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ARTICLE INFO ABSTRACT

Keywords: Sonophoresis is a topical drug delivery approach that utilises ultrasound as a physical stimulus to enhance per-
Ultrasound meation of active pharmaceutical ingredients through the skin. Only limited research has however been con-
M1crot})1ubbles ducted to evaluate the potential of ultrasound-responsive drug carriers, such as gas microbubbles, in sonophore-
Sonophoresis

sis. Franz diffusion cells have been extensively used for measuring drug permeation in vitro; however, traditional
systems lack compatibility with ultrasound and only limited characterisation of their acoustical behaviour has
been carried out in previous research. To overcome this limitation, we designed and manufactured a novel Franz
cell donor compartment coupled with a conventional glass receptor, and performed a functional characterisation
of the assembly for application in sonophoresis with ultrasound-responsive agents (specifically imiquimod-
loaded gas microbubbles). The donor was fabricated using a photoreactive resin via 3D printing and was de-
signed to enable integration with a therapeutically relevant ultrasound source. The assembly was capable of ef-
fectively retaining liquids during prolonged incubation and the absorption of imiquimod onto the 3D-printed ma-
terial was comparable to the one of glass. Moreover, a predictable ultrasound field could be generated at a target
surface without any significant spatial distortion. Finally, we demonstrated applicability of the developed assem-
bly in sonophoresis experiments with StratM®, wherein ultrasound stimulation in the presence of microbubbles
resulted in significantly enhanced drug permeation through and partitioning within the membrane
(296 += 0.25 pg and 3.84 =+ 0.39 pg) compared to passive diffusion alone (1.74 + 0.29 pg and
2.29 * 0.32 pg), over 24 h.

In-vitro diffusion system
3D printing

1. Introduction (i.e., alternating expansion and contraction) of gas bubbles upon expo-

sure to ultrasound waves (Liu et al., 2023). When bubbles undergo cavi-

Sonophoresis is a method that uses ultrasound (US) to physically en-
hance topical drug delivery. It has shown potential to increase skin per-
meability of different classes of substances, including lipophilic, hy-
drophilic, and high molecular weight molecules (Dahlan et al., 2009;
Hakozaki et al., 2006; Meidan et al., 1999; Mitragotri and Kost, 2001;
Park et al., 2007). Ultrasound comprises pressure waves that are typi-
cally generated by a piezoelectric transducer — a device that converts an
electrical signal into a mechanical pressure wave of fre-
quency > 20 kHz. In topical applications, the transducer is placed on
the skin’s surface using a coupling medium (Petrilli and Lopez, 2018).
The primary mechanism governing sonophoresis is hypothesised to be
cavitation, which refers to the formation and/or volumetric oscillation

tation in the vicinity of a surface (such as the skin), their oscillation is
asymmetrical and — upon bubble collapse — the generated high-speed
microjets can deliver mechanical energy onto localised regions of tissue
to increase its permeability (Isselin et al., 1998).

Sonophoresis most commonly relies on the formation of endogenous
air nuclei induced by the ultrasound pressure wave; these can however
form at randomly distributed locations within intercellular and intra-
cellular spaces and may also generate within the coupling medium.
These gas bodies appear to respond most effectively to low-frequency
ultrasound (20-100 kHz), with ultrasound penetration depth and cavi-
tation intensity being inversely correlated with the ultrasound fre-
quency (Gaertner, 1954). The application of low-frequency ultrasound,
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however, carries the risk of skin and organ damage (Ahmadi et al.,
2012), and the lack of control over the size and concentration of en-
dogenous cavitation nuclei can impact on treatment controllability and
repeatability (Park et al., 2022). Conversely, high-frequency ultrasound
(>100 kHz) has a long-term safety record in clinical settings and may
present a more clinically viable alternative (Polat et al., 2011). How-
ever, cavitation of relatively large endogenous gaseous nuclei is ineffi-
cient at higher ultrasound frequencies, hindering the ability of this
method to permeabilise the stratum corneum and increase drug pene-
tration depth (Tyle and Agrawala, 1989). Gas microbubbles (MBs) with
a mean diameter of approximately 1-3 pm can also be produced in the
laboratory and employed as exogenous cavitation nuclei. They are of-
ten stabilised by a layer of phospholipids and, given their smaller size,
they can be induced to efficiently cavitate when exposed to high-
frequency ultrasound (typically in the range 0.5-2 MHz), resulting in
enhanced transdermal delivery of bioactive molecules (Park et al.,
2022, 2012). Therefore, the combined application of high-frequency US
with exogenous microbubbles of defined characteristics (such as size
and concentration) could provide a safer and more controllable alterna-
tive to low-frequency US in sonophoresis.

Franz diffusion cells are the most commonly used apparatus for in-
vitro drug permeation studies. These cells comprise three main parts,
namely (from top to bottom): (i) the donor, (ii) a skin tissue or model,
and (iii) the receptor (Simon et al., 2016). They are commonly manu-
factured from annealed borosilicate glass and are designed for passive
drug diffusion experiments. However, glass has a relatively high
acoustic impedance (14.08 MRayls, at an ultrasound frequency of
1.1 MHz), which is defined as the resistance that a material offers to the
propagation of an US wave through it. This in turn results in an ultra-
sound reflection coefficient for a water—glass interface of 0.654, indicat-
ing that approximately two-thirds (65.4 %) of an ultrasound wave trav-
elling through water undergoes reflection when it encounters a glass
surface (Beamish et al., 2022). The application of US within a conven-
tional diffusion Franz cell is therefore likely to result in the generation
of ultrasonic standing waves that negatively impact on the spatial uni-
formity of the acoustic pressure field over the treated area. The use of
these cells in sonophoresis-related research may thus present several
drawbacks, as highlighted in Table 1. In addition to the formation of
standing waves, there are limitations associated with the manual posi-
tioning of the transducer (which can introduce variability in US expo-
sure conditions and cavitation activity across experimental repeats) and
difficulties in measuring the acoustic field within systems with a small
footprint (preventing a quantitative characterisation of the stimulation
conditions). In recent years, uncertainties surrounding sonophoresis
have gained increasing attention (Robertson and Becker, 2018), and
several studies have focused on modifications of the experimental setup
to mitigate limitations associated with conventional Franz cells. How-
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ever, these modified systems still suffer from limitations (see Table 1)
such as large priming volumes or limited precision in the positioning of
the US source, hindering their usability in conjunction with US-
responsive agents.

Additive manufacturing (commonly known as 3D printing) based on
high-resolution stereolithography (SLA), is an emerging technology
that has been used for manufacturing customised parts in experimental
research (Mohmmed et al., 2017). The ease of model design, user-
friendly operation, combined with a diverse range of usable printing
materials, render 3D printers an indispensable apparatus in numerous
scientific applications (Mohmmed et al., 2017; Norman et al., 2017).
Moreover, photoreactive resins used in SLA printing have greater ultra-
sound compatibility than glass. These polymeric resins have acoustic
impedance of 2-3 MRayls, resulting in only 0.58 % to 2.4 % of the inci-
dent US wave being reflected at a water-resin interface (Trogé et al.,
2010). Limiting the extent of US reflections can mitigate the generation
of ultrasonic standing wave fields, which would cause spatial inhomo-
geneities in the acoustic pressure field (Saito, 2015). Overall, if applied
to a Franz cell apparatus, this can result in improved uniformity of the
acoustic pressure field acting over the target skin surface (Robertson
and Becker, 2015). A limitation associated with SLA for the manufac-
turing of Franz cells is the potential drug retention resulting from the
use of acrylate-based resins, as reported in previous studies (Bendicho-
Lavilla et al., 2024; Sil et al., 2020, 2018). Acrylate-based resins can be
classified into hydrophobic (such as methyl methacrylate) and hy-
drophilic (such as glycol methacrylate) (Stirling and Woods, 2019).
Some drugs have been reported to undergo chemical interactions with
the methacrylate groups of the resin (Sil et al., 2018). During printing,
the acrylate monomers undergo photopolymerization by free radical
chain reaction and subsequent curing. The presence of acrylate-based
resin residues on partially cured surfaces, can result in physical and
chemical interactions with drugs as well as increased water absorption
(Salonitis, 2014; Tiboni et al., 2021). On the other hand, epoxy-based
resins exhibit hydrophilic properties due to their epoxy group
(Palanisamy et al., 2017; Sindhu et al., 2021). They undergo cationic-
initiated polymerization in the presence of cationic photoinitiators, and
the polymerization reaction continues even after the cessation of irradi-
ation. Consequently, these resins tend to achieve complete polymeriza-
tion with minimal residues remaining on the surface of a model
(Salonitis, 2014). When epoxy-based resins were applied as a coating to
3D-printed models in previous research, they were able to effectively
prevent drug retention (Bendicho-Lavilla et al., 2024).

In order to overcome some of the limitations of devices employed in
previous research assessing microbubble-mediated sonophoresis, in this
study we developed an ultrasound-integrated Franz diffusion cell for
application with US-responsive particulate systems. It comprises a con-
ventional glass receptor, a metal clamp, and a novel donor design man-

Table 1
A summary of previous studies using Franz diffusion cells for in-vitro research on drug delivery by sonophoresis.
Franz cell type Sample type (in Advantages Disadvantages Reference
donor)
Donor Receptor
Original Original ~Water N/A Potentially limited repeatability  (Liao et al., 2021; Souza et al., 2013; Subongkot, 2020;
of the acoustic field Wolloch and Kost, 2010; Zhang et al., 2017)
Original No Water No US reflection from the Did not measure the acoustic (Herwadkar et al., 2012)
receptor walls field properties
No Original ~Water (in large water ~ Predictable acoustic Not suitable for US-responsive (Schoellhammer et al., 2012; Yamashita et al., 1997)
tank) pressure field drug carriers
Original Original ~ Fluorescent drug US positioning system Potentially limited repeatability ~ (Park et al., 2019, 2012)
carriers of the acoustic field
No Petri Drug-loaded gel Reduced US reflection in  Manual US source positioning (Jung et al., 2016)
dish the donor
Customised glass Original  Liquid-core nuclei in Reduced US reflection in  Increased sample size and (Park et al., 2022)
(larger) PBS the donor uneven US treatment
Customised glass Original ~ Drug-loaded Compatible with an US Potentially limited repeatability  (Wang et al., 2016; Yu et al., 2023)
(trapezoid) microbubbles in PBS transducer of the acoustic field
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ufactured through 3D printing. Moreover, the device was characterised
quantitatively for: its ability to retain liquid samples, drug adsorption
onto the 3D-printed material, acoustic performance, as well as suitabil-
ity for US and microbubble-mediated permeation research.

2. Materials and methods
2.1. Materials

Resins suitable for printing transparent parts by stereolithography
were purchased from Formlabs (Formlabs® Clear; Formlabs, Massachu-
setts, USA) and 3D systems (Accura® ClearVue; 3D systems, Los Ange-
les  County, California, USA). 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC; M,, ~ 790 Da) was purchased from Avanti Polar
Lipids Inc. (Alabaster, Alabama, United States). Imiquimod (IMQ;
99.9 %) was purchased from Thermo Fisher Scientific Inc. (Loughbor-
ough, UK). Polyoxyethylene 40 stearate (PEG40S; M,, ~ 2046 Da), poly-
oxyethylene (20) cetyl ether (Brij® 58), StratM® membrane, phos-
phate buffer saline (PBS) tablets, sodium acetate (HPLC grade), acetate
acid (>99.9 % purity), triethylamine (99 % purity), acetonitrile
(299.9 % purity), high performance liquid chromatography (HPLC)
grade water, methanol (>99.9 % purity), and chloroform (=99 % pu-
rity) were purchased from Sigma-Aldrich Ltd. (Gillingham, Dorset, UK).

2.2. Design rationale for the US-integrated Franz diffusion cell

Optical transparency is an essential feature of Franz diffusion cells,
as it enables visual inspection of the apparatus to ensure a hermetic as-
sembly and the complete elimination of any trapped air pockets. This
latter requirement is particularly important for applications involving
ultrasound, as the presence of large air pockets within the ultrasound
path would prevent efficient US propagation to a target surface or tis-
sue. To meet this design requirement, clear resins were selected as the
constitutive material for the donor compartment (whilst a standard
glass receptor was used, as discussed below). The delivery of ultrasound
into the Franz cell requires maintaining a water-filled pathway between
the ultrasound source (i.e., the transducer) and the skin model, to min-
imise US attenuation or distortions of the acoustic field caused by unde-
sired reflections. Transducers that are capable of delivering therapeuti-
cally relevant acoustic pressures are relatively large in size (i.e., often
with a diameter of several centimetres) when compared to the size of a
Franz cell; therefore, direct interfacing between the two systems is not
practical. For this reason, the transducer was coupled with a transpar-
ent cone filled with water. Notably, the smaller terminal section of the
cone could be coupled more easily with the donor compartment. For
studies involving the use of US-responsive particles, the donor design
should also enable injection of the particle suspension at desired time-
points. To meet these additional design requirements, a new donor de-
sign was conceptualised, characterised by three main changes com-
pared to a conventional Franz diffusion cell: (i) a V-shaped feature to
enable efficient and stable integration with the water-filled transmis-
sion cone of the transducer; (ii) a smaller height to reduce the separa-
tion distance between microbubbles and the treated surface; and (iii) a
lateral port through the donor’s wall for injection of a microbubble sus-
pension.

Since only trace amounts of a drug may permeate through a skin
sample or model, it was decided to maintain the conventional glass-
based configuration for the receptor compartment, to minimise poten-
tial drug adsorption onto a porous 3D-printed resin.

2.3. Design of the US-integrated Franz cell
The dimensions of a conventional borosilicate glass Franz cell rou-

tinely employed at the UCL School of Pharmacy were measured using a
calliper with accuracy of 0.03 mm (Accu Ltd., Huddersfield, UK), and
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were used as a reference for developing the modified donor design. Tin-
kerCAD™ (Autodesk®, California, USA) was utilised for technical
drawing purposes throughout this study. As shown in Fig. 1A, the Franz
cell donor was designed to accommodate a microbubble suspension vol-
ume of 1 mL. The V-shaped top feature of the cell had a height of
6.6 mm and was designed for coupling with the terminal end of the
transducer’s cone (as shown in Fig. 1B). It had an inner diameter (I.D.)
that increased from 9.4 mm (lower end) to 27 mm (higher end), with a
wall thickness correspondingly increasing from 1 mm to 2 mm for en-
hanced mechanical strength. The donor chamber had an I.D. of 11 mm,
consistent with the size of conventional glass-based diffusion cells. The
height of the chamber was designed to be slightly shorter than in the
conventional Franz cell, in order to accommodate precisely 1 mL of
sample. The bottom section of the donor had an outer diameter (0.D.)
of 30 mm, to enable coupling with a commercial glass receptor. Com-
pared with a conventional diffusion cell, the thickness of this section
was increased from 2 mm to 3 mm for improved mechanical strength. A
side-port (0.D. = 4 mm,; thickness = 1 mm) was designed to enable in-
jection of a microbubble suspension and removal of any exogenous air
pockets present in the chamber before ultrasound treatment.

2.4. Fabrication of the Franz cell donor compartment

The Franz cell donor was fabricated using clear polymeric resin
(Formlabs® Clear and Accura® ClearVue) via SLA 3D printing; the
physico-chemical properties of the resins are listed in Table 2. The
model designed in TinkerCAD™ was initially transferred into Preform
(3D software; version 3.24.2). The design was rotated to a specific angle
(45°) to establish the mechanical supports required during printing
(point size: 0.50 mm, point density: 1). To ensure a flat bottom surface
of the printout, any support touching the top surface of the design was
removed. Following the printing process, the parts were rinsed with iso-
propanol for 10 min to eliminate any uncured resin. Subsequently, the
models underwent post-curing under UV light at a wavelength of
405 nm for 30 min. Once polymerised, the support structures were
carefully removed using scissors and a polishing process was applied to
smoothen any potential imperfection.

2.5. Sealing performance of the developed Franz cell

Tests were carried out to ensure that the newly developed donor-
receptor assembly could effectively retain liquid samples, without any
leakage taking place. This is a necessary prerequisite for effective usage
of the system in drug permeation studies. The following experimental
steps were carried out for this purpose: (i) a polydimethylsiloxane
(PDMS) membrane was securely clamped using a Franz cell clamp, with
a small amount of silicone grease (SG M494 Silicone Grease) applied
between the donor and receptor compartments; (ii) PBS with 1 % Brij
58® was injected into the receptor chamber through its side-port using
a 5 mL syringe (IV syringe Luer slip), ensuring removal of any air
pocket; (iii) 1 mL of PBS was injected into the donor compartment,
which was then sealed with a custom-built PDMS lid; (iv) a small mag-
netic stirring bar was added into the receptor chamber through the side-
port to maintain continuous stirring during the test (mimicking condi-
tions of a drug permeation study); (v) the device was weighed using a
0.1 mg resolution balance (Sigma W3200; accuracy of 0.1 uL of water);
(vi) the device was left in a 32 °C thermostatically controlled water bath
(Grant London, UK) for 24 h, with the fluid in the receptor being stirred
at 200 rpm; the temperature level corresponded to the recommended
skin surface temperature for in vitro percutaneous penetration studies
(Skelly et al., 1987); and finally (vii) the device was removed from the
water bath, dried using optical tissue wipes, and subsequently re-
weighed. The water loss from the device was calculated as follows:

Waterloss(g) = |m, — my| 1)



X. Chen et al.

International Journal of Pharmaceutics xxx (xxxx) 124749

uf"
B
U —
i Power Amplifier |
\ / Water Cone for
A Transducer
New designed
Franz cell donor
Injection port ﬁ:::::rpﬁon ¥
Porcine skin ——» | — Oscilloscope I
Sampling
Diffusion Cell Receptor — port
Stirring Bar
Water 3

Signal Generator p—

Fig. 1. (A) Design of the 3D-printed Franz cell donor (volume capacity = 1 mL) generated in TinkerCAD™. The total height is 17.6 mm and the O.D. of the bot-
tom section is 30 mm. The V-shaped feature has an 1.D. of 9.4 mm (bottom end) and 27 mm (top end). The donor chamber has an I.D. of 14 mm. (B) Schematic of
the experimental set-up employed for operating the developed US-integrated Franz cell system. The ultrasound transducer (in black) is coupled to the V-shaped
feature of the donor (in yellow), via a water-filled transmission cone (in blue). The donor, externally covered with US absorbing material, was securely clamped to
the receptor, with a skin model sandwiched in between. The sample within the receptor was heated and stirred using a water bath. A power amplifier, oscillo-
scope, and signal generator were employed to drive and monitor the ultrasound transducer for delivering the desired ultrasound field. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

where m, and m, are the mass of the device at the beginning and end
of the test, respectively. Three independent experimental repeats were
carried out to assess the sealing performance of the system.

2.6. Evaluating absorption of imiquimod onto 3D-printed Franz cell donors

Imiquimod was employed as a model drug in this study. Given its
high hydrophobicity, it can be loaded directly within the phospholipid
shell of gas microbubbles (Kotopoulis et al., 2022). Conversely, drugs
that present low encapsulation efficiency within lipid-shelled mi-
crobubbles (such as hydrophilic drugs or large molecules) could be
loaded onto microbubbles either by (i) direct binding (for example,
through electrostatic interaction) or by (ii) loading within nanoparticu-

late systems (such as liposomes) that are subsequently bound to the mi-
crobubble’s outer surface (i.e., through a biotin-avidin or covalent link-
age). These processes would however increase formulation costs,
length, and/or complexity (Lentacker et al., 2009). IMQ is therefore a
suitable model compound for evaluating the feasibility of use of the de-
veloped Franz cell apparatus in studies of microbubble-mediated
sonophoresis. A series of experiments were initially carried out to assess
whether IMQ would be absorbed onto the 3D-printed resin of the
donor, which may negatively impact on the accuracy of drug perme-
ation readouts.

The donor and receptor were securely fastened together using a
metallic clamp. A glass layer was employed as a barrier between the
compartments in these tests, to prevent drug diffusion from the donor
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Table 2

The physico-chemical properties of the Formlabs® Clear and Accura®
ClearVue resins employed in the present study to manufacture Franz cell
donors by SLA printing.

Formlabs® Clear Accura® ClearVue

Main polymer 7,7,9 (or 7,9,9)-trimethyl-
4,13-dioxo-3,14-dioxa-5,12-
diazahexadecane-1,16-diyl
bismethacrylate

Molecular weight of 470.56

main polymer

4,4'-Isopropylidenedicycl-
ohexanol; oligomeric reaction
products with 1-chloro-2,3
epoxypropane

332.91

(Da)
Photoinitiator Radical photoinitiator Cationic photoinitiator
Appearance after Transparent solid Transparent solid
photo-
polymerization
Solid density <1.16 g/cm3 1.17 g/::m3
Resin type Acrylate-based Epoxy-based
Hydrophobicity Hydrophobic (Sil et al., Hydrophilic (Salonitis, 2014;
2018; Stirling and Woods, Sindhu et al., 2021)
2019)
Water absorption 0.54 % 0.3 %

into the receptor. IMQ was dissolved in 100 mM sodium acetate buffer
(pH 4) to a concentration of 450 pg/mL. After addition of 1 mL of IMQ
solution to the donor, the device was weighed and sealed with a PDMS
lid. Subsequently, the system was placed in a water bath maintained at
32 °C for 24 h. The amount of liquid sample evaporated was deter-
mined by measuring the weight difference of the device before and af-
ter incubation. Following the incubation period, aliquots of 200 pL
were taken from the donor and appropriately diluted. HPLC analysis
was used to quantify the IMQ concentration before and after incuba-
tion, and the IMQ recovery was calculated as follows:

Imiquimodrecovery(%) = [1 — (C, X V,)/(C}, X V},)] X 100 2)

where Cj and C, are the concentration of IMQ before and after incu-
bation, m, and m, are the volume of the IMQ sample before and after in-
cubation. The HPLC method used has been reported and validated in
previous research (Paula et al., 2008).

+— Hydrophone

PDMS
membraneg
}
E\“]
__,./‘ I_
~ | .
1 3D-printed S
Ultrasound ~ donor
transducer
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2.7. Acoustic characterisation of the developed Franz diffusion cell

Determining the acoustic field properties of an experimental system
developed for studying US-mediated drug delivery is an essential pre-
requisite to enable experimental reproducibility across laboratories as
well as optimisation of the US exposure conditions for achieving de-
sired therapeutic outcomes.

A schematic of the experimental setup that was used in these tests is
shown in Fig. 2. The 3D-printed donor was assembled together with the
glass receptor and a PDMS membrane sandwiched between the com-
partments. The device was fixed to a custom-designed holder and sub-
merged in a water tank, for optimal acoustic coupling and control over
the liquid temperature conditions (maintained at 25 °C). A computer-
controlled positioning stage, securely installed on an external frame
above the tank, was utilised to insert a 0.2 mm diameter needle hy-
drophone (NH-0200, Precision Acoustics, Dorchester, UK) into the
donor. A5 x 8 mm? rectangular opening was created on the side wall
of the donor for hydrophone’s insertion. The hydrophone was manipu-
lated precisely (accuracy of 0.1 mm) to scan a 4 X 4 mm? area centred
to the target surface and vertically across a 4 x 6 mm? region in the
middle of the donor chamber. A power amplifier was driven by a pro-
grammable signal generator to input 20 = 0.5 Volts peak-to-peak into
a 1.1 MHz ultrasonic transducer (Sonic Concepts, model H-151 E-35). A
digital storage oscilloscope (44 Xi Waverunner, Teledyne LeCroy,
Chestnut Ridge, NY, USA) was employed to record both the received
signal from the hydrophone and the input signal to the transducer. A
custom-developed script in MATLAB R2021b (The MathWorks, Natick,
MA, USA) was used to determine the received acoustic pressure at each
point within the scanned region of interest.

2.8. Production of imiquimod-loaded microbubbles

IMQ-loaded microbubbles were produced following a well-
established method comprising lipid film hydration followed by tip son-
ication (Carugo et al., 2017). Briefly, 10 mg of IMQ were dissolved in
200 mL of chloroform to prepare an imiquimod stock solution at a con-
centration of 500 pg/mL. 621 pL DSPC and 447 pL PEG-40S (in chloro-
form) were pipetted into a 15 mL vial at a molar ratio of 9:1, followed
by the addition of an appropriate quantity of imiquimod solution to
achieve a drug-to-lipid ratio of 3:4. The mixture was left on a hotplate

- printed
| donor

Utlrasound
transducer

)

Fig. 2. Schematic illustration (left) and top-view photograph (right) of the experimental setup used to assess the ultrasound field properties within the developed
Franz cell assembly. The 3D-printed donor was assembled with the glass receptor and the PDMS membrane, and then submerged in a water tank (oriented horizon-
tally). The transducer was precisely combined with the V-shaped structure of the 3D-printed donor. The hydrophone was inserted into the donor through the lateral

opening.
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at 40 °C overnight to remove all of the organic solvent and form a uni-
form dry film at the bottom of the vial. The lipid film was then hydrated
using 5 mL of PBS at 80 °C (i.e., above the phase-transition temperature
of the lipids), upon stirring at 700 rpm for 60 min. The sample was then
homogenously dispersed for 150 sec using a tip sonicator (Fisher-
brand™ Model 120 Sonic Dismembrator, 20 kHz, 120 W, Fisher Scien-
tific Inc, Loughborough, UK) at 40 % power, with the tip fully sub-
merged in the liquid. Subsequently, air-filled microbubbles were gener-
ated by raising the sonicator tip to the air-water interface, and further
sonicating at 70 % power for 30 sec. After sonication, the microbubble
suspension was kept in an ice box for at least 5 min. The suspension was
then centrifuged (200 RCF, 5 min, 4 °C) to remove any excess im-
iquimod and MBs were resuspended in 5 mL of PBS.

2.9. Optimization of the ultrasound treatment time

It was necessary to identify an appropriate duration for the US treat-
ment, to ensure that a sufficient number of microbubbles would un-
dergo cavitation and mechanical disruption, without resulting in an ex-
cessive temperature rise that may cause hyperthermia-induced damage
to the skin. The experimental setup used in these tests is shown in Fig.
1B. A power amplifier (model 1040L, Electronics and Innovation, LTD,
New York, USA) driven by a programmable signal generator (Aim-TTi
TG 2000, Aim and Thurlby Thandar Instruments, Cambridgeshire, UK)
was used to input the appropriate signal frequency (1.1 MHz) and volt-
age (20 Volts peak to peak) to the transducer which provided an
acoustic pressure of ~ 1 MPa at the tip of the transducer cone. Notably,
an ultrasound frequency of approximately 1 MHz is often employed in
studies combining US with lipid-shelled microbubbles for therapeutic
applications (Carugo et al., 2017). A digital oscilloscope (Tiepie
Handyscope HS5, SNEEK, The Netherlands) was connected to the signal
generator to monitor the sine wave produced by the power amplifier. A
pulsed ultrasound field was generated, with a duty cycle of 50 %, a
pulse repetition frequency (PRF) of 200 Hz, and a maximum peak-to-
peak pressure at the membrane of 1.2 MPa. The Franz cell was assem-
bled with the 3D-printed donor, a PDMS membrane, and the glass re-
ceptor. The IMQ-loaded microbubbles were diluted to a concentration
of 2.25 x 10® MB/mL and injected into the 3D-printed donor through
its side-port, while PBS was used to prime the receptor. Ultrasound was
applied to the sample at exposure times of 15, 30, 60, 90 and 120 sec.
Before and immediately after ultrasound exposure, 10 pL of the MB sus-
pension were collected and pipetted into a Neubauer haemocytometer
counting chamber (Sigma-Aldrich Ltd., Gillingham, Dorset, UK) for im-
age capture at 40 X magnification using a Leica DM500 microscope
coupled with a CCD camera (Leica Microsystems GmbH, Germany).
These images were captured from 10 randomly selected positions and
processed using Image J to calculate the MB concentration. The per-
centage destruction rate of MBs by ultrasound was calculated as fol-
lows:

Destructionrate (%) = [(C, — C,)/C,] X 100 3)

where C, is the MB concentration before ultrasound exposure and C,
is the MB concentration after ultrasound exposure.

To assess potential changes in the fluid temperature due to US appli-
cation, a 32 °C PBS solution was utilised as a substitute for the mi-
crobubble suspension and subjected to ultrasound treatment with iden-
tical exposure times. The temperature was recorded in proximity to a
membrane used as a skin model (i.e., StratM® membrane) using a tem-
perature probe (IKA® ETS-D5 temperature controller), before and im-
mediately after each treatment. The difference between these two val-
ues was then calculated as a measure of ultrasound-induced tempera-
ture increase.
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2.10. In-vitro permeation studies of IMQ-loaded microbubbles

Tests were carried out to assess whether the developed Franz cell
apparatus could be employed to evaluate permeation enhancement by
US-responsive microbubbles. Permeation studies in the absence of US
exposure were conducted using both 3D-printed and glass donors, for
comparison. IMQ-loaded microbubbles were employed as a model US-
responsive formulation and StratM® as an artificial skin model. The re-
ceptor was filled with PBS containing 1 % Brij 58 (pH 7.3 = 0.1) in all
experiments. After equilibrating the StratM® membrane to a tempera-
ture of 32 °C, the microbubble suspension (1 mL) was added to the
donor. For the ultrasound treatment group, the US parameters were:
1.1 MHz frequency, 200 Hz PRF, 50 % duty cycle, 1.2 MPa acoustic
pressure at the membrane, and 30 sec of total treatment time. A PDMS
lid was employed to seal the donor post-stimulation and prevent sample
evaporation. 200 pL of sample were removed from the receptor com-
partment at different time intervals (0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5,
6,7,8,9,10, 11, 12, and 24 h), and replaced with fresh PBS (at 32 °C)
containing 1 % Brij 58. At the end of the study, the StratM® membrane
was cleaned and incubated with methanol, and the sample that re-
mained in the donor was recovered. These samples were then diluted
appropriately for measuring concentrations by HPLC analysis. The cu-
mulative amount of permeated IMQ was quantified over time, and val-
ues were normalized to the permeated area of the membrane.

3. Results and discussion

3.1. Evaluating the sealing performance and IMQ absorption of 3D-printed
Franz cell donors

Experiments were first conducted to assess whether assembling a
custom-developed 3D-printed donor with a commercial glass receptor
would maintain an effective seal. Efficient sealing performance during
prolonged incubation is crucial as fluid leakages may result in the gen-
eration of air pockets that may interfere with US propagation, as well as
cause changes in drug concentration that would compromise the accu-
racy of drug permeation measurements. The quantified sample losses,
expressed in terms of mass of water (in grams), are shown in Fig. 3A for
donors made of resin (either Formlabs® Clear or Accura® ClearVue)
and borosilicate glass (commercial donor design). It should be noted
that the balance used has an accuracy of 0.0001 g (corresponding
to ~ 0.1 puL of water). The different donor types had comparable perfor-
mance with minimal water loss, at both 6 and 12 h. After 24 h incuba-
tion, the donor manufactured using Formlabs® Clear showed higher
levels of sample loss compared with the ones made with Accura®
ClearVue or glass. The water loss was however equal to only ~ 4 pL for
the Formlabs® Clear donor, corresponding to ~ 0.4 % of the total sam-
ple volume. Considering that both resin-based donors employ an identi-
cal design, the slight difference in performance is likely attributable to
inherent material characteristics. According to technical data reports,
the water absorption of Formlabs® Clear and Accura® ClearVue is
0.54 % and 0.3 %, respectively, under identical test conditions (ASTM
D570-98 2018) (3D Systems, 2014; Formlabs, 2016). Greater water ab-
sorption of Formlabs® Clear may be because of the corresponding
greater porosity for this resin, resulting in increased moisture evapora-
tion through the material (Pero et al., 2011).

The use of glass as a constitutive material of Franz cell donors is
common in drug permeation studies, as it exhibits minimal interaction
with permeants (Sil et al., 2018). With the advent of 3D printing in this
area of research, previous studies have evaluated the potential interac-
tion between photocurable resins and different classes of molecules.
Therefore, the compatibility of resins with IMQ was evaluated in the
present study, prior to conducting permeation studies (Sil et al., 2018).
The percentage of IMQ recovered from the Accura® ClearVue resin
donor upon incubation at 32 °C for 24 h was of approximately



X. Chen et al.

A

0.005
0.004
0.003

0.002+

Water loss (g)

0.001

0.000- T
6hr 12hr 24hr

N Glass
= Resin (Formlabs® Clear)
Ea Resin (Accura® ClearVue)

International Journal of Pharmaceutics xxx (xxxx) 124749

120+

100+

IMQ recovery (%)
3
1

Fig. 3. (A) Water loss from the Franz cell assembly after 6, 12 and 24 h (upon stirring). (B) The % recovery of imiquimod (IMQ) from the Franz cell donor after
24 h. In both (A) and (B) the Franz cells consisted of a conventional borosilicate glass receptor, a PDMS membrane, and a donor fabricated using either glass, Form-
labs® Clear resin, or Accura® ClearVue resin (n = 3 independent experiments, mean *+ SD, two-way ANOVA with paired t-test, * means p < 0.05).

100.03 = 0.58 %, and there was no significant difference between the
two resin types and glass (Fig. 3B, ANOVA, p > 0.05). These results
demonstrate that a resin-based Franz cell donor exhibits excellent com-
patibility with a hydrophobic drug such as IMQ. However, the perfor-
mance was more variable for 3D-printed resin donors compared with
the glass donor (as manifest in the greater standard deviation of IMQ %
recovery in Fig. 3B), and particularly for donors printed using Form-
labs® Clear. This observation could be attributed to the greater poros-
ity of Formlabs® Clear, resulting in increased absorption of a low mole-
cular weight permeant such as IMQ (molecular weight of 240.304 Da)
(Zaleski et al., 2009). Moreover, the Formlabs® Clear is an acrylate-
based resin with a relatively hydrophobic character, and the methacry-
late groups of the resin may further enhance its interaction with hy-
drophobic compounds (Sil et al., 2018). Conversely, Accura® ClearVue
has a hydrophilic character due to the presence of polar epoxy groups
and demonstrated a weaker interaction with IMQ. This latter resin was
thus chosen as the most appropriate material for subsequent perme-
ation studies (Palanisamy et al., 2017; Salonitis, 2014; Sindhu et al.,
2021). There are several factors contributing to drug retention on the
material of 3D-printed models, including surface porosity, presence of
residual uncured resin, and drug interactions with functional groups of
the resin. (Salonitis, 2014; Sil et al., 2018; Zaleski et al., 2009). Whilst
the present study provides a proof-of-concept evaluation of a novel
technology platform for investigating microbubble-mediated
sonophoresis, it is essential that the compatibility between selected
drugs and 3D-printed materials is assessed in any future study utilising
this and/or comparable systems. As discussed earlier, glass was instead
selected as the constitutive material for the receptor compartment.

3.2. Properties of the ultrasound field within the developed Franz cell
assembly

Experiments were performed to characterise the ultrasound field
generated within the developed Franz cell assembly, and to assess
whether potential distortions to the field may be caused by the interac-
tion between the incident ultrasound wave and the walls of the device.
The acoustic pressure inside the donor chamber of the set-up was mea-
sured by positioning the hydrophone in orthogonal orientation. The
sensitivity of the hydrophone in both orthogonal and axial orientation
were measured, yielding values of 27.3 mV/MPa and 40.7 mV/MPa, re-
spectively. Positioning the hydrophone in orthogonal orientation there-

fore results in a 32.92 % decrease in sensitivity compared to the axial
orientation, and this was taken into account when processing the
recorded acoustic pressure data. Fig. 4A shows the spatial contours of
peak-to-peak acoustic pressure (at 1.1 MHz ultrasound stimulation fre-
quency) over a 4 x 4 mm? area, precisely centred with the surface of
the skin model (i.e., a PDMS membrane in this case). The hydrophone
was positioned above and in close proximity to the membrane to pre-
vent any damage upon direct contact. Notably, the measured acoustic
pressure field was almost undistorted, with greater pressure in the cen-
tral region that gradually reduced towards more peripheral regions.
There was only a slight asymmetry in the field that likely resulted from
the creation of a lateral opening in the donor chamber for insertion of
the hydrophone. These observations indicate the absence of any signifi-
cant US reflection taking place at the inner walls of the 3D-printed
donor compartment, which is likely due to the acoustic impedance of
the resin being closer to that of water (when compared to a glass
donor). Importantly, the generated acoustic pressure magnitude
(1.2 MPa peak-to-peak) is well within the range that is commonly em-
ployed in therapeutic applications of ultrasound (Sen et al., 2015). The
acoustic pressure field was also characterised at different vertical posi-
tions away from the transmission cone (progressively moving towards
the PDMS membrane), as shown in the peak-to-peak acoustic pressure
contours of Fig. 4B. Results reveal an expected reduction in the pressure
magnitude from the terminal end of the cone towards the membrane, as
well as the presence of alternating pressure maxima (referred to as
‘pressure antinodes’) and pressure minima (referred to as ‘pressure
nodes’). The latter observation is indicative of the generation of a
standing wave field, resulting from the interaction between the forward
incident US wave generated by the transducer and a backward wave.
This hypothesis is corroborated by the results reported in Fig. 4C, show-
ing the signal recorded by the hydrophone over time at a fixed position
above the membrane. It took 69.5 ps for the US wave to travel from the
transducer to the hydrophone, indicating that the hydrophone was po-
sitioned only 1.2 mm above the membrane (calculated assuming a
speed of sound in water of 1498 m/s). A second wave of lower ampli-
tude was recorded after 26 ps from the initial incident wave. It is hy-
pothesised that this second wave originated from part of the incident
wave being reflected backwards at the interface between the liquid and
the bottom glass surface of the receptor (i.e., the water—glass interface
has an ultrasound reflection coefficient of 65.4 %). It was estimated
that the distance between the hydrophone and the reflecting surface
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Fig. 4. Acoustic characterisation of the developed Franz cell assembly. (A) Contours of peak-to-peak acoustic pressure (in MPa) over a 4 X 4 mm? area centred
with the skin model (and positioned just above the membrane). (B) Contours of peak-to-peak acoustic pressure (in MPa) over a 4 X 6 mm? vertical cross-sectional
area positioned centrally within the donor. (C) Time evolution of the signal received by the hydrophone located 1.2 mm above the membrane. (D) Peak-to-peak
acoustic pressure profile within the donor, taken along the vertical direction (at a fixed x-y position centred with the membrane).

was ~ 19.5 mm, which is consistent with the separation distance with
the bottom surface of the receptor. The acoustic pressure profile in the
vertical direction (at a fixed x-y position, corresponding to the centre of
the membrane) is reported in Fig. 4D, and provides a quantitative illus-
tration of the acoustic pressure changes caused by the onset of an ultra-
sonic standing wave field. As discussed earlier, alternating acoustic
pressure maxima and minima can be observed along the vertical direc-
tion. The average difference between these pressure maxima and min-
ima is however equal to only 0.0306 MPa (corresponding to 2.5 % of
the maximum peak-to-peak acoustic pressure), and it decreased as the
distance from the artificial skin membrane increased. These pressure
gradients are characteristic of a standing wave field and can result in
the generation of different types of acoustic radiation forces. These
forces can induce a translational motion of the microbubbles towards a
pressure node (primary radiation forces), as well as aggregation of mi-
crobubbles (secondary, or Bjerknes, radiation forces) (Eller, 1968).
Both these effects could be detrimental to the treatment efficacy and
uniformity, as they may drive microbubbles away from a target surface
and therefore limit the target surface area exposed to microbubble cavi-
tation. However, given that acoustic pressure gradients in the devel-
oped Franz cell configuration are relatively weak and considering the
pulsed nature of the US field applied, it is anticipated that these effects
would be marginal. Moreover, the incident acoustic field will generate
an additional radiation force of greater magnitude driving the MBs to-
wards the skin model, that is likely to counteract the Bjerknes force and
thus hinder potential microbubble aggregation (Janiak et al., 2023).
Overall, these findings confirm that the developed ultrasound-

integrated Franz cell apparatus can generate a highly predictable US
field at the surface of a skin model, without any significant lateral dis-
tortion. A standing wave field is generated in the vertical direction, but
this is sufficiently weak to expect only negligible effects on microbub-
bles suspended within the donor compartment. To the best of our
knowledge, this is the first study reporting on a comprehensive quanti-
tative characterisation of the ultrasound field generated within a Franz
cell system by an integrated ultrasound transducer.

3.3. Identification of suitable ultrasound exposure parameters for
microbubbles within the 3D-printed Franz cell donor

It is important to characterise the microbubble response and the liq-
uid temperature increase in the donor induced by ultrasound exposure,
as both factors are implicated in ultrasound-based treatment efficacy
and safety. Both these effects are dependent on several factors, includ-
ing the ultrasound frequency, pressure, and duration of exposure (Cool
et al., 2013). The latter parameter was specifically evaluated in the pre-
sent study. IMQ-loaded microbubbles were exposed to pulsed ultra-
sound at a frequency of 1.1 MHz, maximum peak-to-peak acoustic pres-
sure of 1.2 MPa at the membrane, duty cycle of 50 %, and PRF of
200 Hz. Microbubble response was indirectly assessed from the reduc-
tion of MB concentration following US treatment, which is likely due to
microbubble collapse and/or fragmentation (Klibanov et al., 2002). A
significant reduction in MB concentration was observed for all US expo-
sure times evaluated, as shown by the comparison between the mi-
croscopy images in Fig. 5A (pre-exposure to US) and 5B (post-exposure
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Fig. 5. Microscopy images (40x magnification) of air-filled microbubbles with a phospholipid shell consisting of DSPC:PEG40S (9:1 M ratio), (A) before and (B) af-
ter ultrasound exposure (ultrasound parameters: 1.1 MHz frequency, 1.2 MPa acoustic pressure at the membrane, 200 Hz PRF, and 50 % duty cycle). (C) The effect
of US exposure time (in the range of 15-120 s) on microbubble destruction rate (shown by black dots and lines) and the liquid temperature increases in proximity
to the StratM® membrane (shown by the grey bars). The applied US field had a frequency of 1.1 MHz, 50 % duty cycle, and acoustic peak-to-peak pressure of 1.2

MPa at the membrane (n = 3 independent experiments, mean * SD).

to US). This observation is supported by previous studies that reported
on the occurrence of inertial cavitation, collapse and/or fragmentation
of microbubbles exposed to similar US parameters (Su et al., 2022). The
percentage reduction in microbubble concentration, referred to as de-
struction rate, is reported in Fig. 5C for different ultrasound exposure
times of 15, 30, 60, 90 and 120 s. The corresponding liquid temperature
increase is also reported. The MB destruction rate increased from
88.45 = 0.32 % at 15 s exposure to 97.98 *+ 0.15 % at 30 s exposure,
but then remained substantially unchanged with increasing the expo-
sure time further. The greatest destruction rate was measured upon ex-
posure to 120 s of ultrasound treatment and was equal to
99.28 + 0.10 %. As shown in Fig. 5C, increasing the ultrasound expo-
sure time resulted in increased liquid temperature in proximity to the
skin model (StratM® membrane), ranging from 2.37 + 0.66 °C (15 s
exposure) to 6.37 = 1.07 °C (120 s exposure). A 60 s ultrasound treat-
ment induced a liquid temperature increase of 3.26 °C, which was
higher than the temperature change reported in a previous study
(1.1 °C) using a PDMS membrane exposed to similar conditions
(1.1 MHz ultrasound, 60 s exposure time, and acoustic pressure of
100 kPa) (Yu et al., 2023). This difference can be likely attributed to
the lower acoustic pressure employed in this previous study. It is impor-
tant to note that increasing the ultrasound exposure time beyond 30 s
caused a further increase in liquid temperature but did not improve the
MB destruction rate further (ANOVA, p > 0.05). Therefore, this value
was selected for subsequent drug permeation experiments, as a compro-
mise between sufficient MB response and an acceptable temperature in-
crease.

3.4. Applicability of the developed Franz cell system in the investigation of
ultrasound- and microbubble-mediated sonophoresis

The developed Franz cell assembly underwent a proof-of-concept
evaluation of feasibility for use for in-vitro drug permeation studies in-
volving ultrasound-responsive drug delivery systems. IMQ-loaded gas
microbubbles were employed as a model ultrasound-responsive agent
in these tests; the corresponding drug encapsulation efficiency was
75 % (data not shown), resulting in the addition of 0.45 mg of drug to
the donor compartment. In the first set of experiments, the performance
of a cell comprising a 3D-printed donor (resin) was compared to that
comprising a conventional glass donor, in the absence of ultrasound.
The time evolution of the amount of IMQ that permeated into the recep-
tor (Fig. 6A) and the amount of IMQ that penetrated into the membrane
after 24 h (Fig. 6B) were quantified. Results show that there was no sta-
tistical difference between donor types, as indicated by the nearly over-
lapping temporal profiles in Fig. 6A and the comparable IMQ amount
present in the membrane at 24 h (Fig. 6B). In particular, at the end of
the experiment (24 h), IMQ permeation from the resin donor to the re-
ceptor was of 1.74 + 0.29 pg and imiquimod partition into the mem-
brane was of 2.29 = 0.32 pg. Subsequently, experiments were con-
ducted using the 3D-printed donor to assess potential permeation en-
hancement induced by ultrasound activated IMQ-loaded microbubbles.
When microbubbles were employed (exposed to US for 30 s at fre-
quency of 1.1 MHz and peak-to-peak acoustic pressure of 1.2 MPa), a
more rapid drug permeation kinetics was observed. Moreover, at 3 h,
the permeated imiquimod in the presence of ultrasound was quantified
as 75.91 + 14.50 pg, which represented the earliest detectable value in
the receptor (above the limit of detection for the HPLC method). Conse-



X. Chen et al.

International Journal of Pharmaceutics xxx (xxxx) 124749

33007 | cuee .
e'uE‘ 20004 = Resin _ 5000
o —— Rasin with US /i NE
B 1000 E 4000+
£ =)
£ 8004 £ 3000
3 |-
{Eﬂ 600 E2DDI]-'
o 4007 s
= 200+ g 1000
0 T T T T T e | 0-
0 2 4 ] 8 10 12 24 \‘?9 @@ (p
Time (hr) . ‘&a‘f'
5

Fig. 6. In-vitro permeation studies of IMQ-loaded microbubbles. The experimental groups evaluated include the Franz cell with a glass donor in the absence of US
(circles), and the Franz cell with a 3D-printed donor in the absence of US (squares) and in the presence of US (triangles). (A) The permeated amount of IMQ at differ-
ent time points, up to 24 h, normalised to 1 em? of the StratM® membrane. (B) The amount of IMQ that penetrated into the membrane after 24 h, normalized to
1 em? of membrane surface (n = 3 independent experiments, mean + SD, ‘ns’ means no statistical significance or p > 0.05).

quently, the onset of measurable drug permeation in the receptor took
place earlier than in the absence of ultrasound (as shown in Fig. 6A).
Perturbation of the skin model induced by microbubble cavitation was
evident from the measured increase in both drug permeation
(2.96 + 0.25 pg, see Fig. 6A) and drug partition within the membrane
(3.84 + 0.39 pg, see Fig. 6B) after 24 h. These results indicate that the
developed ultrasound-integrated Franz cell potentially provides a use-
ful research tool for developing novel ultrasound-mediated permeation
enhancement approaches that involve the use of ultrasound-responsive
particulate systems, such as gas microbubbles or other nanoparticulate
agents.

4. Conclusion

Transdermal drug delivery mediated by ultrasound has shown great
potential in enhancing permeation of drugs across the skin. However,
conventional Franz diffusion cells that are utilised in this research area
often lack compatibility with ultrasound and ultrasound-responsive
agents, because of material and design limitations or the lack of charac-
terisation of the corresponding ultrasound field. To address these limi-
tations, a new Franz cell donor compartment was designed and fabri-
cated using 3D printing, and was then coupled with a conventional
glass receptor to generate an ultrasound-integrated Franz cell assembly.
The system was characterised for its physical performance and feasibil-
ity for use in drug permeation studies involving US-responsive mi-
crobubbles. The assembly was capable of effectively retaining liquids
during prolonged incubation and a predictable ultrasound field could
be generated at a target surface without any significant spatial distor-
tion. Moreover, we have demonstrated the use of the novel Franz cell
for evaluating sonophoresis of drug-loaded microbubbles. The device
offers additional advantages compared to similar systems, including
precise and repeatable positioning of the US source and high manufac-
ture accuracy (<0.5 mm) (Nulty, 2022). Moreover, the material used
for 3D printing of the donor is cost-effective; the cost of manufacturing
one resin donor is of approximately USD$5 (at the point of writing) and
can be completed in just three hours, making it highly suitable for labo-
ratory-scale iteration. The device is capable of meeting a wide range of
sample requirements in sonophoresis, because of the availability of nu-
merous materials that can be 3D printed via SLA, such as pH-resistant
(Schmohl et al., 2022) and heat-resistant resins (Zhang et al., 2024). A
drawback of the device lies in the occurrence of ultrasound reflection at
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the inner surfaces of the glass receptor compartment. The incorporation
of an ultrasound absorbing material layer at the base of the receptor
could be considered as an alternative approach to prevent acoustic re-
flections; however, it is necessary to assess its potential for undesired
drug absorption. Alternative materials could also be evaluated for de-
velopment of a 3D-printed receptor. These materials should have supe-
rior acoustic performance than glass as well as lower porosity than
other resins, to prevent drug absorption onto the receptor’s surface.
This is particularly critical for the receptor compartment, as only trace
amounts of drug may permeate through the skin.
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