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Abstract

Recent breakthroughs in gene editing have necessitated practical ex vivo methods

to rapidly and efficiently re-engineer patient-harvested cells. Many physical membrane-

disruption or pore-forming techniques for intracellular delivery, however, result in poor

cell viability, while most carrier-mediated techniques suffer from suboptimal endosomal

escape and hence cytoplasmic or nuclear targeting. In this work, we show that short

exposure of cells to high frequency (> 10 MHz) acoustic excitation facilitates temporal

reorganisation of the lipid structure in the cell membrane that enhances translocation of

gold nanoparticles and therapeutic molecules into the cell within just ten minutes. Due

to its transient nature, rapid cell self-healing is observed, leading to high cellular via-

bilities (> 97%). Moreover, the internalised cargo appears to be uniformly distributed

throughout the cytosol, circumventing the need for strategies to facilitate endosomal

escape. In the case of siRNA delivery, the method is seen to enhance gene silencing by

over twofold, demonstrating its potential for enhancing therapeutic delivery into cells.
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1 Introduction

The internalisation of therapeutic and imaging agents such as nucleic acids, peptides, pro-

teins, nano-/molecular probes and nanoparticles, among others, into cells represents a crucial

step in many of the next generation strategies currently being developed to diagnose and

treat a variety of diseases (gene/cell therapy, gene editing, stem cell reprogramming or various

theranostic approaches, as examples). The uptake of these exogenous materials, however, is

severely restricted by the barrier imposed by the hydrophobic and apolar nature of the lipid

bilayer that constitutes the cell membrane.1 Considerable effort has therefore been dedicated

to investigating the use of either physical (membrane-disruption-mediated) or biochemical

(carrier-mediated) techniques to facilitate effective intracellular transport through the lipid

bilayer.2

Physical methods for intracellular transport include electroporation, optoporation, sono-

poration and microinjection,3 in which physical forces are exploited to disrupt the structure

of the cell membrane, particularly through the formation of pores. While this allows a

wide range of submicron particulate matter to be delivered into the cell, a downside of a

large proportion of these methods, however, lies in the damage inflicted on the cells during

the poration process.4 Electroporation, for example, which necessitates the application of

high electric potentials across the cell membrane, often results in irreversible damage to the

cell membrane, leading to a loss in homeostasis in the cell5,6 and eventually apoptosis.7–9

Sonoporation, on the other hand, primarily exploits the cavitation of microbubbles induced

by sound waves near the cell membrane to enhance its permeabilisation. Given that the

mechanical stress arising from a single oscillating microbubble alone has been found to be

sufficient to cause profound membrane damage to the cell membrane,10 it is not surpris-

ing that considerable cell death occurs due to the enormous stress the cells are subject to

as a consequence of the intense shock waves and accompanying microjets generated during

a cavitation event.11–15 Additionally, cells have been shown to suffer from post-cavitation

DNA damage due to the production of reactive oxygen species (ROS) as a result of free
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radical formation during cavitation.16–19 Consequently, cellular viabilities around 80%, and

as low as 60%, are not uncommon with sonoporation.20,21 The poor re-seeding viability and

colony-forming ability of cells following exposure to ultrasonic radiation has also been docu-

mented.22 Alternatively, ultrasonically-induced propulsion of asymmetric carriers in the form

of nanowires have been exploited to drive molecular transport into cells, although we note

the necessity for their functionalisation to endow them with a positive charge to aid entry

through the lipid membrane.23,24

Biochemical carrier-mediated methods, on the other hand, which involve the use of viral

or non-viral (e.g., polymers, peptides, vesicles or nanoparticles) vectors25–27 to enhance cel-

lular uptake via various endocytotic pathways offer an alternative method for intracellular

delivery to the physical pore forming methods. They however often result in the trapping of

high local concentrations of the cargo within the endosomal compartments of the cell. Bar

their rare (. 1%) ability to escape this endosomal recycling pathway29–31 such that they are

able to enter the cytoplasm where intracellular pathways exist to traffic them to the nucleus,

if needed, the majority of the therapeutic cargo ends up in the lysosome,32–35 where the

highly acidic and enzyme-rich environment leads to their degradation.36,37 A strategy that

allows endosomal and lysosomal escape, or, better, avoidance of these organelles through a

direct pathway into the cytosol is therefore necessary to enhance nuclear uptake and hence

improve transfection efficiencies.

In this work, we explore a novel approach to enhance intracellular delivery of nanoparti-

cles and macromolecules, whilst maintaining a high level of cell viability above 97%. This is

first demonstrated with gold (Au) nanoparticles—which are widely used as nanocarriers,38

for example in photodynamic therapy, given their inherent difficulty to be delivered into cells

with currently available techniques,39 especially if they are below 15 nm.38 Additionally, we

explore the uptake of fluorescently-labelled dextrans in order to observe the dependence of

the internalisation on molecular size. To demonstrate therapeutic efficacy, we subsequently

extend the technique to show the possibility of enhancing intracellular uptake and hence
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transfection with small interfering RNA (siRNA), which has shown significant potential for

the treatment of many diseases through RNA interference pathways by selectively suppress-

ing or knocking out specific genes of interest. siRNA is however notoriously hard to deliver

given that viral vectors typically used to enhance transfection efficiency can often induce

an immune response, whereas non-viral carriers to which the siRNA is complexed are often

unable to overcome intracellular barriers such as endosomal release.40

The method involves the exposure of cells to surface acoustic waves (SAWs)—high fre-

quency (> 10 MHz) electromechanical Rayleigh waves, which, unlike their low frequency

(< 1 MHz) bulk ultrasonic wave counterpart used in sonoporation, does not result in cavita-

tion or excessive shear denaturation.41 Importantly, unlike carrier-mediated methods or even

some membrane-disruption-methods in which endocytosis constitutes the dominant internal-

isation mechanism,42 we observe the majority of the nanoparticles and macromolecules to

be uniformly distributed throughout the cytosol instead of accumulating within the endoso-

mal and lysosomal compartments, thus enhancing the potential of the technique to increase

nuclear targeting and hence transfection without necessitating complex strategies to effect

endosomal/lysosomal release. As such, the method constitutes a promising ex vivo platform

that allows rapid delivery of the desired therapeutic agent with the possibility for transient

control to re-engineer target cells isolated from the blood or tissue of a patient in the lab-

oratory, which is then infused back into the same patient2—an approach that is becoming

increasingly attractive with recent breakthroughs in gene editing, including CRISPR–Cas9

(clustered regularly interspaced short palindromic repeats) and chimeric antigen receptor

(CAR) T-cell therapy.43
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2 Results and Discussion

2.1 Cellular nanoparticle uptake

When HEK293T cells were exposed to high frequency SAW irradiation (Fig. 1a) in the pres-

ence of fluorescein isothiocyanate (FITC) tagged Au nanoparticles for a specified duration

(0.5, 2, 5, 7 or 10 mins), we observed from quantitative measurements of the internal cellular

Au concentration with inductively coupled plasma mass spectrometry (ICP-MS) enhanced

levels of nanoparticle uptake compared to the case in which nanoparticle internalisation

occurred passively in the absence of an external force (Fig. 1b). In particular, the nanopar-

ticle concentration was observed to increase with the exposure time, with an approximate

two-fold enhancement in the uptake after 30 s to almost a six-fold increase within 10 mins.

This is confirmed by flow cytometry (Fig. 1c), which shows a corresponding increase in side

scatter due to the difference in the cell density with increasing uptake of the Au nanopar-

ticles. Similar enhancement in the uptake were also observed with HeLa cells—see Fig. S1.

Parenthetically, we note in Fig. 1c that slightly higher levels of side scatter were observed

when the cells were exposed to the SAW in the absence of the nanoparticles compared to

the unexposed control, indicating potential morphological changes to the cells when they are

subjected to the acoustic irradiation, which we shall endeavour to elucidate subsequently

in the context of a possible mechanism for the enhanced nanoparticle uptake upon SAW

excitation.

In addition, the intracellular uptake of FITC-labelled dextran molecules of thee different

molecular weights corresponding to approximate Stokes radii of 3.3, 6 and 10 nm, respec-

tively, were also examined. In particular, an over two-fold increase in the internalisation

of the lowest molecular weight dextran (20 kDa) was observed upon exposure to the SAW

compared to the control, decreasing to a one and one half times increase for the largest

molecular weight dextran (250 kDa) (Fig. 1d). In both the nanoparticle and dextran cases,

the nonlinear departure from the slow and gradual linear change in uptake in the control
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experiments highlights the significance of the effect of exposing the cells to the acoustic ir-

radiation, and strongly suggests a distinctly different internalisation pathway to that if the

nanoparticles or macromolecules were allowed to be taken up by the cells passively.

2.2 Post-exposure cell viability

Regardless of the exposure duration, we have found negligible effect of the SAW on the cell vi-

ability, as seen from the results of the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) assay in Fig. 2a (see also Fig. S1c), which is shown for the longest exposure duration

of 10 mins; the cell viability was measured at three time points over 48 h post-exposure to

the acoustic irradiation, with one measurement carried out immediately after the exposure

to observe the immediate effect of the SAW on the cells (0 min). Over 97% of the cells were

observed to remain viable post-treatment—significantly higher than the majority of other

membrane-disruption-mediated delivery methods, particularly sonoporation, where typical

viabilities generally range between 60% and 80% for similar cell lines, after treatment. This

is because unlike conventional bulk ultrasound, whose excitation frequencies are generally

in the Hz to kHz range, and never exceeding 1 MHz, the higher SAW frequencies and con-

siderably lower powers (by approximately one to two orders of magnitude in comparison),

not only significantly reduces heating (temperature increases no greater than approximately

2 ◦C were observed even after 10 mins of SAW exposure), but also completely suppresses

any cavitation events that impose significant stresses on the cell membrane to the point at

which pores are created. Moreover, at such high frequencies, the applied sound field, and

the corresponding stress vector on the cell, reverses too quickly compared to the molecular

relaxation time scale41 such that macromolecules such as peptides and proteins are almost

never degraded by the SAW, even at significantly larger powers than those employed here.

Because of this, SAWs have widely been used for microfluidic trapping and manipulation of

cells or microorganisms,44–53 or even the nebulisation of nucleic acids, peptides, proteins and

stem cells at much higher excitation powers than those employed in the present study with
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little structural or functional degradation.54–56

Further confirmation of the post-exposure cell viability can be seen from close inspection

of the confocal microscopy images of the cytoskeleton (actin network) and nuclei of the

cells (Fig. 2b). Results from the Trypan blue exclusion assay to observe the long term

proliferative ability of the cells57 after they were trypsinised 24 h post exposure to the SAW

and re-seeded showed an increase in the number of cells, revealing high (> 90%) retention

of the post-seeding efficiency, i.e., the majority of the cells remained adherent and viable

(Fig. 2c; see also Fig. S1d). This is complemented by measurements of the mitochondrial

membrane potential (MMP) (Fig. 2d) and the calcium flux levels (Fig. 2e) across the cell

membrane, which play a vital role in stress-induced apoptosis. In the former, the negligible

difference in the quantity of cell mitochondria that have been depolarised—an indicator of

the deterioration in mitochondrial health that leads to cell apoptosis—between the control

experiment (no SAW exposure) and cells exposed to the acoustic irradiation, as indicated

by a decrease in the ratio of the red to green fluorescence intensity of cells stained with JC-1

dye (Fig. 2d), suggests that the acoustic irradiation does not affect the health of the cell

membrane in a significant way. In support of this, the results from the Fura-2AM assay in

Fig. 2e show an increase in the calcium flux into the cells immediately after exposure to

the acoustic irradiation, although this returned to baseline values 10 mins after relaxation

of the SAW excitation, suggesting fast resealing of the cell membrane and hence recovery

of the cells following the high frequency acoustic forcing. A discussion on the underlying

internalisation mechanism that allows for rapid healing of the membrane that explains the

high post-exposure cellular viabilities will be presented below.

2.3 Cytosol distribution

Beyond enhanced levels in cellular uptake, we observe the internalised Au nanoparticles to be

uniformly distributed throughout the cytosol when their uptake is mediated by the acoustic

irradiation, as observed by the transmission electron microscopy (TEM) images in Fig. 3.
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This was confirmed by the addition of calcein, a membrane-impermeant fluorophore, to the

cells both in the presence and absence of SAW irradiation. In particular, addition of the

calcein displayed a punctate appearance in the control cells showing endosomal/lysosomal en-

trapment, whereas the calcein appeared to be more evenly distributed throughout the cytosol

in the presence of the SAW (Fig. S2a). These observations indicate the existence of an alter-

nate mechanism for the internalisation of the nanoparticles under the acoustic forcing that

does not follow the endocytotic pathway. Indeed, this is confirmed by the use of inhibitors to

block the various receptor-mediated endocytosis pathways in which the nanoparticle inter-

nalisation experiments were repeated at 4 ◦C,58 and in the presence of sodium azide (NaN3),

methyl-β-cyclodextrin and chlorpromazine.59 In all of these cases, no discernible decrease in

the nanoparticle uptake under SAW excitation was observed (Fig. S2b).

2.4 Internalisation mechanism

Given the plethora of evidence above that suggests endocytosis plays little or no role in the

acoustically-mediated nanoparticle/macromolecule uptake, we now turn our attention to the

possibility of membrane-disruption under the acoustic forcing. Unlike sonoporation, how-

ever, we do not observe any significant pore formation, as seen from the scanning electron

microscopy (SEM) images in Fig. 4a. On the contrary, the presence of various submicron

(500 nm in diameter) indentations were observed, although these were only apparent when

the cells were fixed under 4% formaldehyde to ‘freeze’ their existence during SAW irradi-

ation; in the absence of a fixative, or if the cells were fixed even immediately after the

removal of the acoustic excitation, these submicron surface aberrations—which are consider-

ably smaller than the typical 1–10 µm order pores that form under sonoporation15,60,61—were

not observed even when the cells were imaged immediately after the acoustic excitation was

relaxed (Fig. 4a). The transient nature of these nanoaberrations is substantiated by the

results from the propidium iodide (PI) uptake experiments reported in Fig. 4b (see also

Fig. S2c) where it can be seen that the PI uptake into the cell prior to acoustic excitation
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(control) increases by almost 50% during SAW exposure, indicating a large diffusive flux

through these transient surface aberrations, but rapidly decreases to approximately 20% im-

mediately upon removal of the SAW (0 min) and approximately 10% ten mins after. The

extremely short transient nature of the aberrations therefore further warrants significant

distinction from the pores formed during conventional cell poration techniques—whether

sonoporation, electroporation or other processes, since the sealing of the pores in these pro-

cesses (and even smaller nanopores—for example, those that form under very high frequency

pulsed ultrasound due to the high intensity of the short µs pulses, that commonly results in

cell blebbing62) typically requires many minutes, if the membrane is able to reseal.63 Such

a long recovery procedure is clearly absent from the results for the MTT assay on cell via-

bility in Fig. 2a, where it can be seen that no further cell recovery occurs with time (over

many minutes) beyond an immediate healing of the aberrations upon cessation of the SAW

irradiation.

The lack of pore formation is perhaps unsurprising given the absence of cavitation events

required to drive pore formation at the SAW excitation frequencies and powers used, let

alone even at much higher powers when nebulisation ensues.64 Rather, we postulate that

the high frequency yet continuously distributed low amplitude (in contrast to short but very

intense high frequency focussed pulses62) sound wave excitation is enough to disorder the

lipid structure comprising the cell membrane to sufficiently induce transient gaps between

the lipid molecules. These gaps are large enough to facilitate diffusional translocation of the

nanoparticles or macromolecules but considerably smaller than the physical pores created by

conventional poration methods. The Fourier Transform Infrared (FTIR) spectrum shown in

Fig. 4c indeed indicates a change in the organisation of the lipid structure upon acoustic irra-

diation of the cells, thereby altering the fluidity of the membrane lipids due to the shift from

their ordered to disordered state,65–68 which, in turn, increases the permeability of the cell

membrane. We note that a similar mechanism that facilitated nanoparticle/macromolecular

diffusion into cells was reported when they were subjected to shear and compressional forces
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as the cells were forced through a microfluidic constriction,39 which acted to disrupt the

membrane lipid structure. In addition to facilitating nanoparticle distribution throughout

the cytosol, consistent with that observed in the present work, the cells were also observed

to self-repair within 30 secs (as observed in the PI uptake), compared to the much longer

time scales (several minutes or tens of minutes) typically associated with pore recovery.62

Our hypothesis is not without precedent given that mechanically oscillating a cell even at

sub-kHz frequencies have been observed to disorder the cell membrane to increase its perme-

ability.69 In addition, SAWs at comparable frequencies to that employed in the present work

have been shown to induce structural alterations to the cell membrane lipid structure that

involves changes in the tilt of the lipid headgroups from its equilibrium state.70 Interestingly,

we observe in Fig. 4c a considerable shift in the absorption band at 2917 cm−1 associated

with the anti-symmetric vibrational stretching of the olefinic (CH2) group in the hydrocar-

bon tail of the lipid to 2922 cm−1, indicating a higher degree of acyl chain unsaturation and

hence an increase in the membrane fluidity due to exposure of the cell to the SAW irradia-

tion. After 10 mins, however, we observe a shift in the vibrational stretching frequency back

to its original state, indicating fast self-restoration of the lipid structure upon relaxation of

the acoustic excitation.

2.5 Gene delivery

Figure 5a (see also Fig. S4) shows that it is possible to approximately double the efficiency in

the uptake of Cy3-labelled siRNA targeting the glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) gene in HeLa cells with the application of the SAW irradiation compared to that

of the unexposed control. As with the internalisation of Au nanoparticles, we also observed

the siRNA delivered into the cells with the SAW irradiation to be distributed through the

cytosol, including some in the lysosomes (Fig. 6). This increase in internalisation efficiency

and the ability to distribute the siRNA throughout the cytosol, thus avoiding endosomal

recycling, then translates into a marked increase in the efficiency of silencing GAPDH, as
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observed by the twofold decrease in the expression of GAPDH mRNA levels measured using

real time quantitative reverse transcription polymerase chain reaction (qRT-PCR) compared

to equivalent samples that were not exposed to the SAW (Fig. 5b). These results are also

consistent with the approximate twofold knockdown in the GAPDH protein levels observed

in Fig. 5c 48 and 72 h post-SAW irradiation compared to the unexposed samples.

3 Conclusion

In summary, we have demonstrated a novel technique that allows rapid and efficient internal-

isation of therapeutic agents into cells using high frequency surface acoustic waves. Unlike

conventional sonoporation, which operates at much higher powers and lower frequencies, the

technique does not rely on cavitation to induce poration, which can be to the detriment

of the cells. Instead, the acoustic excitation induces resonant modes along the cell mem-

brane that transiently reorganises its lipid structure to facilitate rapid translocation of the

nanoparticles or macromolecules through the cell membrane. The membrane however re-

seals almost immediately upon removal of the excitation such that the viability of the cell is

highly preserved. Moreover, in contrast to biochemical carrier-mediated methods which rely

on endocytotic internalisation pathways, the therapeutic cargo is distributed throughout the

cytosol as opposed to accumulating mostly in the endosomes. By reducing the chance of

degradation in the endosomal compartments, the cargo then has a better chance of being

trafficked to the nucleus or to the desired intracellular target site, therefore leading to higher

transfection efficiencies. Given the low-cost (< $10/device) chipscale nature of the platform,

it is possible to employ a large number of these devices in parallel to facilitate high through-

put ex vivo intercellular delivery, particularly for next generation macromolecular and gene

therapeutics.
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4 Materials and Methods

4.1 Materials

Dulbecco’s Modified Eagle Medium (D-MEM), Opti-MEM R© Reduced Serum Media, RNase-

free water, nuclease-free water, fetal bovine serum (FBS), Gibco penicillin–streptomycin,

Dulbecco’s phosphate buffered saline (D-PBS), calcein AM, propidium iodide (PI), 0.4% Try-

pan Blue Solution, LysoTracker R© Red DND-99, LysoTracker R© Green DND-26, MitoTracker R©

Green FM, MitoTracker R© Deep Red FM, Alexa Fluor R© 594 phalloidin, Hoechst 33342 nu-

clear staining dye, Fura-2 AM, JC-1 Dye, Vybrant R© MTT Cell Proliferation Assay Kit,

Nunc
TM

Lab-Tek R© CC2 chamber slide system, Lipofectamine R© 2000 Transfection Reagent,

RNase AWAY R© Surface Decontaminant, Silencer R© Cy3
TM

-Labeled GAPDH siRNA, Silencer R©

Negative Control siRNA, Human GAPDH TaqMan R© Primer, Human β-actin RT-PCR

primer, UltraPure
TM

Agarose, UltraPure
TM

10X TBE Buffer, SYBR R© Safe DNA Gel Stain,

DNA Gel Loading Dye, KDalert
TM

GAPDH Assay Kit and TRIzol R© reagent were obtained

from Life Technologies Pty. Ltd. (Mulgrave, VIC, Australia). Calcium fluoride windows

(5 mm) for the FTIR measurements were obtained from Edmund Optics Pte. Ltd. (Singa-

pore). The OneStep RT-PCR Kit was acquired from Qiagen Pty. Ltd. (Chadstone, VIC,

Australia). Unless otherwise stated, all other chemicals were obtained from Sigma-Aldrich

Pty. Ltd. (Castle Hill, NSW, Australia).

4.2 SAW devices

The experimental setup is as illustrated in Fig. 1a. The SAW devices consisted of 127.86o

Y –X rotated lithium niobate (LiNbO3) single crystal piezoelectric substrates (Roditi Ltd.,

London, UK) on which 40 alternating finger pairs of straight interdigitated transducer (IDT)

electrodes comprising a 66 nm layer of aluminium atop a 33 nm chromium layer were pho-

tolithographically patterned. The width and the gap of the IDT fingers determines the

wavelength and hence its resonant frequency, which, in the present case, is designed to be
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398 µm and 10 MHz, respectively. Application of an alternating electrical signal to the IDTs

at this resonant frequency with the aid of a signal generator (SML01, Rhode & Schwarz

Pty. Ltd., North Ryde, NSW, Australia) and amplifier (10W1000C, Amplifier Research,

Souderton, PA, USA) then launches a SAW that propagates as a Rayleigh wave along the

surface of the substrate. In the present work, we maintain a constant input power of 2 W

to the device across all experiments. To couple the acoustic energy to the cells, the device

was mounted beneath a glass-bottomed 8-well chamber slide containing the cells and media.

A thin layer of silicone oil with viscosity 45-55 cP and density 0.963 g/ml at 25 ◦C was

applied between the device and well plate to aid the coupling of the acoustic energy into the

wells71,72 and to minimise the acoustic impedance mismatch.

4.3 Synthesis and characterisation of Au nanoparticles

Spherical Au nanoparticles were utilised as model particles to study the internalisation dy-

namics given their difficulty to be internalised in cells,39 particularly when their dimensions

are below 10 nm.38 These nanoparticles have been employed in various cell lines owing to their

non-toxicity, ease-of-synthesis and well-defined characterisation techniques. The nanoparti-

cles were synthesised using standard solution techniques and stabilised with citrate capping

with no further surface modification. Briefly, aurochloric acid (HAuCl4) and sodium citrate

were combined at 60 ◦C and sodium borohydrate employed as the reducing agent to form

uniform, spherical nanoparticles. The synthesised nanoparticles were further concentrated

two-fold using a rotavaporator for 6 h at 50 ◦C to yield a final concentration of 40 µg/ml.

Dynamic light scattering (DLS; Zetasizer Nano S, Malvern Instruments Ltd., Malvern, UK)

with an emission wavelength of 658 nm revealed a mean nanoparticle hydrodynamic diam-

eter of 10 ± 5 nm and a zeta potential of -25 ± 3 mV (negative due to the presence of the

citrate molecules). The nanoparticles were further characterised using TEM (1010, JEOL

Inc., Peabody, MA, USA), which verified their spherical shape and 10 nm size range, free

from aggregation (Fig. S3 inset), and UV-Vis spectrophotometry (V-570, Jasco Inc., Easton,
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MD, USA), which showed a signature peak at 519 nm typical of the Au nanoparticles.

Additionally, fluorescently-labelled nanoparticles were synthesised for use with a confocal

microscope (N-STORM Super-Resolution Microscope, Nikon Corp., Tokyo, Japan) to inves-

tigate the co-localisation of nanoparticles in order to examine their distribution within and

external to the organelles. Specifically, fluorophores were conjugated to the citrate capped

Au nanoparticles by adding FITC to yield a final concentration of 50 µM. The stock solution

was then centrifuged at 6000 rpm for 20 mins at 4 oC after allowing the FITC to conjugate

with the nanoparticles for 12 h. The pellet was then washed thrice with deionised water to

remove unbound FITC molecules and redispersed in fresh water ready for use. When the

nanoparticles were added to the cells, utmost care was taken to conduct all the experiments

in serum-free media to avoid the formation of a protein corona around the nanoparticles,

which may alter the mechanism of their internalisation within the cells.

4.4 Cell culture and acoustic irradiation

Human embryonic kidney cells (HEK 293-T; Invitrogen
TM

, ThermoFisher Scientific Inc.,

Waltham, MA, USA) and cervical cancer cells (HeLa; Invitrogen
TM

, ThermoFisher Scientific

Inc., Waltham, MA, USA), were cultured in DMEM supplemented with 10% FBS and 1%

penicillin–streptomycin (100 units/ml) in a humidified incubator maintained at 37 ◦C and

5% CO2. The cells were grown in a standard T25 flask until they reached 80–90% confluency.

They were then detached using 0.25% trypsin–EDTA 24 h prior to the experiments and re-

seeded in 8-well plates at a density of 200,000/ml 24 h prior to the experiments. The cells

in the well plate were then irradiated with the SAW through the silicone oil coupling layer,

as described above, for the stipulated duration. Following cessation of the acoustic field, the

cells and media were immediately removed for further analysis.
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4.5 ICP-MS

0, 5, 10, 50 and 100 ppb nanoparticle concentration standards were first prepared in 3%

hydrochloric acid (HCl) for the elemental Au analysis using ICP-MS (7700x and ASX-520

autosampler, Agilent Technologies, Santa Clara, CA, USA). Specifically, 2 × 105 cells in

the glass-bottom well plates in the same concentration of Au nanoparticles both with and

without exposure to SAW irradiation for the specified duration were washed thrice with

fresh PBS to remove the nanoparticles that were bound to the surface. The cells were then

trypsinized and collected in 1.5 ml centrifuge tubes to which 0.5 ml of concentrated HCl

(30%) was added and heated to 70 ◦C for 30 mins. The samples were further reconstituted

with double-distilled water to obtain a final concentration of 3% HCl for the ICP-MS analysis

to determine the amount of Au in the cells.

4.6 Flow cytometry

Flow cytometry (BD C6, Accuri, BD Biosciences, San Jose, CA, USA) was carried out using

a 488 nm laser to assess nanoparticle uptake by observing the change in the mean side

scatter (SSC).73 Following SAW irradiation and prior to the analysis, the cells were left

in the incubator at 37 ◦C for 4 h along with the control samples. The samples were then

washed thrice with PBS, followed by trypsinisation, centrifugation at 1200 rpm for 5 mins

and finally reconstitution into 0.5 ml of fresh PBS. Gating was carried out on the basis of

untreated cells from which the SSC can be determined.

4.7 Cell viability, proliferation, permeability, calcium flux and

membrane potential measurements

Cytotoxic effects induced by the presence of the nanoparticles and exposure to acoustic

irradiation were evaluated using a MTT proliferation assay. Briefly, the cells were washed

with PBS immediately after the experiments following which 3-(4,5-dimethylthiazolyl-2)-
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2,5-diphenyltetrazolium bromide (MTT) solution at a final concentration of 0.5 mg/ml in

serum-free medium was added to each well. This was also repeated for two further samples

which were left undisturbed in the incubator at 37 ◦C after the experiments for 24 and 48 h to

observe long-term cytotoxicity effects. In each case, the reduction of MTT by cells which are

still metabolically active due to the dehydrogenase enzyme results in the formation of purple

formazan crystals that is then dissolved in dimethylsulfoxide (DMSO), whose absorption

is measured at 570 nm using a spectrophotometric plate reader (SpectraMax R© Paradigm

Multi-Mode Plate Reader, Molecular Devices LLC, Sunnyvale, CA, USA) and normalised

with respect to the absorbance of the control with neither the presence of the nanoparticles

nor the exposure to the acoustic waves.

A Trypan blue exclusion assay was performed to assess the re-seeding efficiency of the

cells. We first added the Trypan blue solution (0.4%) to trypsinised cells immediately after

SAW exposure on day 1. The cells were then detached using 0.25% trypsin–EDTA and

counted with a standard haemocytometer by mixing the cell suspension and the Trypan

blue solution in equal ratio to obtain the immediate post-exposure cell viability. The same

experiments were repeated on day 3 to observe the longer term effect of the SAW irradiation

on cell proliferation and attachment.

Given that leaky cell membranes—either because the cells have undergone apoptosis, or,

in the present case, due to the permeabilisation of the membrane—are permeable to PI, we

examined the PI levels in the cell to provide us with an indication of the transient dynamics

associated with reorganisation of the lipid structure. PI was added to both untreated (con-

trol) and treated (SAW irradiated) cells for 5 mins followed by thrice washing in PBS. The

fluorescence intensity of the cells was then analysed via the flow cytometry FL2-A channel

(Fig. S2c). Additionally, the calcium flux into the cells was measured using Fura-2AM—a

membrane permeable ratiometric calcium ion indicator that emits at fluorescent wavelengths

under UV excitation—via the plate reader.

To measure the MMP, a stock solution of JC-1 dye, which is a cationic dye that accu-
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mulates in energised mitochondria, was prepared by dissolving 2 mg/ml in DMSO in 30 µl

aliquots and stored at −20◦C. Following the experiments, the JC-1 aliquot was reconstituted

to a final concentration of 1 µg/ml in PBS, and 500 µl was added to each well, which was

then incubated at 37 ◦C for 20 mins. The structural anomaly of the mitochondrial membrane

can then be inferred from its potential state by examining the relative fluorescence between

its green monomeric (depolarised) form at 585± 15 nm via excitation at 514 nm with that

of its red aggregated (hyperpolarised) form at 590± 17.5 nm through excitation at 529 nm,

evaluated using a microscope (ZOE
TM

Fluorescent Cell Imager, Bio-Rad Laboratories Inc.,

Hercules, CA, USA) at 20X magnification.

4.8 Microscopy

The cells were fixed with 1% (w/v) osmium tetroxide and 1.5% (w/v) potassium ferrocyanide

for an hour at room temperature, followed by three cycles of rinsing in distilled water and

centrifugation at 800×g for 5 mins. The cells were further dehydrated with increasing gra-

dients (50% to 100%) of ethanol for 15 mins for each step. Following ethanol treatment,

absolute acetone was added twice to the cells for 30 mins to completely dehydrate the cells,

after which they were infiltrated twice with equal parts of acetone to Spurr’s resin. As a final

step, the cells were infiltrated twice with 100% resin under vacuum conditions. Finally, the

resin containing the cells was incubated at 70 ◦C for 24 h. Ultrathin sections of the cells of

90 nm thicknesses were then sectioned using a diamond knife (Diatome AG, Nidau, Switzer-

land) on an ultramicrotome (Ultracut UCT, Leica Microsystems Pty. Ltd., Macquarie Park,

NSW, Australia) and post-stained for imaging under TEM (JEM 1010, JEOL Inc., Peabody,

MA, USA) at 80 kV.

For SEM (FEI Scios
TM

DualBeam
TM

, ThermoFisher Scientific Inc., Waltham, MA,

USA), the samples were immediately fixed with 2.5% glutaraldehyde for 60 mins at room

temperature, after which they were washed thrice with 0.1 M sodium cacodylate buffer and

dehydrated with the same ethanol wash steps described above. The samples were then left
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to dry in air overnight to dehydrate the samples completely, after which they were sputter

coated with carbon prior to imaging. For confocal microscopy (N-STORM Super-Resolution

Microscope, Nikon Corp., Tokyo, Japan), the samples were stained with the respective or-

ganelle stains ( Lysotracker R©/MitoTracker R©) for 20 mins at 37 ◦C followed by nuclear

staining (5 µM) for 5 mins. The samples were finally washed thrice and loaded with fresh

PBS before imaging. To stain the cytoskeleton, 100 µl (1:40 dilution in staining buffer) of

phalloidin was added to the wells for 2 h at room temperature. Calcein staining for the en-

dosomal entrapment experiments, on the other hand, was carried out by adding 100 µg/ml

of calcein AM to the cells in the presence of the SAW over the specified duration. The cells

were then further incubated for 2 h and rinsed four times with PBS to remove excess and

non-internalised calcein prior to image acquisition via fluorescence microscopy (ZOE
TM

Flu-

orescent Cell Imager, Bio-Rad Laboratories Inc., Hercules, CA, USA) at 20× magnification.

The control samples were maintained at the same conditions as that of the SAW exposed

samples, but in the absence of the SAW irradiation.

4.9 Gene expression

Prior to the transfection experiments, cells were grown to 60% confluency on glass-bottomed

8-well chamber plates in DMEM medium with 10% FBS, 1% pencillin–streptomycin and

5% CO2 at 37 ◦C. All transfection experiments were carried out 24 h post-seeding. The

media was removed and the samples were washed twice in sterile PBS before the addition of

the transfection reagents. siRNA and Lipofectamine R© (where applicable) were mixed at a

1:5 molar ratio to a final working concentration of 20 nM siRNA and 1 µl Lipofectamine R©

per 500 µl Opti-MEM R© reduced serum media in RNase- and nuclease-free distilled water,

followed by a further pre-incubation step for 15 mins at room temperature to form the

siRNA–Lipofectamine R© complex. The transfection solution was added to both the SAW and

control samples at the same time and left in the incubator for 24 h prior to the replacement of

transfection mixture in the wells with fresh serum-free media. For the mock controls, the cells

19



were left in serum-free media, while control samples contained siRNA and Lipofectamine R©

diluted in Opti-MEM R© reduced serum media at a 1:5 ratio. Scrambled siRNA comprising

random nucleotide sequences were used as sham controls to consider off-target silencing, if

any. The samples exposed to the SAW were treated under the same conditions as that of

the control samples and subjected to 5 mins of the acoustic irradiation. The samples were

then left undisturbed for 72 h before being analysed using quantitative RT-PCR (CFX96

Touch
TM

Real-Time PCR Detection System, Bio-Rad Laboratories Inc., Hercules, CA, USA)

as well as with the Qiagen OneStep PCR Kit according to the manufacturer’s instructions,

with β-actin as the reference gene. The kit, comprising 5X RT-PCR buffer, 5X Q-solution,

10 mM dNTP mix, one step RT-PCR enzyme mix, was added to 250 ng of the RNA that

was obtained to make a final reaction volume of 20 µl. This was then added to a 96-well

PCR plate before being subjected to 40 PCR thermocycles (50 ◦C for 30 mins, 95 ◦C for 15

mins, 94 ◦C for 0.5 mins, 50 ◦C for 0.5 mins, 72 ◦C for 1 min and a final extension at 72 ◦C

for 10 mins).

Total RNA was extracted from the cells using ethanol, isopropanol and TRIzol R© and

was diluted to 250 ng per reaction for each sample after measuring the amount and quality of

RNA extracted using a spectrophotometer (OPTIZEN Nano Q, Mecasys Co. Ltd., Daejeon,

Korea) in which the A260/A280 absorbance ratio was maintained at a range of 1.9–2.2;

samples outside this prescribed range were discarded. Amplified DNA samples were further

processed using gel electrophoresis. Briefly, 1.5% agarose gel was prepared in 0.5X TBE

buffer and mixed with SYBR R© Safe DNA Gel Stain. The mixture was then allowed to set

for 30 mins in a gel tray, following which we added the DNA sample from the aforementioned

PCR analysis to which DNA loading dye (1X) was added. Gels were run at 80 V for 45 mins

prior to imaging (ChemiDoc
TM

XRS+, Bio-Rad Laboratories Inc., Hercules, CA, USA).
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4.10 Statistical significance

Data presented in this study are expressed as the mean ± the standard error of replicate

measurements (minimum of six). They were then analysed using a two-tailed, unpaired

Student’s t-test, where applicable.
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Figure 1: (a) Side (top) and perspective (bottom) view schematics of the experimental setup
in which cells, cultured in a glass-bottom well plate, are exposed to the SAW irradiation (not
to scale) generated when an AC electrical signal is applied to an interdigitated transducer
(IDT) patterned on a piezoelectric (LiNbO3) substrate and transmitted into the well plate
via a fluid couplant (silicone oil). (b) Concentration of Au nanoparticles internalised in
HEK293T cells at different time points, quantified using ICP-MS. (c) Flow cytometry side
scatter, showing an increase in the Au nanoparticles internalised within the HEK293T cells in
the presence of acoustic radiation (SAW NP), as a function of time; also shown are the cases
where the cells were only exposed to the SAW for the same duration, but in the absence of
the Au nanoparticles (SAW), and, in the presence of the Au nanoparticles but in the absence
of SAW irradiation (NP), in which case the nanoparticles are passively internalised within
the cell. (d) Mean fluorescence intensity of cells internalised with FITC-labelled dextrans of
thee different molecular weights (20, 70 and 250 kDa), as analysed through flow cytometry.
The data are represented in terms of the mean value (n = 6) ± the standard error. The
asterisks ∗∗∗ indicate a statistically significant difference with p < 0.001.
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Figure 2: (a) Results from the MTT assay showing short and long term viability of HEK293T
cells, immediately (0 min), 4 h, 24 h and 48 h after exposure to SAW irradiation over a 10 min
duration, both in the absence (SAW) and in the presence (SAW NP) of the Au nanoparticles.
(b) Confocal microscopy images of control (unexposed) cells and cells exposed to 10 mins of
SAW irradiation. Actin filaments were stained by phalloidin (red) whereas the nuclei were
stained by Hoechst 33342 (blue). (c) HEK293T cells exposed to 5 mins of SAW irradiation,
showing an increase in the number of cells after re-seeding post SAW exposure. (d) Confocal
microscopy images showing the mitochondrial membrane potential (MMP) via JC-1 dye
staining of HEK293T cells that were exposed to 5 mins of SAW irradiation compared to
the control. Regions of high mitochondrial polarisation are indicated by the red fluorescent
aggregates whereas regions where the mitochondria have been depolarised are indicated by
the green fluorescence emitted by the JC-1 monomers. (e) Calcium flux levels into HEK293T
cells immediately and 10 mins after their exposure to 5 mins of SAW irradiation compared
to the control, as observed using a Fura-2 acetoxymethyl ester (Fura-2 AM) assay. It can
be seen that the flux levels into the cells temporarily increased immediately after cessation
of the SAW irradiation but returned to comparable levels to that of the control within 10
mins.The data are represented in terms of the mean value (n = 9) ± the standard error.
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Figure 3: Representative TEM images showing the distribution of Au nanoparticles in
HEK293T cells both in the presence (SAW NP) and absence of SAW exposure (control).
The nanoparticles that were internalised passively in the control sample can be seen to be
localised within endosomal organelles whereas the nanoparticles that were internalised via
the acoustic excitation appear to be distributed throughout the cytosol.
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Figure 4: (a) SEM images showing the change in the surface morphology of a HEK293T
cell fixed under 4% formaldehyde during exposure to SAW irradiation in the presence of
Au nanoparticles (SAW NP) compared to that of an unexposed (control) cell. The red
dashed circles indicate the existence of submicron surface aberrations in the irradiated sam-
ple, which, however, appear to be absent if the cells were not fixed, or if they were fixed
immediately after relaxation of the SAW exposure (0 min). (b) The transient nature of the
aberrations, and hence the propensity of the cells to rapidly self-heal can be seen through
the addition of propidium iodide (PI) to the cells, whose internalisation is an indicator of
cell membrane permeability. The increase of PI intake within the cells during exposure to
the SAW for 10 mins then indicates a degree of membrane permeabilisation compared to the
unexposed control, whereas the immediate decrease in the intake immediately upon (0 min)
and 10 mins after removal of the acoustic excitation suggests its transient nature. Error
bars denote the mean value ± the standard error. (c) FTIR absorption spectra support-
ing the possibility of lipid reorganisation within the cell membrane during SAW irradiation.
The respective absorption bands at 2851 cm−1 and 2917 cm−1 are related to the symmetric
and anti-symmetric vibrational stretching of the CH2 groups in the lipids that make up the
cell membrane, whereas that at 2960 cm−1 corresponds to the anti-symmetric vibrational
stretching of the CH3 group. A frequency shift in these bands, as seen by the spectra for
the cells collected immediately (0 min) upon relaxation of the SAW excitation compared to
the control, indicates a change in the lipid conformation as a consequence of the acoustic
irradiation. It can be seen that this lipid reorganisation is however transient in nature given
that the absorption band reverts to its near original frequency 10 mins after the exposure.
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Figure 5: (a) Internalisation efficiency of Cy3-labelled GAPDH siRNA in HeLa cells from
measurements of the fluorescence intensity using flow cytometry. The data in the first two
columns represent the mock and negative controls comprising cells alone without the siRNA,
or with naked siRNA in the absence of the transfection agent Lipofectamine R©. The data
in the following two columns comprises that for cells in the presence of both siRNA and
Lipofectamine R© when they are unexposed and exposed to SAW irradiation over a duration
of 5 mins. (b) GAPDH mRNA expression, measured by qRT-PCR and gel electrophoresis end
point analysis of the amplified DNA (inset). Similar to the qPCR results, the lanes represent
the mock and sham (scrambled siRNA) controls, naked siRNA, siRNA and Lipofectamine R©
unexposed to the SAW, and, siRNA in the presence of Lipofectamine R© and the SAW,
respectively. The first row of the gel bands (i) represents the GAPDH levels whereas the
second row (ii) represents the β-actin reference gene levels that were measured. (c) GAPDH
protein knockdown at various timepoints after exposure of the cells to the SAW. The data
are represented in terms of a mean value (n = 23) ± the standard error. The asterisks ∗,
∗∗ and ∗∗∗ indicate statistically significant differences with p < 0.1, p < 0.01 and p < 0.001,
respectively.
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Figure 6: Representative confocal microscopy images showing the distribution of Cy3-
labelled GAPDH siRNA in HeLa cells when they are passively internalised in the control
experiment (no SAW exposure) and when they are internalised under the influence of 5
min of SAW excitation in the presence of Lipofectamine R©. The cell nuclei were stained by
Hoechst 33342 (blue) in all the images. The mitochondria in the top two rows were stained
using MitoTracker R© Green whereas lysosomes in the bottom two rows were stained using
LysoTracker R© Green. The overlay in the last column thus comprised a merger of the indi-
vidual channels showing co-localisation of the siRNA within the endosomal compartments
for the unexposed samples, whereas the siRNA appears to be distributed throughout the
cytosol for samples that have been irradiated with the SAW.
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