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Hypersonic poration of supported lipid bilayers†

Yao Lu,ab Jurriaan Huskens, *b Wei Panga and Xuexin Duan *a

Hypersound (ultrasound of gigahertz (GHz) frequency) has been recently introduced as a new type of

membrane-disruption method for cells, vesicles and supported lipid bilayers (SLBs), with the potential to

improve the efficiency of drug and gene delivery for biomedical applications. Here, we fabricated an

integrated microchip, composed of a nano-electromechanical system (NEMS) resonator and a gold electrode

as the extended gate of a field effect transistor (EGFET), to study the effects of hypersonic poration on an

SLB in real time. The current recordings revealed that hypersound enabled ion conduction through the SLB

by inducing transient nanopores in the membrane, which act as the equivalent of ion channels and show

gating behavior. The mechanism of pore formation was studied by cyclic voltammetry (CV), atomic force

microscopy (AFM) and laser scanning microscopy (LSM), which support the causality between hypersound-

triggered deformation and the reversible membrane disruption of the SLB. This finding contributes to the

development of an approach to reversibly control membrane permeability by hypersound.

Introduction

Physical methods based on the principle of membrane disruption,
such as thermal poration,1–3 optoporation,4–6 electroporation7–9

and sonoporation,10–12 have been widely adopted to improve the
efficiency of intracellular delivery. The key to the enhanced
uptake of extracellular substances lies in their physical inter-
action with the cells, which can improve the permeability of the
cell membrane without any further damage to assist the entry
of foreign molecules. Among these techniques, sonoporation
induced by ultrasound has gained much attention in various
drug delivery and therapeutic applications.13–16

In a conventional sonoporation process, the most significant
effect of ultrasound involves the nucleation, growth and oscillation
of microbubbles, a phenomenon referred to as cavitation.17–19

Cavitation includes either the rapid collapse of microbubbles
(inertial cavitation) or the sustained oscillatory motion of micro-
bubbles (stable cavitation), both of which can induce strong
mechanical effects on the cell membrane.20–22 The collapse of
microbubbles generates shock waves with an extensive amplitude
that disturbs the cell membrane, whereas the stable oscillation

of microbubbles can induce acoustic pressure in the liquid
and exert shear stress on the membrane.23–25 The degree of
membrane permeability upon sonoporation mainly depends on
the frequency and duration of the applied ultrasound.26–28 Since
ultrasound spans a frequency of roughly 15 kHz to 10 MHz in
liquid, with an associated acoustic wavelength of 10 to 0.01 cm,
no direct coupling of the acoustic field with the cell membrane
can be detected at a molecular level,29 which restricts the direct
formation of pores at the cell membrane and creates a strong
dependence on microbubble agents.30,31

In principle, the increase of the ultrasonic frequency will
accelerate the oscillation of cavitation bubbles as well as enhance
the acoustic pressure.32,33 Thus, an acoustic wave of gigahertz (GHz)
frequency and (sub)micrometer wavelength, which is defined
as hypersound,34,35 has been proposed to affect membrane
permeability.36 It has been reported that hypersound can be
applied to enhance the delivery of drug molecules into cancer
cells by creating transient nanopores in the cell membrane,
which showed no cytotoxicity.37 The mechanical stress on the
membrane surface is significantly enhanced by hypersonic
poration compared with the conventional ultrasonic treatment.
Furthermore, hypersound has also been applied in a layer-by-
layer (LbL) system to control the disassembly of supramolecular
membrane structures.38 Despite the strong potential of hypersound
in both drug delivery and controlled release, the mechanism of
hypersonic poration is still not fully understood.

In this work, hypersonic poration was studied by analyzing
the acoustic behavior of a supported lipid bilayer (SLB). A high-
frequency nanofabricated resonator of 1.6 GHz was used to
generate hypersound with a submicron wavelength. On the
same microchip, a gold electrode has been integrated and

a State Key Laboratory of Precision Measuring Technology & Instruments,
Tianjin University, Tianjin 300072, China. E-mail: xduan@tju.edu.cn

b Molecular Nanofabrication Group, MESA+ Institute for Nanotechnology, University
of Twente, 7500 AE, Enschede, The Netherlands. E-mail: j.huskens@utwente.nl

† Electronic supplementary information (ESI) available: Microfabrication process
of the integrated microchip, fluorescence characterization of the supported lipid
bilayer and theoretical simulations results of hypersound induced deformation of
the lipid membrane. Simultaneous fluorescence imaging and electrical detection
of membrane conductance by applying hypersound of 30 mW (Video S1), 50 mW
(Video S2) and 250 mW (Video S3). See DOI: 10.1039/c8qm00589c

Received 16th November 2018,
Accepted 9th January 2019

DOI: 10.1039/c8qm00589c

rsc.li/frontiers-materials

MATERIALS CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 7
/1

7/
20

25
 8

:4
1:

01
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-4596-9179
http://crossmark.crossref.org/dialog/?doi=10.1039/c8qm00589c&domain=pdf&date_stamp=2019-01-17
http://rsc.li/frontiers-materials
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8qm00589c
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM003005


This journal is© The Royal Society of Chemistry and the Chinese Chemical Society 2019 Mater. Chem. Front., 2019, 3, 782--790 | 783

connected with an extended gate electrode of a field effect
transistor (EGFET)39,40 to monitor the currents through the SLB
induced by hypersound. The ion-channel effects of hypersonic
poration were measured and analyzed with salt solutions con-
taining cations with different valences. Characterization by
cyclic voltammetry (CV), atomic force microscopy (AFM), and
laser scanning microscopy (LSM) was performed to feature the
properties of hypersonic nanopores. This study thus aims to
provide a better understanding of the mechanism of hypersonic
poration and to create an approach capable of changing and
monitoring membrane permeability in real time.

Experimental section
Materials

All chemicals including phosphate-buffered saline (PBS), potassium
chloride (KCl), calcium chloride (CaCl2), iron(III) chloride (FeCl3) and
potassium ferricyanide (K3Fe(CN)6) were purchased from Sigma
Aldrich. PBS was dissolved in ultrapure water to obtain the 0.1 M
buffer solution (including 0.1 M sodium dihydrogen phosphate and
0.15 M sodium chloride, pH 7.4). The metal ion chlorides were
dissolved in pure water to obtain 2 mM electrolyte solutions.
K3Fe(CN)6 was dissolved in 1 M KCl solution to obtain a 1 mM
solution for the cyclic voltammetry tests.

Fabrication of the supported lipid bilayer

The lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-10-glycerol
(POPG) was purchased from AVANTI and dissolved in chloroform
with a typical concentration of 0.5 mg mL� 1. The supported lipid
bilayer (SLB) was fabricated and coated on the integrated chip by
the Langmuir–Blodgett (LB) method41,42 using a Langmuir trough
(Kibron, MicroTrough XL). In brief, 50 mL of the POPG solution
was spread onto the surface of pre-cleaned Milli-Q water and then
compressed at a speed of 10 mm min� 1 until the targeted surface
pressure of 25 mN m� 1 was reached. Afterwards, the integrated
chip, which was previously oxidized in air plasma for 5 min to create
a hydrophilic interface, was vertically pulled up from the water sub-
phase at a constant speed of 1 mm min� 1 to form a single lipid layer
and then down into the LB trough again to form the SLB.

Membrane characterization

The SLB coating on the integrated chip was characterized by
cyclic voltammetry (CV, CHI 660E, Huachen), fluorescence micro-
scopy (Olympus IXplore Pro), atomic force microscopy (AFM,
Veeco, Nano Scope III) in tapping mode and laser scanning
microscopy (LSM, Olympus LEXT OLS4000).

Fabrication of the integrated microchip

The integrated device was fabricated according to a previously
published process (see ESI,† Fig. S1).43 Before the fabrication of
the resonator, a Bragg reflector was mounted on the silicon
wafer by alternately depositing three pairs of silicon dioxide
(SiO2) and molybdenum (Mo) thin films.44 The first layer of the
Bragg reflector was used as the bottom electrode followed by
the sputtering of highly c-axis oriented aluminum nitride (AlN)

film as a piezoelectric layer and another layer of Mo as the top
electrode.45 Finally, 300 nm Au was deposited and employed as
the extended gate electrode of a field effect transistor (EGFET).

Real-time detection system

The integrated chip was mounted onto a two-channel evaluation
board with the wire bonding technique.46 Sinusoidal signals of
1.6 GHz were generated by a signal generator (Agilent, N5181A),
amplified by a power amplifier (Mini-Circuits, ZHL-5W-422),
and sent to the nano-electromechanical system (NEMS) resonator,
which then transduced the electrical supply to mechanical
vibrations and generated hypersound. The gold electrode was
connected to a commercially available back-end field effect
transistor (FET, ALD110800A, Advanced Linear Devices). The
back-end transistor was an n-channel FET with a zero-volt thresh-
old voltage necessary to avoid the destruction of lipid membranes
at any positive or negative voltage. A miniature Ag/AgCl reference
electrode (World Precision Instruments, Inc.) was used to bias the
transistor to the desired working point. FET characteristics was
confirmed off-line using a Keithley 2400 Source Measure Unit
(SMU) before real-time measurement at a constant bias voltage of
0.3 V to ensure the FET working in the linearly amplified zone.

Results and discussion
Working principle

The microchip integrated with an acoustic nano-electromechanical
system (NEMS) resonator and a gold electrode is shown in Fig. 1a.
The polygonal shape of the NEMS resonator was designed to
enhance its main-mode vibration while minimizing the parasitic
effect.37 By coupling the vertical electric field through a specific
piezoelectric coefficient, the resonator vibrates in a longitudinal
mode and generates hypersound of gigahertz (GHz) frequency.47

A quarter-wavelength Bragg reflector was placed under the
resonance structure to avoid the dissipation of energy into the
silicon substrate.48

The working principle of this integrated microchip is illu-
strated in Fig. 1b. An artificial supported lipid bilayer (SLB)
made of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-10-glycerol
(POPG) was deposited on the surface of the microchip, covering
both the resonator and the gold electrode. POPG was used as
the component of the SLB to mimic the negatively charged
nature of cell membranes and because it shows good flexibility
at room temperature which facilitates membrane deformation
and poration. Once activated, the vibrating interface of the
resonator drives the motion of the SLB deposited on top of the
resonator and induces a propagation of hypersound within
the lipid membrane, from the vibrated area of the resonator
to the gold electrode. The embedded gold electrode was connected
with the gate electrode of a back-end field effect transistor (FET)
and was used as the charge-sensitive interface for current
measurements.43 Since an SLB is highly resistive and impermeable
to hydrated ions,49 the electrical potential of the underlying gold
electrode can remain constant in a pure electrolyte solution
by the isolation from the intact SLB. However, when hypersound
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is applied, the transduction of the motion of the resonator to
and through the SLB may deform the membrane structure.
Once membrane defects occur during this process (as shown
in the zoom-in image), the SLB becomes permeable to ions,
thus inducing membrane conductivity that can be detected by
electrical measurements from the back-end FET.

Characterization of the supported lipid bilayer

Fig. 2a shows the surface pressure–area (p–A) compression isotherm
of POPG. The target surface pressure for the formation of SLB was
fixed at 25 mN m� 1 to ensure the compactness of the membrane.

Cyclic voltammetry (CV) tests were conducted using K3Fe(CN)6

as a redox probe to confirm the integrity of the artificial SLB. As
shown in Fig. 2b, the formation of the SLB on the gold electrode
significantly reduced the measured faradaic current compared
with the uncovered electrode, suggesting that an insulating
SLB was successfully placed on top of the device with the LB
method.

Real-time detection of hypersonic poration

The real-time electrical response of the SLB was recorded by
periodically switching on and off the stimulation of hypersound.

Fig. 1 A microfabricated chip integrating a high-frequency NEMS resonator (1.6 GHz) with a gold electrode. (a) Top view of the polygon-shaped
resonator and the integrated gold electrode in the same chip. (b) Schematic illustration of the integrated sensing system. The SLB is coated on the surface
of the microchip, covering both the resonator and the gold electrode. The gold electrode is connected with the gate electrode of the FET (referred to as
an extended-gate FET, EGFET) and is used as the front-end sensing electrode for electrical measurements. The zoom-in image shows that some pore-
like membrane defects occur during the deformation of the SLB induced by the propagation of hypersound. Consequently, ions from the buffer solution
can be translocated across the membrane and cause potential changes of the gold electrode.

Fig. 2 Characterization of the SLB assembled on the integrated microchip. (a) p–A compression isotherm of POPG at the air–water interface at room
temperature. (b) CV responses of 1 mM K3Fe(CN)6 in 1 M KCl at the embedded gold electrode of the integrated microchip (black: bare electrode without
SLB, blue: electrode coated with the SLB).
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Fig. 5 Characterization of hypersonic poration at a SLB. (a) Real-time CV responses of 1 mM K3Fe(CN)6 in 1 M KCl at SLB by switching on (500 mW,
o1 min) and off the hypersound. The black curve was obtained with the original SLB before any treatment of hypersound. The green curve was obtained
by simultaneously switching on the hypersound. After the duration of a CV cycle, hypersound was immediately switched off and another CV cycle (blue)
was recorded. (b) AFM images of SLB (b) before any treatment of hypersound. (c) After treated with hypersound of 250 mW for 5 min and (d) then treated
with hypersound of 500 mW for 30 min.

Fig. 6 Real-time LSM images of a SLB made of POPG on the integrated device in the absence or presence of the stimulation by hypersound (500 mW).
(a) Morphology of the SLB on top of the activated NEMS resonator (the surface layer is AlN). The sizes of the 2D map and the 3D zoom-in image
are respectively 450 � 550 mm2 and 100 � 100 mm2. Morphology of SLB on top of the gold electrode before (b) and after (c) the stimulation by
hypersound. Hypersound was on only during scan (b), and each scan took o1 min. The sizes of the 2D maps and the 3D zoom-in images are respectively
220 � 220 mm2 and 2 � 2 mm2.
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coated on top of the activated NEMS resonator. Here, the color
and contrast are governed by the deformation of the membrane
structure induced by hypersound. Upon turning on the hyper-
sound, wave-like patterns were observed on the surface of the
SLB (which can be observed as well by the fluorescent SLB in
Videos S1–S3, ESI†), centered at the resonator and radiating
outward, which indicates the propagation of hypersound within
the bilayer structure. As the zoom-in image in Fig. 6a shows, the
morphology of the lipid membrane was affected by the propagation
of hypersound.

Subsequently, the morphology of the section of the SLB on top of
the gold electrode was analyzed to evaluate the membrane structure
affected by the propagation of hypersound. For comparison, the
surface of the SLB was first imaged without any stimulation of
hypersound (Fig. 6b), which indicates a uniform and featureless
surface without defects. However, upon switching on the hyper-
sound (500 mW, o1 min), some sub-micrometer features were
immediately generated on the SLB at the same position (Fig. 6c, see
zoom-in image). Although the exact sizes of the pores cannot be
accurately determined because of the limitation by optical
resolution of the confocal microscope, these results confirm
the formation of pore structures induced by the deformation of
the SLB with hypersound propagating within the membrane.

Conclusions

In this work, the behavior of a supported lipid bilayer (SLB)
stimulated by hypersound of gigahertz frequency was char-
acterized by a microchip integrating a nano-electromechanical
system (NEMS) resonator and a gold electrode, which facilitates
the real-time electrical detection of hypersonic poration. The
‘‘gating’’-shaped current induced by hypersound revealed that
some pores were created in the SLB with the propagation of
hypersound, which resembles the behavior of ion channels at
lipid membranes. It was found that the formation of these pore
structures was instantaneous (at least sub-second, as we did not
probe the dynamics any faster) in response to hypersound,
indicating that the number and/or lifetime of hypersonic pores
can be controlled in a real-time manner by correspondingly
adjusting the duration and input power of hypersound. The
effects of ion valence and/or concentration on the formation of
hypersound-induced current confirms the behavior of hyper-
sonic nanopores in lipid membranes as the ion channel. Further-
more, characterization experiments (cyclic voltammetry, atomic
force microscopy and laser scanning microscopy) showed that
during the propagation of hypersound within the SLB, the
membrane was laterally deformed, which supports the formation
of transient pore-like defects. The generation of switchable and
reversible nanopores enables the active control of membrane
permeability, which can be further applied in controlled release
and drug delivery systems.
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