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Abstract: Sonophoresis is the process that involves the passage of drug molecules through the skin
under ultrasonic stimulation. Drugs with a molecular weight greater than 500 daltons require some
kind of stimulus to catalyze their penetration into the skin. Low-frequency sonophoresis, i.e., applying
low-frequency (20-100 kHz) ultrasonic waves, is one of the active methods of stimulation used in
transdermal drug delivery. The aim of this research is to explore the possibility of achieving high
enough acoustic pressures inside human skin using a single-element piezoelectric transducer required
to realize the transdermal delivery of drugs with a high molecular weight. Therefore, this paper
presents a design and simulation of a single-element transducer to find voltage versus sound pressure
levels (SPLs), as well as frequency response curves for low-frequency sonophoresis on human skin. A
piezoelectric transducer composed of PZT-5H placed over human skin was simulated by combining
the pressure acoustic module, solid mechanics, and electrostatic modules of the simulation tool.
The presented simulation applies sinusoidal excitation to a PZT-5H-based transducer. The peak
voltage and the frequency of the input are varied to study the resulting variations in acoustic pressure
and SPL inside the human skin. Measurements of acoustic pressure are taken 0.1 mm deep into
the human skin. The peak acoustic pressure increases linearly from 0.072 Pa to 0.72 Pa as the peak
applied voltage increases from 1 mV to 10 mV. The peak acoustic pressure increases exponentially
from 0.2 mPa to 5 mPa as the frequency varies from 20 kHz to 100 kHz for a constant peak voltage of
1 mV. The SPL achieved at 880 kHz is 186 dB, which is suitable for drug delivery in some areas of
medicine, such as ophthalmology.

Keywords: drug delivery; transdermal; sonophoresis; piezoelectric transducer; simulation; COMSOL

1. Introduction

Sonophoresis is a kind of stimulation that uses ultrasonic waves for the enhancement
of movement of drug molecules through the skin. It uses low-frequency ultrasonic waves
(20-100 kHz) to promote transdermal absorption [1] of a drug. It is widely used to increase
the permeability of skin by altering the internal structure of the epidermis. The mechanisms
of disrupting the epidermis barrier underlying sonophoresis include thermal effects and
cavitation. The latter causes formation of cavities due to pre-existing gas bubbles in a lipid

Eng. Proc. 2023, 32, 14. https://doi.org/10.3390/engproc2023032014

https:/ /www.mdpi.com/journal/engproc


https://doi.org/10.3390/engproc2023032014
https://doi.org/10.3390/engproc2023032014
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0002-7853-6951
https://doi.org/10.3390/engproc2023032014
https://www.mdpi.com/journal/engproc
https://www.mdpi.com/article/10.3390/engproc2023032014?type=check_update&version=1

Eng. Proc. 2023, 32, 14

2 0f 10

bilayer. The repeated expansion and contraction opens a channel of pores, which the drug
penetrates through Ref. [2]. The maximum pressure required to produce cavitation inside
the skin is 0.2 MPa.

Drug delivery systems (DDSs) are technologies by which controlled release of thera-
peutic drugs can be delivered to a targeted area [3]. Different routes are used to administer
drugs into the human body. The examples include ocular, nasal, anal, buccal, oral, sub-
lingual, pulmonary, and transdermal. Among different types of DDSs, transdermal drug
delivery has many advantages over others, including uniform drug plasma concentration,
elimination of hepatic first pass, and avoiding degradation in the gastrointestinal tract [4].
Transdermal drug delivery is achieved through either active or passive methods. Drugs
with a molecular weight of less than 500 daltons [5], i.e., nitroglycerin (227.0 daltons), scopo-
lamine (303.3 daltons), fentanyl (336.4 daltons), nicotine (162.23 daltons), and lidocaine
(234.32 daltons) [6], can easily penetrate without requiring any stimulus. Meanwhile, the
top-most layer of human skin, i.e., the epidermis, behaves like a barrier to the passage
of the drugs with large molecular weights. Therefore, drugs with a molecular weight
greater than 500 daltons, such as insulin (5734 daltons), tetanus toxoid (100 kDa), and
bovine serum albumin (66,430.3 daltons) [7], require active methods employing a stimulus
to disrupt the epidermis. The active methods of stimulation include iontophoresis [8],
electroporation [9], photomechanical waves or lasers [10], and sonophoresis [11]. Besides
transdermal drug delivery, sonophoresis is found in various other medical applications
too, i.e., it is used to promote drug release in the digestive tract through an endoscope [12],
dental applications [13], body contouring [14], wound healing [15], arthritis [16], etc.

Permeability of human skin depends on its thickness, which is different at different
sites of the human body [13], as well as in race, age group, and gender [14]. For reasons
of practical convenience, we considered the site of the volar forearm where the average
thickness of the epidermis is 0.1 mm [15], and in this simulation, the acoustic pressure is
measured at the lower end of epidermis as shown in Figure 1.
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Figure 1. Geometry of single-element piezoelectric transducer.

Piezoelectric material has the capability to convert electrical energy into mechanical
energy and vice versa. These materials generate electric charge upon applying stress (direct ef-
fect) and exhibit mechanical deformation upon applying an electric field (converse effect) [17].
The types of piezoelectric materials include ceramics, such as lead zirconate titanate, barium
titanate, lithium niobate, and composites comprising polymers and ceramics. Among the
available types, in this work, lead zirconate titanate (PZT-5H) is selected due to its exceptional
tailorable properties as a medical transducer. PZT is used in various other applications, such
as in microphones, loudspeakers, ultrasound transducers, actuators, sensors, etc.
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Hence, the aim of this paper is to simulate a compact single-element piezoelectric
transducer which operates at low frequency and low electrical power. However, the results
of a single piezoelectric element are presented in terms of acoustic pressure and SPL
inside the human skin against varying voltage and varying excitation frequency. However,
obtaining results on drug delivery is out of the scope of this paper.

2. Literature Review

Besides transdermal drug delivery, many authors have reported the use of sonophore-
sis in non-medical applications, such as removing algae bloom from river water [9], to
observe bacterial growth in biofilms [10], in biotechnological processes [11], etc.

As far as transdermal delivery of drugs is concerned, many researchers have experi-
mented with various active and passive techniques for drugs of varying molecular weight.
Chaulagain et al. [18] experimented with active and passive methods for the transport of drug
delivery of protein and peptides. Active methods (sonophoresis, microneedle, iontophoresis)
are faster compared to passive methods (prodrugs, nanocarriers) because they can easily
disrupt the skin by applying additional pressure. By combining active and passive methods,
such as microneedle with liposomes [19], the flux of passing insulin in the body increased
713.3 fold when compared with the passive method alone. Han and Das [20] combined
ultrasound with microneedles to enhance the permeability of the skin. He used bovine
serum albumin (BSA) as a model of large molecules. Ultrasound and a 1.5 mm microneedles
patch were used, which increased permeability of skin 10 times more than conventional
methods. Table 1 presents the different drugs permeated into the skin by sonophoresis.

Many researchers have developed models to measure skin permeability. Johnson [21]
developed a mathematical model to describe permeation via interkeratinocyte lipid do-
mains. He further described that permeation through the skin depends on the transport
properties of a microscale lipid bilayer, as well as the structure and dimension of the epi-
dermis. Based on his model, Mitragotri [22] proposed four pathways of drug diffusion
through the skin as follows: (i) free-volume diffusion through lipid bilayers; (ii) lateral dif-
fusion along lipid bilayers; (iii) diffusion through pores; and (iv) diffusion through shunts.
His research concluded that among the four pathways of permeation, transport through
pores plays a vital role in hydrophilic solutes. Tezel [23] in his research discussed three
modes of interaction that can increase skin permeability for macromolecules. Among these,
cavitation plays the greatest role in enhancing the transdermal transport of molecules.

Many researchers have also worked on simulating the setup of transdermal delivery.
Kwon et al. [24] modeled skin with a topical adsorptive layer in COMSOL Multiphysics
software. They introduced impurities in the dermis that were aimed to be removed by
the application of charcoal. Mass transport and charcoal were modeled by the transient
diffusion equation and pseudo-first-order reaction kinetics, respectively. Kermani [25] used
COMSOL Multiphysics simulation software to deliver fentanyl drug mixed with chemical
enhancer lauryl, transdermally, using the diffusion equation. They simulated the model
of skin and patch. The thickness of skin in this model was considered 50.8 um, and it was
assumed that drug and enhancer are uniformly dissolved in the patch. This simulation
showed that after one hour of applying the patch, the concentration of the drug in the patch
decreased. The drug was better penetrated when used with an enhancer.

Yuta Kurashina et al. developed a low-frequency piezoelectric Langevin transducer.
The authors experimented with the transdermal penetration of silica, polystyrene, and gold
nanoparticles into the skin. It is found that the penetration of these particles depends on
the material and size, as well as the hardness of the subcutaneous support material [26].
A.S. Fiorillo et al. developed a piezopolymer device that works on a frequency of 20 kHz
and the acoustic pressure (compressional and rarefactional) obtained on that frequency was
equal to 2 kPa. Moreover, they concluded that this acoustic pressure can modify biological
tissue when the distance of the ultrasound source is varied [27].

Lipeng He et al. in a study presented the relationship between flow rate from a
piezoelectric pump and sound pressure level. The authors experimented with the change
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in flow rate by changing the chamber depth of the piezoelectric pump. It has been observed
that sound pressure level increases as voltage and frequency increase. As result, the highest
sound pressure level achieved was 69 dB at 225 V with 1.5 mm of chamber depth. Sound
pressure level versus frequency results showed that the highest sound pressure level was
76 dB at 320 Hz with a chamber height of 0.5 mm [28].

Table 1. Research on sonophoresis in transdermal drug delivery.

Drug ;\f/[]o)l::;li:‘ ]‘S?Iit%}:s Chemical Formula of Drug Frequency SOI,F;;SOH Reference
Butanol 74 C4H1pO 20 kHz 10% [29]
Caffeine 194 CsH19N4O; 20 kHz 10 min, 1 h [30]
Histamine 184 CsH9N3 36 kHz 5 min [31]
Ketoprofen 254 C16H1403 20 kHz 0.5-2 min [32]
Bovine serum albumin 66,000 C123H193N35037 20 kHz 2 min [33]
Insulin 5807 Ca57H383Ne5077S6 20 kHz 60 min [34]

3. Structure Design of Single-Element Piezoelectric Transducer

This section presents the fabrication procedure used to build the single-element piezo-
electric transducer. Figure 1 shows the design of a piezoelectric transducer placed on the
skin, using four blocks with dimensions given in Table 1. Block one is a backing layer
of tungsten material, block two is a piezoelectric ceramic using PZT-5H, block three is
a matching layer of aluminum, and block four is a model of the epidermis, i.e., the top
layer of the human skin, where we intend to estimate acoustic pressure and SPL. Table 2
presents the dimensions used for the piezoelectric transducer and skin. The piezoelectric
transducer is placed on the top of the skin membrane, which is 0.5 mm thick and has a
length and width of 4 mm. The material parameter values of each block are given in Table 3.
Table 4 presents the skin specifications given in COMSOL. These four blocks are placed
on top of each other, and the function of each of these is defined by a module of COMSOL
Multiphysics, as shown in Table 5.

Table 2. Dimensions used for piezoelectric transducer.

Parameter Symbol Material Typical Value (mm)

PZT Thickness tp PZT-5H 0.8

PZT Width and Height wp, Ty - 0.82
Matching Layer Thickness tm Alumina 2
Matching Layer Width and Height Wi, W - 22
Backing Layer Thickness ty Tungsten 2
Backing Layer Width and Height wy, hy - 22
Boundary Interface Thickness ts Skin 0.5
Boundary Interface Width and Height ws, hs - 42

Table 3. Material parameter values in FEM model.

Material Density kg/m3 Sound Velocity m/s
PZT-5H 7500 4319
Alumina 3960 9900
Tungsten 19,250 5200

Skin 1100 1540
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Table 4. Built-in skin specifications in COMSOL.

Property Variable Value Unit
Density o 1109 kg/m3
Heat capacity at constant pressure Cp 3391 J/kg-K
Frequency factor A 4.575 x 1072 1/s
Activation energy dE 4.71 x 10° J/mol
Young’s modulus E 1 Pa
Poisson’s ratio v 1 1

Table 5. Modules used in simulation.

S. No. Block Multiphysics Module
1 Backing Layer
2 Matching Layer Solid Mechanics
3 Piezoelectric Ceramic Electrostatics
4 Skin Pressure Acoustics

4. Simulation of Piezoelectric Transducer Using COMSOL Multiphysics

To simulate the effect of the piezoelectric transducer on the skin, it is necessary to
integrate all the blocks into a systemic whole. This is conducted by coupling the solid
mechanics module with electrostatics and pressure acoustics modules.

In COMSOL Multiphysics, solid mechanics are found under the branch of Structural
Mechanics. They are used to measure the effect of stress, strain, and displacement on
the selected material. Meanwhile, the electrostatics module found under the AC/DC
branch is used to compute the electric displacement field, electric field, and potential
distributions in dielectric materials. The final module used in this simulation is pressure
acoustics, frequency domain (acpr) found under the branch of pressure acoustics. It is
used to compute the pressure variations caused by the propagation of acoustic waves in
a selected medium. Here, backing and matching layers are selected as a domain in solid
mechanics. Piezoelectric ceramic (PZT-5H) is selected within the electrostatics module.
Skin membrane is selected as a domain for the measurement of acoustic pressure and
SPL in acoustic pressure, frequency domain module. Coupling solid mechanics and
pressure acoustics modules form an interface called the acoustic structure interaction
boundary, which determines transfer effects between solid mechanics (stress, strain, or
displacement) and pressure acoustics. The simulation is carried out for low frequencies
used in sonophoresis (20-100 kHz) and voltages ranging from 1 mV to 10 mV.

4.1. Acoustic Pressure Calculation

The wave equation for sound is given as in Equation (1), which is used to find acoustic
pressure variations p on the top of the stationary background pressure po*

1 92 1
EBTE + V-(—p(VP - ’7d)> = Qm 1)

Table 6 describes the symbols of Equation (1), which reduces to the following inhomo-
geneous Helmholtz equation in the frequency domain studies

2
V.(—;(Vp - qd)> _YP g, @)

COMSOL uses finite element analysis [35] to solve Equation (2) for pressure (p).
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Table 6. Description of symbols of wave equation.

Symbol Description Unit

P Total density kg/m?
p Pressure Pa

Py Background pressure Pa
c Speed of sound m/s
q4 Dipole domain source N/m3

QOm Monopole domain source rad?/s?
w Angular frequency (27tf) rad/s

4.2. Sound Pressure Level

Sound pressure level is a logarithmic measure of the effective pressure of a sound
relative to the reference value. It is measured in decibels. Equation (3) is copied from Ref. [36].

SPL = 20log | Prms 3)
Pref

where p;ms represents the root-mean-squared value of pressure p,.r = 1 uPas, which is the
reference sound pressure for water. Considering the closeness of density and speed of
sound in water and skin, we chose p,r in skin, the same as in water.

5. The Simulation Results

We present two types of results. In the first case presented in Section 5.1, the frequency
of the sinusoidal excitation is kept constant at 25 kHz, and the voltage varies from 1 mV to
10 mV. Meanwhile, in the second case presented in Section 5.2, the frequency varies from
20-100 kHz, while the peak voltage of the sinusoidal excitation is kept fixed at 1 mV. Hence,
voltage and frequency are two factors that determine the SPL and acoustic pressure of a
transducer with the specified characteristics.

5.1. SPL and Acoustic Pressure versus Voltage

Figure 2 shows the linear increase in acoustic pressure from 0.0072 Pascals to 0.72 Pascals,
while the peak voltage grows from 1 mV to 10 mV. Figure 3 shows the SPL values calculated
using Equation (3) from the response of Figure 2. The SPL grows from 94.1 dB to 114.1 dB
for the one order of increase in the applied peak voltage.
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Figure 2. Total acoustic pressure versus voltage at 25 kHz.
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5.2. Simulation of SPL and Acoustic Pressure versus Frequency

The results of the total acoustic pressure are depicted in Figure 4. One finds that the
acoustic pressure exhibits exponential growth from 0.2 mPa to 5 mPa as the frequency
increases from 20 kHz to 100 kHz. Meanwhile, in Figure 5, one finds that as the frequency
varies from 20 kHz to 100 kHz, the SPL shows logarithmic growth from 43.01 to 70.96 dB.
Figure 6 shows the frequency response of the transducer from 20 kHz to 1 MHz. The curve
shows the irregular frequency response from 760 to 1000 kHz. Meanwhile, the highest peak
of 186 dB occurs at the frequency of 880 kHz. It is observed from the literature review that
the peak achieved at 880 kHz can be used in ophthalmology for delivering drugs.
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Figure 4. Total acoustic pressure versus frequency at 1 mV.
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Figure 5. SPL versus frequency at 1 mV.
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6. Conclusions

Drugs with a molecular weight greater than 500 daltons require a stimulus to move
through the stratum corneum. Sonophoresis is one of the non-invasive active methods of
stimulation. Hence, in this paper, a low-frequency sonophoretic piezoelectric transducer
and human skin were simulated. The transducer was placed on simulated human skin to
measure the acoustic pressure and SPL. The acoustic pressure and SPL were estimated for
a range of peak driving voltages (1-10 mV) and frequencies (20-100 kHz). The acoustic
pressure changes linearly with the applied peak voltage but varies exponentially with
the frequency.

In future research work, we intend to introduce a drug-loaded patch placed be-
tween the matching layer and the skin membrane to study transdermal drug delivery
using sonophoresis.
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