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The majority of infectious diseases enter the body through mucosal membranes that line the ocular, nasal,

oral, vaginal and rectal surfaces. As infections can be effectively prevented by instigating a local immune re-

sponse in the immunocyte-rich regions of the mucosa, an efficacious route of vaccine administration is to

directly target their delivery to these surfaces. It is nevertheless challenging to provide sufficient driving

force to penetrate both the mucus lining as well as the epithelial barrier of the mucosal surfaces, which are

designed to effectively keep foreign entities out, but not excessively such that the therapeutic agent pene-

trates deeper into the vascularised submucosal regions where they are mostly taken up by the systemic

circulation, thus resulting in a far weaker immune response. In this work, we demonstrate the possibility of

controllably localising and hence maximising the delivery of both small and large molecule model thera-

peutic agents in the mucosa of a porcine buccal model using high frequency acoustics. Unlike their low

(kHz order) frequency bulk ultrasonic counterpart, these high frequency (>10 MHz) surface waves do not

generate cavitation, which leads to large molecular penetration depths beyond the 100 μm order thick mu-

cosal layer, and which has been known to cause considerable cellular/tissue damage and hence scarring.

Through system parameters such as the acoustic irradiation frequency, power and exposure duration, we

show that it is possible to tune the penetration depth such that over 95% of the delivered drug are localised

within the mucosal layer, whilst preserving their structural integrity.

1 Introduction

The vast surface area of the mucosal membranes that line the
respiratory, digestive and reproductive tracts—over several
hundred square meters in an adult body, and much greater
than that of skin—and their constant exposure to the external
environment or food makes them particularly susceptible as
an entry portal for over 70% of infectious agents into the
body.1 As the first line of defence, over 80% of all
immunocytes in the human body are thus present in mucosa-
associated lymphoid tissue (MALT).2 The abundance of these
innate and adaptive immune system cells in the MALT, in-
cluding phagocytic neutrophils and macrophages, monocytes,
natural killer cells, dendritic cells and other antigen-
presenting cells that recognise and respond to antigenic chal-
lenges, produce pathogen-specific antibodies that are secreted
into the mucus where they are able to neutralise the threat
before an infection occurs.3–7

For this reason, the mucosa is an attractive target for local
vaccine delivery to elicit a far stronger local immune re-
sponse than that possible via systemic vaccination routes
such as subcutaneous or intramuscular injection.8,9 In any

case, the vascularised nature of the mucosal surfaces also fa-
cilitates the induction of systemic immunity.7 Another advan-
tage of mucosal delivery is that it comprises a non-invasive
needle-free route, which is attractive particularly for vaccina-
tion in developing nations and among children.

There are, however, considerable hurdles that underscore
the difficulties of effective mucosal delivery. For one, the mu-
cosa is designed with a robust tolerance mechanism that reg-
ulates the immune response to prevent antigenic
overreaction.9 Further, the mucus that coats all mucosal sur-
faces is endowed with natural defence mechanisms designed
as a barrier to prevent entry. In addition to the bulk motion
of the mucus that impedes deposition and hence facilitates
rapid removal, substances that find their way to the mucosal
epithelium are trapped by the heterogenous viscous and
sticky mucus layer where they are degraded by its acid- or
enzyme-rich environment.

In addition to the design of mucosal vaccines and the use
of appropriate adjuvants to safely increase immunogenicity,
various strategies have therefore been proposed to increase
penetration of therapeutic agents through the mucus by
circumventing the physiological barriers to diffusional trans-
port along the mucosal route, such as the hydrophobic and
electrostatic interactions that lead to aggregation in the mu-
cus microstructure.10 These strategies have, however,
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primarily focussed on appropriate choice of viral and syn-
thetic drug carriers and modifying their surfaces to alter
mucoadhesion and increase mucus penetration.7,11,12 Alter-
natively, it is possible to improve drug penetration either by
physically disrupting the mucus layer through the use of mu-
colytic agents13,14 or by enhancing permeabilisation of the
mucosal membrane, for example, sonophoretically by
employing ultrasound.15,16 Compared to the focus on the use
of biochemical carriers, physical membrane disruption
methods, nevertheless, remain relatively unexplored.

On the one hand, ultrasound has long been employed as a
method for physical membrane disruption to enhance entry of
drugs to cells. The majority of work has however predominantly
been carried out at low (10 kHz order) frequencies.15 This is be-
cause cavitational effects—which not only leads to the removal
of lipids in the intercellular domains, particularly in the stra-
tum corneum such that its permeabilisation to drugs is en-
hanced, but also provides the large pressures necessary to drive
the drug sonophoretically through tissue—decreases exponen-
tially with increasing frequencies.17,18 While ultrasonic delivery
via cavitation at low frequency thus facilitates effective trans-
dermal delivery where it is necessary for the therapeutic agent
to penetrate deeply to depths of approximately 1 mm beneath
the skin's outer layer into the highly vascularised dermis layer
for absorption into the systemic circulation,19 such depths are
excessive for localising the drug within the mucosal epithelium
for optimal mucosal delivery.

As it is the viable epidermis that assumes the rate limit-
ing step and hence barrier for efficient molecular transport
following permeabilisation of the stratum corneum,20 we
therefore believe that it is more expedient to exploit the far
shorter attenuation lengths associated with higher frequency
sound waves above 10 MHz, where cavitation is also essen-
tially non-existent,21,22 to confine drug transport within the
mucosal layer, which typically possesses thicknesses in the
range 100–200 μm in the sublingual regions, 200–500 μm in
the ocular regions, 500–800 μm in the buccal regions, 660–
1130 μm in the rectal regions,23 and 1.3–1.4 mm in the vag-
inal regions.9,24,25 By doing so, the vaccine antigen that is
delivered to either of these routes does not enter the blood-
stream via the capillary-rich regions of the submucosa at
distances beyond the mucosal layer thicknesses, but are
captured by the antigen-presenting cells in the mucosa to
elicit an effective local mucosal immune response. Given
that large cavitational stresses also lead to considerable
damage to cells and tissues as a result of the poration of
the cell membrane (the very mechanism responsible for the
efficient intercellular permeabilisation of the drug during
sonoporation drug delivery), another advantage of suppress-
ing cavitation with high frequency excitation is the consider-
ably lower cell/tissue damage and scarring.

In this work, we hence show that it is possible to achieve
localisation of model therapeutic agents within the mucosal
layer of a porcine lip, given its close resemblance to the human
buccal mucosa, through the use of a particular form of high
frequency (10 MHz order) sound waves, namely, surface acous-

tic waves (SAWs). SAWs have recently been demonstrated for a
host of microfluidic applications22,26–28 including particle/cell
patterning, sorting and alignment,29–33 sessile and micro-
channel droplet transport and manipulation,34–41 micro-
channel/nanochannel actuation,42–49 microcentrifugation,50–56

jetting,57 and nebulisation.58–64 Other than as an aerosol gener-
ator for inhaled therapeutics via the nebulisation process,65–68

and, more recently, as a vibration source that enhances cyto-
solic intracellular delivery without necessitating pore forma-
tion,69 SAWs have however yet to be exploited for other admin-
istrative modes of drug delivery, let alone that through tissue
and specifically targeting the mucosa.

Beyond easy access and the possibility for self-medication,
the choice of buccal delivery as a tissue model in this work is
motivated by better patient acceptability compared to other
mucosal administration routes (e.g., ocular, vaginal, rectal),
lower enzymatic activity, a lower propensity of the therapeutic
to be washed away by saliva compared to sublingual adminis-
tration, and that the device, which can simply be mounted
on the inner surface of the lip (Fig. 1a), can easily and
quickly be removed in the event of an adverse allergic
reaction.70–72 Moreover, buccal delivery has received far less
attention compared to other mucosal routes given that there
are challenges that have yet to be overcome, such as the low
permeability through the stratified squamous epithelial
cells73 despite the buccal and sublingual tissue being among
the most permeable of the oral mucosal membranes.74 Fur-
ther, buccal dosing to date has primarily been limited to
sprays, tablets and chewing gum in conjunction with the use
of chemical permeation enhancers.9 An effective physical
permeabilisation method driven by external forcing has, to
our best knowledge, yet to be proposed. Nonetheless, we note
that the present method, which simply relies on contact of
the acoustic device with the mucosal surface—conceptually il-
lustrated by a portable, battery-powered handheld applicator
in Fig. 1a, can easily be extended for delivery via the other
mucosal routes.

2 Materials and methods
2.1 Chemicals

All chemicals were purchased from Sigma Aldrich Pty. Ltd.
(Mulgrave, VIC, Australia) unless specified otherwise. Specifi-
cally, we procured fluorescein sodium salt (fluorescein), fluo-
rescein isothiocyanate (FITC)-labelled albumin, FITC-labelled
dextran (20, 40 and 70 kDa), Hoechst 33342 stain, Tris buffer
base, hydrochloric acid (HCl), Krebs-Ringer bicarbonate
buffer, sucrose, isopentane, horseradish peroxidase (HRP),
hydrogen peroxide (H2O2), 3,3′,5,5′-tetramethylbenzidine
(TMB), ultrapure water, cotton gauze, paraformaldehyde
(PFA, 20% v/v; Electron Microscopy Sciences, Emgrid Pty.
Ltd., Gulfview Heights, SA, Australia), optimum cutting tem-
perature solution (OCT; Proscitech Ltd., Kirwan, QLD, Austra-
lia), formalin (Proscitech Ltd., Kirwan, QLD, Australia), xylene
(Hurst Scientific, Forrestdale, WA, Australia), haematoxylin
(Australian Biostain, Traralgon, VIC, Australia), Scott's tap
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water (Amber Scientific Pty. Ltd., Midvale, WA, Australia), 1%
aqueous eosin (Australian Biostain, Traralgon, VIC, Australia)
and MM 24 Mounting Media (Leica Biosystems Inc., Buffalo
Grove, IL, USA) for the experiments and histological staining.

2.2 SAW device fabrication

The SAW devices (Fig. 1b) consist of 127.86° Y–X rotated lith-
ium niobate (LiNbO3) single crystal piezoelectric substrates
(Roditi Ltd., London, UK) on which 40 alternating 33- and 66-
nm thick chromium–aluminium straight interdigitated trans-
ducer (IDT) electrodes (Fig. 1b) are photolithographically pat-
terned using standard wet etching techniques. The SAW fre-
quency—we examined 17, 30 and 55 MHz devices to explore
their effect on the delivery whilst limiting the depth of perfu-
sion to which the therapeutic molecules penetrate into the
submucosa so that they are localised within the mucosal
layer—is determined by setting the gap and width of the
electrodes equal to λ/4, wherein λ = 234, 132 and 72 μm are
the SAW wavelengths corresponding to these respective reso-
nant frequencies. The fabricated devices were tested on a vec-
tor network analyser (VNA; ZVA, Rhode & Schwarz Pty. Ltd.,
North Ryde, NSW, Australia) prior to the start of the experi-
ments. The application of an alternating electrical signal at
resonance to the IDTs at various powers using a signal gener-
ator (SML01, Rhode & Schwarz Pty. Ltd., North Ryde, NSW,
Australia) and amplifier (10W1000C, Amplifier Research,
Souderton, PA, USA) then gives rise to a SAW, which propa-
gates along the surface of the device.

2.3 Tissue model

Porcine lips (Fig. 1b) were acquired from a local abattoir and
transported to the laboratory wrapped in gauze saturated

with Krebs-Ringer bicarbonate buffer and maintained on ice
at 4 °C to keep it viable and moist during transit. The lip tis-
sues were subsequently separated from the underlying fat tis-
sue to a thickness of approximately 0.3 cm by manual dissec-
tion with a sharp scalpel to minimise tissue damage. This
was followed by washing with 1 M Tris-HCl buffer to ensure
removal of debris and remnant blood on the surface. Cubes
of approximately 0.5 cm × 0.5 cm × 0.3 cm were cut out from
the entire lip and placed on a Petri dish containing gauze sat-
urated with buffer until the end of the experiments. The ex-
periments were performed within 2 hours from the time
when the animals were sacrificed in the abattoir.

2.4 Model drug molecule perfusion

A 4 μl drop containing the model drug solution (120 ng of
either fluorescein, FITC-dextran in MilliQ water or FITC-
albumin in 10 mM Tris-HCl) was placed on the device prior
to the start of the experiments. The device containing the
drug solution atop it was then inverted and placed on a
cube comprising the porcine lip sample with the epidermis
facing the device, as schematically shown in Fig. 1c, follow-
ing which the SAW at a specific frequency and power is ex-
cited over a given duration. The samples were washed im-
mediately after exposure to the SAW, and the washed
precipitate was collected to measure the drug loss. The
clean tissue sample was then pat dried and immediately
flash frozen in cryomolds pre-filled with OCT in the pres-
ence of liquid nitrogen cooled isopentane. The frozen sam-
ples were wrapped immediately with aluminium foil and
stored at −80 °C, after which 50 μm thick layers of the sam-
ples were sectioned with a cryostat (HYRAX C60, Carl Zeiss
AG, Oberkochen, Germany; CM1860, Leica Biosystems Inc.,

Fig. 1 (a) Idealised depiction illustrating the proposed concept of a portable handheld applicator device for mucosal delivery; the image shows
delivery via buccal administration although it can be envisaged that the concept can easily be adapted for other mucosal administration routes. (b)
Top view image of the SAW device, and, (c) side view schematic of the experimental set up employed to demonstrate the delivery of therapeutic
agents into different layers of a porcine lip tissue section. For optimum administration, the dose is ideally confined within the mucosal layer to a
depth of 700 μm beneath the surface so as to minimise penetration into the vascular rich submucosal layer beyond this depth. The scale bar
denotes a length of 10 mm.
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Buffalo Grove, IL, USA) parallel to the skin's surface at −18
°C. The tissue samples were protected from light at all
times prior to the fluorescence measurements.

2.5 Histological staining

The frozen sections were cryotomed into 50 μm sections and
air dried overnight at room temperature. The slides
containing the sections were subsequently placed in 10%
buffered formalin for 2 min under a fume hood. The slides
were further washed with tap water followed by the addition
of haematoxylin for 30 s. The haematoxylin was then re-
moved with tap water, after which the slides were left in
Scott's tap water for 30 s. A final staining step with 1% eosin
for 30 s was conducted before carrying out a series of dehy-
dration steps in ethanol followed by clearance with xylene.
The dehydrated sections were finally mounted with MM 24
mounting media prior to analysis. Slides comprising tissue
sections with perfused FITC-albumin were also
counterstained with Hoechst 33342 (2 μg ml−1) to specifically
stain the cell nuclei, from which any condensation of the nu-
clear components could be observed.

2.6 Delivered dose

The sectioned layers were analysed under a microscope to
capture fluorescent images at excitation wavelengths of 450–
490 nm. All images were acquired under 10× magnification
and 60 s of exposure. The mean fluorescence intensity of the
images was calculated from the intensity of the green chan-
nel for each pixel using Image J® (National Institutes of
Health, Bethesda, MD, USA). To account for any autofluores-
cence of the tissue, post-sectioned samples both in the ab-
sence and presence of the SAW, but without the addition of
any fluorophore, were imaged to obtain the green channel
pixel intensity. Given that the autofluorescence of both did
not vary significantly, the unexposed samples were thus cho-
sen as the control. The mean fluorescence intensity of this
control sample for each 50 μm section was then subtracted
from the samples exposed to the fluorescently-labelled model
drug molecules under the SAW excitation. From a calibration
standard, we were able to subsequently convert the mean
fluorescence intensity into the mass of drug delivered to each
section, which is normalised against the total amount of drug
delivered to the entire sample, calculated from the total
amount of drug deposited and accounting for any losses in
the drug (e.g., the residual drug on the device).

2.7 Temperature

Increases in temperature of the drug solution due to the
SAW irradiation can lead to adverse effects on the structure
and functionality of the therapeutic molecules to be deliv-
ered. We thus measured the temperature at the surface of
the device using a temperature probe (HH506RA, OMEGA
Engineering Inc., Norwalk, CT, USA) placed in contact with
the surface of the device when the SAW is excited under the
different parameters employed. We note that the solution

temperature will be lower than that measured at the surface
of the device and the temperature in the tissue lower than
that in the solution.

2.8 Circular dichroism spectroscopy

The effect of the acoustic irradiation on the secondary α-helix
structure of albumin (1 mg ml−1 BSA in 10 mM Tris-HCl
buffer) was analysed by recording the difference in their ab-
sorption properties under polarised ultraviolet light following
exposure to the SAW at different powers and durations corre-
sponding to those used in the tissue delivery experiments. To
avoid any denaturation by the salts in the buffer, we exam-
ined the circular dichroism (CD) spectra immediately after
collection of the samples. The temperature was maintained
at 20 °C throughout the experiment. A glass cuvette with a
path length of 0.1 cm was chosen, and a 400 μl sample was
exposed to UV in the wavelength range between 190 nm and
250 nm. In its unfolded state, the ellipticity of α-helical pep-
tides in the protein is nearly zero over the wavelengths 209–
222 nm corresponding to their absorption bond. On the
other hand, the protein in its native state possesses a positive
band at 193 nm and negative bands at 208 nm and 222 nm.
Any shift in the band to an increasingly positive value be-
tween 209 and 222 nm therefore reveals the extent to which
the α-helical structure is unfolded and hence the extent of
conformational change in the protein.

2.9 Enzyme activity study

In addition to examining the post-irradiated BSA secondary
structure, an enzyme activity study was also carried out to
monitor the functional activity of enzymes exposed to the
SAW. Briefly, HRP as a model enzyme was exposed to the
SAW at the different powers and exposure times used in the
tissue delivery experiments and collected in 10 mM sodium
acetate buffer. The solution was then mixed with H2O2 and
TMB. HRP then converts the colourless TMB substrate into a
blue-coloured solution in the presence of H2O2. The absor-
bance at 652 nm, measured using a plate reader
(Spectramax® Paradigm multimode plate reader, Molecular
Devices LLC, Sunnyvale, CA, USA), is directly proportional to
the activity of the enzyme, which, in turn, provides an indica-
tion of its functional integrity following excitation with the
SAW.

3 Results and discussion

Fig. 2 shows a representative result, in which fluorescently-
labelled FITC-albumin is infused into the porcine buccal tis-
sue under the SAW excitation compared to that for the case
of passive diffusion. It can be seen that not only considerably
more protein is delivered into the tissue when it is exposed
to the SAW irradiation than if it were left to solely diffuse
into the tissue over the same duration, but that the protein
delivered also penetrates significantly deeper into the tissue.
The poor delivery due to passive diffusion can primarily be
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attributed to the existence of the stratified squamous epithe-
lium, which makes up the bulk of the lip tissue lining be-
neath the very thin stratum corneum. Given that it predomi-
nantly consists of epithelial cells72 whose lateral interstitial
spaces comprising tight junctions between the cells only al-
low the through passage of small hydrophilic molecules, it is
unlikely that large hydrophilic protein molecules such as
FITC-albumin navigate this tortuous paracellular path-
way.75,76 Moreover, even if the intercellular spaces are suffi-
ciently large to facilitate entry of the protein molecules, the
diffusion time scale, which is on the order of hours, is con-
siderably longer than the duration over which the images in
Fig. 2 were acquired. Consequently, it is unsurprising that
negligible drug is present in the tissue in the control sample,
at least over these short times.

On the contrary, we observe rapid penetration of the drug
into the tissue when it is exposed to the SAW irradiation,
wherein the protein molecules are phoretically driven
through the intercellular spaces due to the acoustic radiation
pressure imparted on them. This radiation pressure arises as
a consequence of the sound waves that are generated in the
drug solution when the SAW energy leaks into it from the
surface of the device.22,77 The delivery into the tissue is possi-
bly further aided by permeabilisation of the mucosal mem-
brane due to the vibration directly induced on it by the SAW
irradiation.69,78 This then results in increased intercellular
spacing due to structural reorganisation of the lipids in the
intercellular domains to an extent that it sufficiently permits
the passage of larger molecules which would otherwise not
have perfused through.69,79–82

It should be noted though that such lipid structure
reorganisation is not accompanied by pore formation—this is
because cavitation, which is the predominant mechanism by
which membrane pores are generated under sonoporation at
low kHz order frequencies, is absent at the high MHz order

frequencies employed.69,83,84 The lack of pore formation here
is an advantage as a high level of cell and tissue viability is
retained below a threshold input voltage of 100 mV (Fig. 3),
thus minimising tissue scarring following exposure to the
SAW. This is confirmed by the absence of nuclear condensa-
tion, which is proportional to the extent of cell apoptosis in
the tissue, as seen from the nuclear staining in the images;
such condensation, resulting in bright clumps of the nu-
clei,85,86 on the other hand, was evident at 100 mV. In any
case, increasing the input voltage to this threshold level does
not lead to significant benefit in terms of the delivered dose.
Alternatively, or possibly in combination with such enhanced
paracellular transport under SAW excitation, it is conceivable
that the acoustic radiation pressure enables the protein mole-
cules to be transported through the cells via the transcellular
pathway,87–89 particularly given that SAW irradiation of cells
has been recently shown to reversibly and instantaneously
enhance the permeability of cell membranes, thus facilitating
fast transport into, and, subsequently, out of, cells.69

As expected, the delivered dose can be seen in Fig. 4a and e
and 5a and e to decay with increasing depth into the tissue, as
observed from the decrease in the fluorescence intensity in suc-
cessive tissue sections (Fig. 2). We now turn our attention to
optimising the device parameters associated with the delivery
such that the decay in the dose occurs over a length associated
with the thickness of the mucosal layer in order that the deliv-
ery to this region is maximised whilst minimising the amount
of drug delivered to further depths into the submucosa. Fig. 4
and 5, for example, show the respective concentration profiles
of fluorescein and FITC-albumin in the sectioned tissues for dif-
ferent SAW powers and exposure durations, in which we ob-
serve that the delivered dose is mainly confined to a depth of
approximately 850 μm from the lip surface for fluorescein
(Fig. 4d), and around 750 μm for FITC-albumin (Fig. 5d), thus
confirming the ability of the method for localising most of the

Fig. 2 Distribution of FITC-albumin (green) in selected tissue sections at various depths from the surface of the porcine lip. The top row images
comprise the result from the control experiments when the protein is allowed to diffuse into the tissue over a duration of 10 s. The bottom row
images comprise the result when the SAW at a frequency of 30 MHz and an input voltage of 50 mV is employed to infuse the protein into the tis-
sue for 10 s. The cell nuclei are counterstained by Hoechst 33342 (blue).

Lab on a ChipPaper

Pu
bl

is
he

d 
on

 1
8 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 R
M

IT
 U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

5/
18

/2
02

1 
1:

34
:0

4 
A

M
. 

View Article Online

https://doi.org/10.1039/c8lc00355f


Lab Chip, 2018, 18, 3272–3284 | 3277This journal is © The Royal Society of Chemistry 2018

delivered therapeutic to the mucosa, which, in the case of por-
cine lips, is approximately 700 μm thick.90 This ability to rap-
idly, but yet controllably, enhance the delivery of therapeutic
agents—in particular, large molecules which do not normally
penetrate the epithelial barrier of the stratum corneum or the
squamous epithelium layer into tissue on their own via passive
diffusion, as seen from the control experiments, and, at the same
time, avoiding driving them too deep into the submucosal layer,
then represents a significant advance over other techniques, es-
pecially those for transdermal delivery, which primarily have
been designed to achieve the greatest penetration possible.

Fig. 4b and f show that although it is possible to achieve a
fourfold increase in the dose of fluorescein and at greater
penetration depths while still maintaining localisation pri-

marily in the mucosal layer compared to that achieved by
pure diffusion in the absence of the acoustic irradiation (con-
trol), there is little effect of the SAW power and exposure du-
ration in the amount of fluorescein delivered or the depth to
which it penetrates in the tissue. In addition, we observe
around 99% efficiency in the delivery (Fig. 4c and g), i.e., al-
most all of the 120 ng of fluorescein in the feedstock solution
is delivered into the tissue; the majority of this (≈94.2%) be-
ing confined within the mucosa, which comprises the first
700 μm section immediately beneath the surface of the lip
(Fig. 4b and f). This is likely because fluorescein is a small
molecule (Mw = 376 g mol−1) that is easily transported either
via the paracellular or transcellular routes once the acoustic
irradiation initially facilitates their passage through the

Fig. 3 (Top rows) Hematoxylin & eosin (H&E) staining of the porcine buccal tissue showing the morphological structure of the mucosal layer before
(control) and after exposure to SAW irradiation at (a) different input voltages, and, (b) SAW frequencies, over a duration of 10 s. In (a), the SAW frequency
is held constant at 30 MHz, whereas in (b), the input voltage is fixed at 50 mV. The stratified squamous epithelial layer, comprising the topmost layer,
can clearly be seen to be intact in the absence of SAW (control) and at power levels below 100 mV at which there is considerable disruption of the cells
in this layer. This can be seen from the nuclear staining (blue; bottom rows) in which condensation of the cell nuclei is evident at 100 mV, as indicated
by the arrows. The scale bar denotes a length of 275 μm for the H&E stained images and 20 μm for the nuclei stained images, respectively.
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intercellular spaces in the epithelium that makes up a large
part of the mucosal layer.

The effect of the SAW power and exposure duration, on
the other hand, is more pronounced for FITC-albumin

Fig. 4 Effect of the SAW (a–d) exposure duration, and, (e–h) input voltage, on the delivery of fluorescein to porcine lip tissue. The same data is
represented in terms of (a and e) dose, and, (b and f) cumulative dose distributions, (c and g) delivery efficiencies, and, (d and h) penetration
depths. The SAW frequency and the initial amount of fluorescein in the feedstock solution is fixed at 30 MHz and 120 ng, respectively. In (a–d), the
input voltage is fixed at 50 mV, whereas in (e–h), the exposure duration is fixed at 10 s. The control experiment involves exposing the tissue to
fluorescein using the same setup and over the same exposure duration, but in the absence of the SAW forcing. The data are represented in terms
of a mean value (n = 3) ± the standard error. The asterisks *** indicate statistically significant differences compared to the control with p < 0.001.

Fig. 5 Effect of the SAW (a–d) exposure duration, and, (e–h) input voltage, on the delivery of FITC-albumin to porcine lip tissue. The same data is
represented in terms of (a and e) dose, and, (b and f) cumulative dose distributions, (c and g) delivery efficiencies, and, (d and h) penetration
depths. The SAW frequency and the initial amount of FITC-albumin in the feedstock solution is fixed at 30 MHz and 120 ng, respectively. In (a–d),
the input voltage is fixed at 50 mV, whereas in (e–h), the exposure duration is fixed at 10 s. The control experiment involves exposing the tissue to
FITC-albumin using the same setup and over the same exposure duration, but in the absence of the SAW forcing. The data are represented in
terms of a mean value (n = 3) ± the standard error. The asterisks *** indicate statistically significant differences compared to the control with p <

0.001.
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(Fig. 5), particularly given that it is a considerably larger (66
kDa) and more complex molecule. In particular, we observe a
marked difference between 10 and 20 s of exposure time in
which approximately 50% increase in the dose was observed
simply by increasing the exposure time (Fig. 5b). The overall
delivery efficiency—essentially up to around 60%
(Fig. 5c and g)—is lower compared to that for fluorescein
(Fig. 4c and g), which is expected given the large molecular
size of the protein, although we note that most of the drug is
effectively distributed within the mucosal layer; neither the
SAW power or exposure duration appeared to have much ef-
fect on the penetration depth to which the drug is delivered.
We note that even though some drug penetrates beyond 700
μm (Fig. 5d and h)—the approximate thickness of the buccal

mucosa in pigs—into the submucosal layer, this is minimal
since it can be seen from the cumulative distribution in
Fig. 5b and f that the majority of the drug is delivered to a
depth of approximately 500 μm from the surface, as observed
from the rapid plateauing of the distribution beyond this
depth.

The role of the SAW frequency can be seen in Fig. 6. All
other parameters being equal, we observe the penetration
depth to decrease from approximately 1 mm to 700 μm and
550 μm when the SAW frequency is increased from 17 MHz
to 30 and 55 MHz, respectively (Fig. 6d). This is because the
viscous attenuation length of the sound wave transmitted
into the tissue scales inversely with frequency, and hence the
sound wave is able to travel further into the tissue before it

Fig. 6 Effect of the SAW frequency on the delivery of FITC-albumin to porcine lip tissue. The same data is represented in terms of (a) dose, and,
(b) cumulative dose distributions, (c) delivery efficiencies, and, (d) penetration depths. The initial amount of FITC-albumin in the feedstock solution,
as well as the SAW input voltage and exposure duration are fixed at 120 ng, 50 mV and 10 s, respectively. The control experiments involved expos-
ing the tissue to FITC-albumin using the same setup and over the same exposure duration, but in the absence of the SAW forcing. The data are
represented in terms of a mean value (n = 3) ± the standard error. The asterisks *** indicate statistically significant differences compared to the
control with p < 0.001.
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decays. The effect is however less pronounced for the amount
of drug delivered and hence the efficiency of the delivery al-
though we note that the distribution of the drug delivered to
the tissue is more uniform with lower frequencies. Practi-
cally, there exists a trade-off between the penetration depth
and the amount delivered, as well as the distribution of the
drug in the tissue when choosing the operating frequency.
For example, while all of the drug can be localised in the buc-
cal mucosal layer up to a thickness of 700 μm with either the
30 or 55 MHz devices, the 30 MHz device provides a slightly
longer penetration depth such that some of the drug is de-
posited in the region between a depth of 550 to 700 μm
(Fig. 6b). Further, it can be seen from Fig. 6b that the
amount of drug delivered and hence the efficiency of delivery
to the mucosal layer up to a thickness of 700 μm is more or
less similar across all three frequencies. As such, if deposi-
tion of the drug in the submucosal layer beyond 700 μm is

not critical, it may be preferable to adopt the lower 17 MHz
frequency in order to achieve a more uniform distribution
throughout the mucosal layer.

To further elucidate the effect of the size of the therapeu-
tic agent on the efficacy of delivery, we repeated the experi-
ments with FITC-labelled dextrans—simple hydrophilic
glucopolysaccharide molecules—with varying molecular
weights (20, 40 and 70 kDa) for 30 MHz SAW at 50 mV over
10 s (Fig. 7). As seen in Fig. 7a, only minimal molecular pene-
tration was observed in the control experiments that were
conducted in the absence of the SAW excitation regardless of
the size of the molecule: only 3.59 ng, equivalent to an effi-
ciency of 2.99%, was delivered to the tissue over a depth of
approximately 300 μm in 10 s (Fig. 7b–d), underscoring not
only the slow diffusion process but also the inability for the
molecules to penetrate into the tissue beyond a superficial
depth without the aid of external forcing. In contrast, and

Fig. 7 Delivery of FITC-dextrans of different molecular weights (20, 40 and 70 kDa) to porcine lip tissue. The same data is represented in terms of
(a) dose, and, (b) cumulative dose distributions, (c) delivery efficiencies, and, (d) penetration depths. The initial amount of FITC-dextran in the feed-
stock solution, as well as the SAW frequency, input voltage and exposure duration are fixed at 120 ng, 30 MHz, 50 mV and 10 s, respectively. The
control experiments (labelled ‘C’ in the legends) involve exposing the tissue to the different FITC-dextrans using the same setup and over the same
exposure duration, but in the absence of the SAW forcing. The data are represented in terms of a mean value (n = 3) ± the standard error. The as-
terisks *** indicate statistically significant differences compared to the control with p < 0.001.
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consistent with the abovementioned fluorescein and FITC-
albumin results in the presence of the SAW, the delivery to

the tissue is significantly enhanced both in terms of the pen-
etration depth and the amount that is delivered (i.e., the

Fig. 8 (a) Circular dichroism (CD) spectra showing the α-helix structure of albumin after their exposure to different levels and durations of the
SAW irradiation. (b) Activity of HRP exposed to the SAW irradiation at different levels and over different times, normalised against that of the
unexposed control. (c) Corresponding temperatures to which the SAW device is heated (this value being the maximum in the temperature rise; in
other words, the solution temperature will always be lower than that at the surface of the device and the temperature in the tissue lower than that
in the solution) for different input voltages and exposure times.

Fig. 9 Efficiency of delivering fluorescein, FITC-albumin and FITC-dextran solely to the mucosa (assumed to comprise the topmost 700 μm-thick
layer from the surface90) of buccal porcine tissue, as a function of various system parameters: (a) SAW exposure duration, (b) input voltage to the
SAW device, (c) FITC-dextran molecular weight, and, (d) SAW frequency. Unless varied as part of the study, the SAW frequency, input voltage and
exposure duration are maintained at 30 MHz, 50 mV and 10 s, respectively.
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delivery efficiency). We note that the amount of dextran deliv-
ered to the tissue decreases linearly from approximately 110
ng to 70 ng when the molecular size is increased from 20 to
70 kDa, corresponding to a decrease in the delivery efficiency
from around 90% to 60% (Fig. 7b and c). Additionally, the
penetration depth also decreases approximately linearly from
around 600 μm to around 400 μm (Fig. 7d). Parenthetically, it
is interesting to note that under the same SAW excitation pa-
rameters, the penetration depth and delivery efficiency for 70
kDA FITC-dextran are close to that for FITC-albumin, which
is similar in molecular weight despite it being far more com-
plex than the simple branched structure of dextran mole-
cules, therefore suggesting the dominance of the role of the
size rather than the structure of the molecule in the delivery.

Finally, we verify that the applied acoustic irradiation does
not lead to adverse effects on the structure of the protein dur-
ing delivery into the tissue, particularly given that the absorp-
tion of the sound waves in the feedstock solution, and to a
lesser extent in the tissue, leads to some heating, which
could potentially denature the protein. This was carried out
by accessing the secondary structure of albumin that has
been exposed to different levels and exposure durations of
the SAW irradiation via CD spectroscopy. As can be seen in
Fig. 8a, increasing levels of protein denaturation in terms of
the unfolding of their α-helix structure can be observed as
the temperature of the feedstock solution increases with ei-
ther prolonged exposure or increasing intensity of the SAW
irradiation. We note that this is minimal (<10%) at 50 mV
across all the exposure durations examined in this work. At
the higher input of 75 mV, the structural damage to the pro-
tein is still minimal (<15%) if the exposure duration is lim-
ited to 10 s. This is encouraging given that these are the in-
put parameters to the SAW that are primarily required in
order to obtain sufficiently high doses of the protein into the
tissue, whilst maximising their localisation within the muco-
sal layer (Fig. 5) and minimising damage to the tissue struc-
ture (Fig. 3). Consistent with the earlier results in Fig. 3, fur-
ther increases of the irradiation beyond the threshold limit,
however, led to significant disordering of the protein confor-
mation. These results were reflected in the examination of
post-exposure enzymatic activity in Fig. 8b, which showed
that significant decreases in activity only occurred with suffi-
ciently high temperature rises beyond 50 °C (Fig. 8c) when
the HRP was exposed to the SAW irradiation over prolonged
periods.

4 Conclusion

With the steady rise in the advent of various infectious dis-
eases and antibiotic immune pathogens, the need for better
protective immunisation is necessary to improve the quality
of human life. While a number of delivery methods have
been demonstrated for immunisation via delivery through tis-
sue, it is still a significant challenge to localise the therapeu-
tic agent within the mucosa where it can be taken up by the
abundance of innate and adaptive immune system cells in

the mucosa-associated lymphoid tissue to elicit a local muco-
sal immune response, rather than being delivered deeper
into the vascularised submucosal layers where it is taken up
by the circulation, which then results in a weaker systemic
immune response. Ultrasonic methods at lower (<1 MHz)
frequencies that rely on cavitation to effect cellular poration
or generate significant pressures to force the therapeutic mol-
ecules into the tissue, for example, tend to result in excessive
molecular penetration depths into the submucosa owing to
the extremely large cavitation pressures and long sound at-
tenuations lengths; sonoporation, whilst facilitating easier
transcellular passage, however, also results in poor cellular vi-
ability and tissue scarring.

Motivated by the lack of physical methods to localise and
hence maximise drug delivery to the mucosal layers of tissue,
we have demonstrated a novel method to achieve this by
employing high frequency (>10 MHz) SAWs, in which cavita-
tion is absent and which possesses shorter acoustic attenua-
tion lengths. In particular, we show that the method is able
to deliver much higher doses of model therapeutic molecules
—commensurate with the 50–500 ng of protein, for example,
that is typically delivered to induce mucosal immunity in
adult humans91,92—into porcine buccal tissue and at much
higher rates compared to the control, which depended solely
on passive diffusion—a rather slow process that is also often
unable to facilitate the passage of large molecules such as
proteins through the epithelium. More importantly, we show
the ability to avoid delivering the therapeutic agent too far
into the submucosa so as to localise their dose within the
mucosa, which, for porcine buccal tissue, comprises the top-
most layer beneath the surface to a depth of 700 μm.90 This
is summarised in Fig. 9 which shows the efficiency of dosing
the drug solely in the mucosal layer. It can be seen that mu-
cosal dosing efficiencies over 95% can be achieved for SAW
irradiation levels and exposure durations that do not lead to
protein denaturation.
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