed for MAP administration in humans. Optimal
doses between ranges of release rates suitable for intradermal delivery, and preferred dosing
intervals were simulated such that plasma concentrations remained above target trough
concentrations throughout dosing intervals. Based on our simulations, q4-weekly
cabotegravir and g-weekly cabotegravir and rilpivirine MAPs are feasible with patch sizes
less than 60 cm?, and g-monthly rilpivirine would be possible with a denser MAP. This
model could provide a useful platform to inform the design of novel formulations for
chronic transdermal drug administration.
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Figure 1.

Drug release pathway from the microneedles in the intradermal compartment reaching the
blood and lymphatic circulation. Apr, Asc, Ayg — drug amount penetrating the hair
follicles, stratum corneum and viable epidermis respectively; Dpg, Dsc, Dyg — microneedle
drug depot in the dermis, stratum corneum and viable epidermis respectively; Dscp, Dvep —
amount of released drug from the nanoparticles in the stratum corneum and viable epidermis
respectively; Kg, Ksc, Ky — rate of drug permeation from microneedle to skin, microneedle
to stratum corneum and microneedle to viable epidermis respectively; Kyp — drug release
rate from the encapsulated nanoparticles; PCscve, PCspy — drug partition coefficient
between stratum corneum & viable epidermis and skin & water respectively.
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Figure 2.
Representative drug deposition subsequent to microneedle insertion in different layers of the

skin at time t = 0 h for varying insertion depths. L - microneedle insertion depth, r — radius
of the created pore; Dgc, Dy, Dpg — amount of drug present in stratum corneum, viable
epidermis and dermis respectively.
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Figure 3.

Ct?ough values of cabotegravir (a, b) and rilpivirine (c, d) — 4-weekly loading (a, ¢) and
maintenance (b, d) doses for various release rates. The red lines represent the target
concentrations considered for this dose optimisation study. LD — loading dose, PO — once
daily. Error bars represent the standard deviation.
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Figure 4.

Cirough Values of cabotegravir (a, b) and rilpivirine (c, d) — weekly loading (a, ¢) and
maintenance (b, d) doses for various release rates. The red lines represent the target
concentrations considered for this dose optimisation study. LD — loading dose. Error bars
represent the standard deviation.
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Pharmacokinetic parameters AUC, Cmax and Cyrough Of rilpivirine for various (a) penetration
depths and (b) microneedle pore radius. Error bars represent the standard deviation.
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Effect on plasma concentration of rilpivirine at (a) various release rates in h™1 at a constant
dose of 720 mg and (b) varying doses at a constant release rate of 1.5x1073 h™1,
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Physicochemical properties, /n vitro and population pharmacokinetic data of anti-HIV drugs

Table 1.

Rilpivirine (rat)

Rilpivirine (human)

Cabotegravir (human)

log Pg-yy 4.32 (53)
Protein binding 99.7% (53)
pKa, 3.26 (53)
Blood-to-plasma ratio 0.67 (53)
Plasma clearance 1.3 L/kg/h
IM release rate (h™1) 2.6 x1072
Intradermal release rate (h™1) ¢2 x 1074
Dose 5, 20 mg/kg IM, 120 mg TD

432 (53)
99.7% (53)
3.26 (53)
0.67 (53)

7,04 (53)

"9 x 107

22 (23)

99.3% (23)

414 (23)

0.441 (23)

T4.5 (1A1) / 2.2 (1A9)
(23)

454 x 104 (23)

Page 21

Values are presented as mean (reference). log Pg-yy — Partition coefficient between octanol and water; pKa — logarithmic value of the dissociation

constant;

IReIease rate followed a linear increase with respect to time shown in the following equation: (0.005/1344)*time+0.0002, time in hours.

fVaIues represent intrinsic clearance in pl/min/pmol, rilpivirine is metabolised by CYP3A4, and cabotegravir by UGT1A1 and UGT1AQ9.

*
Release rate observed for an old formulation of rilpivirine derived using the PBPK model (38).
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Table 2.

Validation of the PBPK model for IM (38) and intradermal rilpivirine formulations in rats /n vivo

Observed Simulated (n =100) % difference simulated vs. clinical

Routeof administration ¢ AUCoust Cuoun  Cmax  AUCokst  Croun  Cmax  AUCost  Curougn
S ey Mok 71 3840 . 5594643 567125 . -3 476 -
;’I‘rt];re”:’:ﬁ't?gé)zo mo/kg, 158 15300 - 222+255 224+464 - 405 463 -
Intradermal f(120 mg, 416 - 265 481+429 286+28.1 38.7+4.45 245 - 46.0

microneedle patch)

Values are represented as arithmetic mean + standard deviation wherever applicable; AUCQ-|ast — area under the concentration-time curve, Cmax —
maximum plasma concentration, Ctrough — trough plasma concentration; Cmax and Ctrough are expressed as ng/ml and AUC is expressed as jg x

h/ml;

*
PBPK model is assumed to be qualified if % difference is less than 100.

#

Only 57.45 % of the total administered drug was assumed to be delivered using microneedles (27).

Eur J Pharm Biopharm. Author manuscript; available in PMC 2020 November 01.



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Microneedle patch
	Intradermal PBPK model
	Human physiological parameters
	Model qualification
	PBPK analysis

	Results
	PBPK qualification
	Intradermal dose and release rates
	Effect of needle length, pore radius and release rate

	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.

