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As the applications of this technology are 
focused within the clinical and life sci-
ences, a thorough understanding of the 
associated biological impact imposed 
by these manipulation techniques is 
necessary.

The desire to manipulate suspended 
matter within microfluidic systems has 
inspired a range of techniques both 
passive[5,19,20] and active.[21,22] Passive 
approaches rely heavily on the geometry 
of the microfluidic channels and inertial 
forces. Flow profiles are altered by the 
introduction of sudden expansions and 
contractions, weirs and pillars to impede 
and divert the flow into desired stream-
lines. This reliance on the resultant flow 
profile restricts the flexibility of the chip, 
being single task specific. In contrast, 
active methods are significantly more 
robust, capable of on-demand actuation 

and offer the ability to change functionality ad-hoc, leading to 
an increased selectivity. To this end, a range of active methods 
have been developed using magnetic,[23,24] optical,[25,26] 
electrical[16,27] and acoustic[28–30] excitation.

Acoustofluidics is the use of acoustic forces to manipulate 
suspended matter within microfluidics,[31,32] and has the advan-
tage of uniquely combining ease of on-chip integration and 
simple, yet dextrous establishment of force fields in a noncon-
tact manner.[29,33,34] As a direct result, it has been extensively 
used to capture,[33,35] pattern,[36–38] and sort particles,[15,34,39] cell 
sonoporation,[40] synthesize nanomaterials,[41] as well as to mix 
fluids.[42,43] Although acoustofluidics has been widely accepted 
as a biocompatible technique, substantiated with cell viability 
studies;[44–48] there have been no extensive viability studies at 
elevated frequencies (30–600 MHz). Indeed, typically studies 
are corroborated with a single viability method, most commonly 
live/dead staining,[6,49–51] or trypan blue exclusion[52,53] and in 
some instances proliferation studies (MTT).[36] In contrast to 
these singular approaches, in passive microfluidic systems in 
which cells are predominantly subjected to shear forces arising 
from the flow field, a wide range of multifaceted cell viability 
studies[54] have been conducted showing, for example, shear-
dependent regulation of the von Willebrand factor of human 
umbilical vein endothelial cells[55] and the potential for circu-
lating tumor cell apoptosis at high shear levels. [56]

This lack of biological knowledge may result in poten-
tial unrecognized adverse effects (i.e., “false positives”), or 

Acoustic fields are capable of manipulating biological samples contained 
within the enclosed and highly controlled environment of a microfluidic chip 
in a versatile manner. The use of acoustic streaming to alter fluid flows and 
radiation forces to control cell locations has important clinical and life science 
applications. While there have been significant advances in the fundamental 
implementation of these acoustic mechanisms, there is a considerable lack 
of understanding of the associated biological effects on cells. Typically a 
single, simple viability assay is used to demonstrate a high proportion of 
living cells. However, the findings of this study demonstrate that acoustic 
exposure can inhibit cell attachment, decrease cell spreading, and most 
intriguingly increase cellular metabolic activity, all without any impact upon 
viability rates. This has important implications by showing that mortality 
studies alone are inadequate for the assessment of biocompatibility, but 
further demonstrates that physical manipulation of cells can also be used to 
influence their biological activity.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

1. Introduction

The manipulation of biological matter has become widespread 
in microfluidics.[1–3] The benefits of operating at a reduced 
size scale have enabled highly efficient techniques for selective 
patterning and manipulating cells.[4,5] Such approaches have 
been used for a wide range of tasks, including single cell anal-
ysis,[1,3,6,7] tissue engineering,[8–12] studying cell–cell interac-
tion and signaling,[2,13,14] sorting,[5,15–17] and drug screening.[18] 
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underexploited beneficial effects, based on the current bio-
compatible analysis methods, hampering direct translation 
of these technologies within clinical and life science appli-
cations. To address this inadequacy and to understand the 
associated biological effects of high frequency ultrasound, 
we probe a range of cell lines, using a suite of techniques 
chosen to determine postacoustic exposure effects on prolif-
eration, membrane permeability, metabolic rate, cell attach-
ment, and morphology. Four distinct cell lines were used, 
with known variation in cell stiffness and from two species 
(human and mouse). They were HaCaT (human keratino-
cytes), L929 (mouse fibroblast), MSCs (mesenchymal stromal 
cells, human bone marrow-derived primary cells), and MG63 
(mouse osteosarcoma). The selected cells represent not only 
species and source tissue variability but also vast differ-
ences in predicted cell stiffness values, ranging from 0.8 kPa 
(MSCs[57,58]) to 10 kPa (HaCaT[59]) to better understand the 
impact of acoustic exposure on cell heterogeneity. Experi-
ments we have performed show no significant differences 
in nuclear morphology and proliferation rates across all cell 
types and conditions studied. However, we did observe sig-
nificant variations in cell attachment, spreading and meta-
bolic activity, over a range of shear stresses induced by flow 
and acoustic exposures, differences that would otherwise have 
remained undetected due to the consistently high viability 
percentage observed in standard live/dead assay data. Inves-
tigation of the effect of acoustic excitation powers, flow rates, 
and channel dimensions on cell behavior is found to have a 
consistent increase in metabolic activity across cell lines in 
response to acoustic exposure.

2. System Principles

A major reason to use high frequency (30–600 MHz) ultrasound 
in a microfluidic system is that the wavelength is in the same 
order as that of a typical cell (i.e., 2–50 µm). This is a prereq-
uisite for patterning of single cells,[6] but has also been shown 
to provide the possibility of high sensitivity sorting,[15,33,60] pat-
terning using either standing waves[61,62] or traveling waves[32,63] 
and fluid mixing protocols.[43] Excitation can be achieved using 
surface acoustic waves, these waves are substrate bound until 
they encounter a fluid body whereupon energy is efficiently 
coupled. An alternating current is applied, at the operational 
frequency (48.5 MHz used here; 80 µm surface acoustic waves 
(SAW) wavelength, λSAW), to a set of opposing interdigitated 
transducers (IDTs) patterned on a piezoelectric substrate (128° 
Y-cut X propagating Lithium Niobate used; LiNbO3), resulting in 
a standing wave that couples directly as a pressure field within 
the fluid medium containing cells.[6] Typically, two main forcing 
mechanisms are present, namely acoustic radiation forces and 
acoustic streaming induced drag forces. The former acts on the 
suspended matter as a result of its interaction with the incident 
and scattered acoustic waves, whereas, the latter drags the par-
ticle in steady state fluid flows driven by Reynolds stresses.[31]

The relative significance of these two forces can be altered 
based on the excitation parameters such as the frequency, as well 
as the channel geometry, particle and fluid properties.[64] Here, 
the streaming effects are minimal in comparison to the radiation 
force based on the frequency and channel dimensions used.

The microchannel was designed as a serpentine, as shown 
in Figure 1 (the experimental device has 11 turns as opposed 
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Figure 1. Design concept depicting the serpentine channel and IDT design. Distinct cell types are 1) fed (indicated by the blue arrow) into the system 
at a constant flow rate, 2) exposed to the ultrasound, and 3) retrieved (indicated by the green arrow) prior to seeding into tissue culture plastic (TCP) 
for various assessment techniques (see Figure S1 in the Supporting Information for the process diagram).
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to the 3 turns shown). The curves of the serpentine were suf-
ficiently large that the shear stress profile is largely unchanged 
from the straight part of the channel (see Figure S2, Supporting 
Information). It was necessary to have a continuously flowing 
system to ensure that sufficient numbers of cells could be 
passed through the sound field, while the serpentine design 
facilitated prolonged exposure times. Both the shear stress 
and exposure times were varied by using combinations of two 
different channel heights (25 and 50 µm) and two flow rates  
(5 and 10 µL min−1). The microfluidic chip was temperature 
controlled using a Belektronig Benchtop Temperature con-
troller to avoid heating of the cells during acoustic excitation.

3. Results

3.1. Cell Morphology and Substrate Attachment

As an initial, simple readout of cell behavior in response 
to acoustic exposure, the adhesion and morphology of cells 

retrieved from the device was determined. Cells subjected to 
acoustic exposure were compared to i) cells that were simply 
plated into standard tissue culture wells (tissue culture plastic 
(TCP) control) and ii) cells that were passed through the device 
in the absence of acoustic stimulation (flow control). These 
controls provided a benchmark to account for any effects of 
detaching and manipulating the cells or exposing them to fluid 
flow within the device. For the L929 cell line (Figure 2a), no 
differences in cell adhesion were observed in response the flow 
control or at the lower level of 400 mV acoustic excitation. How-
ever, cell adhesion and spreading were affected when an excita-
tion amplitude of 800 mV (indicated by the arrows in Figure 2a) 
was used. Under these conditions, the cells remained circular 
with no spreading—this is a particularly striking alteration as 
no signs of recovery were observed even after 72 h as dem-
onstrated by quantification of cell area and cell aspect ratio as 
shown in Figure 2b,c, respectively. Interestingly, no differences 
were observed in the nuclear circularity (Figure 2d). It is well 
established that nuclear abnormalities are associated with a dis-
eased state (most prominent in cancer; nuclear blebbing and 
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Figure 2. Acoustic exposure resulted in decreased cell attachment speeds for L929 cells, while presenting minimal impact on nuclear morphology. 
a) Phase contrast images of L929 cells 24, 48, and 72 h postexposure across each experimental condition. Arrows depict cells displaying inhibited 
substrate attachment, while asterisks depict normally spread cells. Quantification of observed b) cell area, c) cell aspect ratio, and d) nuclear circularity 
for L929 cells across 24 and 72 h postexposure. Data are presented as mean ± SD from triplicate samples, n = 9 (> 600 cells per time point) for each 
condition tested, with data analyzed using one-way ANOVA supplemented with Tukey post hoc testing. Scale bar, 50 µm. Statistically different samples 
are denoted by *p < 0.05.
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enlarged nuclei), thus, assessment of nuclear circularity was 
conducted to rule out this adverse scenario.

The data for the other three cell types, MSCs, MG63, and 
HaCaT, are shown in Figure 3 (images shown in Figure S3, Sup-
porting Information). For the HaCaT cells (Figure 3a), no signifi-
cant variation in morphology was observed across cell area, aspect 
ratio and nuclear circularity, for all conditions and time points. 
The higher resistance to morphological change as a result of an 
external stressor may be attributed to the abundant expression of 
keratin within these cells,[65] which makes for a relatively stable 
structure. For the MG63 cells (Figure 3b) and MSCs (Figure 3c), 
no significant change was observed for the flow control samples 
over 24 h, while the highest acoustic power resulted in a com-
plete inability for cells to attach to the substrate. For the MSCs, 
which are known to be extremely mechanosensitive and thus 
relatively more susceptible to external stressors, attachment did 
not occur even at the lower acoustic power level (see Figure 3c).

3.2. Cell Viability and Metabolic Activity

Cell viability is commonly measured either using live/dead 
staining as a simple way to discriminate viable cells or assays 
that use cellular metabolism as a surrogate marker, such as  

MTS (a novel tetrazolium compound [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium, inner salt; (MTS(a)]). We therefore performed both of 
these assay types to examine the impact of acoustic stimula-
tion upon the different cell populations. Importantly, although 
the live/dead data showed very little variation across treat-
ment and cell type (Figure 4a-i–d-i and Table S1, Supporting 
Information), the metabolic data revealed several significant 
effects. First, we saw that simply by passing the cells through 
the microfluidic chip, there was a dip in metabolic activity 
(Figure 4a-ii–d-ii) which lasted for up to 72 h, compared to the 
TCP control. However, this was mitigated when acoustic actu-
ation was applied and the metabolic readings were comparable 
to the TCP control at the highest power level. Two possible 
hypotheses are that 1) the acoustic field decreases the effects 
of shear induced by the fluid flow—this could occur due to 
acoustophoretic particle migration toward the center line of 
the channel,[15] and hence away from the high shear regions at 
the periphery of the channel, or 2) the acoustic fields are stim-
ulating an increase in metabolic activity irrespective of shear. 
This could occur either directly or by indirectly acting upon 
currently undefined cellular mechanotransduction signaling 
pathways. Although the observed metabolic activity trend was 
similar across all the data obtained, the data set is not full, 
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Figure 3. Acoustic exposure resulted in limited changes to cell phenotypes. Quantification of i) cell area, ii) cell aspect ratio, and iii) nuclear circularity 
for a) HaCaT, b) MG63, and c) MSC cells across 24 and 72 h postexposure. Labels of no cell attachment denote scenarios in which cells could not 
adhere to the growth substrate postexposure and thus could not be assessed. Data are presented as mean ± SD from triplicate samples (>600 cells per 
time point), with data analyzed using one-way ANOVA with Tukey post hoc testing. Statistically different samples are denoted by *p < 0.05, **p < 0.005.
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as the reduced adhesion of MSCs and MG63s under acoustic 
stimulation mean that data could not be collected for these 
conditions.

3.3. Cell Proliferation

Although MTS (and similar) assays can be used over time as 
an indicator of cell proliferation, they are not strictly markers 
of cell proliferation and rely on the assumption of equal met-
abolic activity in all cells and under all conditions. For this 
reason, we also assessed a more direct marker of cell prolif-
erative capacity—Ki67 staining. Ki67 is expressed during all 

active phases of the cell cycle (G1, S, G2, and mitosis), but is 
absent in resting (quiescent) cells (G0). Overall expression of 
Ki67 increases during cell progression through S phase of the 
cell cycle. Therefore we used staining for Ki67 to determine 
the number of actively dividing cells at a particular snapshot 
in time (i.e., at 24 h (Figure 5a) and at 72 h (Figure 5b)); Ki67 
marker shown in red).

By comparing the proportion of Ki67-positive (Ki67+) nuclei, 
it was clear that the proliferation rate of different cell types nat-
urally varies. This can be expected as these cells are inherently 
different in terms of functionality and tissues are well known 
to have different turnover rates.[66] For example, 24 h postex-
posure, only 10% of MSCs were shown to express detectable 

Adv. Sci. 2019, 6, 1902326

Figure 4. Variability is evident between viability assays designed to target membrane permeability and metabolic activity. Live/dead (green/red) fluo-
rescence staining i) 24 h postexposure (see Table S1 in the Supporting Information for tabulated live cell percentage) and ii) formazan absorbance 
(MTS assay; metabolic activity) are presented for a) MSCs, b) MG63, c) HaCaT, and d) L929 cells. MTS assay data are presented as mean ± SD from 
triplicate samples (n = 9) for 24, 48, and 72 h time points postexposure, with data analyzed using one-way ANOVA with Tukey post hoc testing. Labels 
of no cell attachment denote scenarios in which cells could not adhere to the growth substrate postexposure and thus could not be assessed. Scale 
bar, 50 µm. Statistically different samples are denoted by *p < 0.05, **p < 0.005.
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levels of Ki67 in comparison to MG63 cells in which 55% of 
cells were Ki67+. However, within a single cell type no signifi-
cant difference in Ki67 activity, and hence proliferation rate, 
was detected (Figure 5c–f) while maintaining a consistent 
cell number across all time points considered (see Figure S4, 
Supporting Information). This confirms that cell proliferation 
was not affected by flow through the device or acoustic stimu-
lation. Furthermore, these data collectively indicate that the 
variations in MTS assay data, as reported in Figure 4a-ii–d-ii, 

are due to specific variations in metabolic activity rather than 
proliferation rate.

3.4. Probing Shear Effects via the Modification of Channel 
Design and Flow Rates

Two hypotheses could explain the data presented in Figure 4: 
1) acoustophoretic migration away from the channel periphery 

Adv. Sci. 2019, 6, 1902326

Figure 5. Postexposure assessment revealed no significant changes in cell proliferation rates for each cell type tested. Fluorescence observations 
of each cell type a) 24 and b) 72 h postexposure. Staining depicts f-actin (green), nuclei (blue), and Ki67 (red). Labels of no cell attachment denote  
scenarios in which cells could not adhere to the growth substrate postexposure and thus could not be assessed. Scale bar, 20 µm. Quantification of Ki67 
positive cells are presented for c) MSCs, d) MG63, e) L929, and f) HaCaT cells across 24 and 72 h postexposure. Data are presented as mean ± SD  
from triplicate samples, n = 9 (>600 cells per time point) for each condition, with data analyzed using one-way ANOVA supplemented with Tukey post 
hoc testing.
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mitigates the effects of shear induced by flow and 2) the 
acoustic excitation directly causes an increase in cell metabolic 
activity. To probe these further, a set of experiments were con-
ducted using a larger channel with a height of 50 µm for the 
larger cell types (MSCs and MG63s), while maintaining the 
same flow rate of 10 µL min−1. This effectively reduces the wall 
effects on the cell but also reduces the average velocity of the 
cells meaning that the duration of acoustic exposure is doubled. 
Based on this, we expected to see an increase of the acoustic-
based effects, particularly if hypothesis 2 of a direct influence of 
acoustic excitation upon metabolic rate is correct (the migration 
of hypothesis 1 can be expected to occur quickly so exposure 
time would not play a role).

The smaller L929 and HaCaT cells were again passed 
through the initial 25 µm height channel, but with the flow rate 
halved to 5 µL min−1 to lower the shear stresses and increase 
the exposure time. If hypothesis one regarding a shear-induced 
effect is correct, we should see little change, as the acoustics act 
to reverse the shear effects. However the hypothesis of a direct 
effect of acoustic stimulation on cellular metabolism is cor-
rect, we would expect to see a further increase in the metabolic 
rate for cells exposed to ultrasound for longer. The associated 
velocities and shear stresses within these channels are numeri-
cally solved and reported in the Supplementary Information 
(see Figure S2, Supporting Information).

3.5. Untangling the Effects of Shear from Acoustic Stimulation 
on MSCs and MG63

Using the modified conditions, experiments using the MTS 
assay and live/dead staining were conducted, again comparing 
cells plated directly onto TCP to cells exposed to flow-only and 
those under acoustic stimulation. An increase of the channel 
height to 50 µm, effectively reducing wall effects on the cells, 
resulted in a full set of data, mitigating issues related to cell 
attachment as observed in Figure 4. A consistently high per-
centage of viable cells was observed using a live/dead staining, 
for both MSCs and MG63s, with the exception of MSCs stimu-
lated with 800 mV in which a large proportion (93 ± 6%) of cell 
death was observed (Figure 6a-i and Table S2, Supporting Infor-
mation). This can be attributed to excessive acoustic excitation, 
in terms of the input power and exposure time, effectively iden-
tifying the upper limit of exposure. MSCs are widely known to 
be extremely mechanosensitive,[67,68] thus unsurprisingly show 
the lowest tolerance to a persistent external stress from the cell 
lines investigated here. As expected, due to the low propor-
tion of live cells, the metabolic activity for the 800 mV acoustic 
exposure, across all three time points is significantly reduced. 
It is important to note that although exposure below 800 mV 
does not result in cell death, cell health is not necessarily 
unaffected. Strikingly, and consistent with the initial experi-
ments (Figure 4a-ii,b-ii), a trend of decreased metabolic activity 
was observed for the flow control condition and an increased 
metabolic activity in cells exposed to acoustic excitation was 
reported (Figure 6a-ii,b-ii). All stimulated cell populations had 
higher metabolic activity than those exposed to flow alone 
(Figure 6 a-iii,b-iii), with the exception of the 800 mV—treated 
MSCs in which the majority of the cell population was dead.

3.6. Untangling the Effects of Shear from Acoustic Stimulation 
on L929 and HaCaT

To understand the effects of reduced shear and extended 
acoustic exposure, the L929 and HaCaT cell lines were passed 
through the system at a reduced flow rate of 5 µL min−1. The 
expected exposure time was thus increased to 19 s, similar 
to that of the modified MSC and MG63 channels reported 
in Figure 6a,b. Consequentially, the flow control experi-
mental results indicate a consistently low cell mortality rate 
(Figure 6c-i,d-i) and depict a reduced variation in metabolic 
activity, relative to the TCP control (Figure 6c-i–iii,d-i–iii), when 
compared to the data presented in Figure 4c-ii,d-ii, suggesting 
that the effects of shear induced by the flow are relatively insig-
nificant and that any variations observed are likely caused by 
the acoustic excitation.

L929s were not able to adhere after exposure to 800 mV 
stimulation—this suggests that the limit of tolerance to 
acoustic exposure was reached under these conditions. While 
a living HaCaT population was retrieved, as shown by live/dead 
staining (Figure 6d-i and Table S3, Supporting Information), 
the significant drop in metabolic activity (Figure 6d-ii–iii) can be 
attributed to an excessive stress inflicted by the prolonged expo-
sure of higher acoustic intensities, rendering the cessation of 
normal biological function while preserving the cell membrane 
and structure. This ability to preserve its structural integrity can 
be attributed to the high levels of keratin in HaCaT cells[65,66,69] 
that act to safeguard the cell under their normal function in 
the skin which can be exposed to harsh environments. Acting 
as double-edged sword in this instance, the higher density of 
keratin renders the cell relatively stiff. We propose that this 
stiffness results in an increased exertion of acoustic radiation, 
due to the inherently higher acoustic contrast factor, making it 
more susceptible to an acoustic stimuli.[44] This observation is 
potentially the clearest indication of the shortfall presented by 
simplistic live/dead assay as evidence for cell viability. Here, the 
reported live/dead percentage would serve as a “false positive” 
when used to substantiate cell viability in an acoustic microflu-
idic platform as it is contrasting in nature when compared to 
the cell metabolic activity.

The other notable pattern in this data are that both cell 
types again showed increased metabolic activity at 400 mV 
acoustic stimulation (Figure 6c-iii,d-iii). Especially the HaCaT 
cell type (Figure 6d-ii–iii), which reported a higher metabolic 
activity than that of the TCP control. Overall, this leads to a pat-
tern where flow appears to moderately decrease the metabolic 
activity but acoustic stimulation either mitigates this effect or 
overrides it by independently increasing the metabolic activity. 
The latter supports hypothesis 2, linking a mechanotransduc-
tive mechanism to ultrasonic excitation.

3.7. Flow Control and Acoustic Comparison

As a further investigation of the effects of flow versus acoustic 
stimulation, the changes relative to the TCP control were cal-
culated (Figure 7). We observed a smaller reduction in the 
normalized metabolic activity (percentage difference to TCP 
control) at the lower flow rate for both cell L929 (Figure 7a-i) 

Adv. Sci. 2019, 6, 1902326
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and HaCaT cells (Figure 7a-ii) at 24 h postexposure. Any dif-
ferences in metabolic activity were diminished after 72 h (i.e., 
0%; indicated by the horizontal dash line), indicating that the 

effects are caused by an acute stress that is recoverable. This 
reaffirms the hypothesis that shear stress experienced by the 
cell decreases the metabolic activity.

Adv. Sci. 2019, 6, 1902326

Figure 6. Increasing channel dimensions (i.e., 50 µm channel height) presents enhanced acoustic effects while enabling a) MSC and b) MG63 cell 
extraction. Decreasing the flow rate (i.e., 5 µL min−1) modulates metabolic activity of c) L929 and d) HaCaT while retaining a high degree of cell viability. 
a–d) Live/dead (green/red) fluorescence staining i) 24 h postexposure (see Tables S2 and S3 in the Supporting Information for tabulated live cell per-
centage) and ii) formazan absorbance (MTS assay; metabolic activity) are presented. MTS assay data analyzed using one-way ANOVA with Tukey post 
hoc testing. iii) Growth rate extracted from MTS data is presented for all cell lines. All data presented as mean ± SD from triplicate samples (n = 9). 
Scale bar, 50 µm. Statistically different samples are denoted by *p < 0.05, **p < 0.005.
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We next compared the impact of acoustic exposure, indepen-
dently to flow rate. The 400 mV acoustic exposure settings con-
sistently showed a higher metabolic rate than the TCP, for both 
flow rates (Figure 7b). When the detrimental effects of shear 
are lessened by operating at a lower flow rate and the length of 
exposure to acoustic effects is increased, the increase in meta-
bolic rate is such that the values recorded are higher than those 
of the TCP. This offers firm support of hypothesis 2 whereby 
acoustic exposure has an impact on the cell metabolic activity.

4. Discussion

Here we fabricated a system that facilitates assessment of cell 
behavior following acoustic exposure and used a wide range 
of methodologies to examine the impact upon cell behavior. 
The results demonstrate sensitivity to acoustic exposure in a 
manner that is highly context-dependent. Metabolic rate was 
seen to increase (benchmarked against a TCP control), cell 
adhesion prevented and morphology changed—all depending 
upon the conditions used and cell lines studied. Importantly, 
many of these occurred when no difference was seen in live/
dead assays, highlighting the urgent need for a more nuanced 
approach when evaluating the biological impact of acoustic 
exposure.

Based on the cell morphology data (Figures 2 and 3), we 
show adverse effects under some acoustic conditions in 
which cells were unable to attach or spread less effectively, so 
altering critical adherent cell functionality. This occurred to 
varying degrees, ranging from cells that could adhere to the 
substrate, but not spread (for the case of L929 cells; Figure 2) 
to cells that showed a complete inability to adhere to the sub-
strate (e.g., MSCs as in Figure S3a and MG63 in Figure S3b, 
Supporting Information). As shown in Figure 8a, we postulate 
a link with cell stiffness. As stiffness increases, we observe a 

better resistance to morphological changes resulting from the 
exposure conditions tested. The highly mechanosensitive cell 
considered, MSCs are more susceptible to external stressors, 
the MG63 cells slightly less so, both of which succumbed to 
cell attachment issues arising from acoustic exposures (see 
Figure 3, Figure S3a,b, Supporting Information) when passed 
through the 25 µm high channel at 10 µL min−1. This trend 
continues with the stiffer, L929 cells which succumbed to 
alteration in cell aspect ratio postexposure (i.e., cell spreading 
was affected) but successfully attached (Figure 3c). Finally, the 
stiffest cell considered, HaCaT was unaffected by all exposure 
conditions tested.

A similar trend is suggested for the reported variations in 
metabolic activity as a function of cell stiffness. We observed 
variations in the cell metabolic activity as a result of shear 
induced by flow as well as acoustic exposure, and showed clearly 
that this was not due to a change in absolute cell number from 
altered proliferation rates. First, the cellular metabolic activity 
was suppressed as a result of shear stress induced by the flow. 
Second and more importantly, we report an increase in cellular 
metabolic activity as a direct result of acoustic exposure (see 
Figure 6d-ii–iii) for the first time. However, a further increase 
in acoustic exposure beyond a threshold (cell line-dependent) 
results in a detrimental effect. This either 1) directly compro-
mises the cells membrane, effectively killing the cells as in 
the case of MSCs (Figure 6a-i), or 2) stresses the cells exces-
sively such that the cell’s metabolic activity is significantly sup-
pressed, potentially due to the cessation of normal biological 
function (Figure 6d-ii–iii), in the absence of changes to struc-
tural integrity. The latter occurs while measurements also yield 
a low mortality percentage, showing the inadequacy of using 
live/dead assays as a single readout. Stamp et al.[70] observed 
enhanced cell migration within a tissue under the influence of 
ultrasonic excitation. In this context they hypothesized possible 
mechanisms including mechanical actuation, better delivery 

Figure 7. A percentage comparison between the high flow rate (i.e., 10 µL min−1; in black) and the low flow rate (i.e., 5 µL min−1; in red) settings 
normalized to the TCP control. a) Flow control comparisons for i) L929 and ii) HaCaT at different flow rates. b) Varying levels of acoustic exposure for 
i) L929 and ii) HaCaT at different flow rates.
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of nutrients, and thermal and electrical effects. While this 
study does not deal with metabolic activity of individual cells, 
and the conditions within our microfluidic channel are more 
easily controlled eliminating some of the possible mechanisms, 
others could potentially apply. Furthermore, we suggest a link 
with cell stiffness. A trend of increasing metabolic activity as 
the cell stiffness increases was observed, (Figure 8b). Here, the 
percentage difference in metabolic activity as compared to TCP 
is reported. This is consistent with an increase in the resultant 
acoustic radiation force as the stiffness of the suspended matter 
increases.[44,64] Alternatively, we hypothesize that the cells are 
actively attempting to improve resistance to an external stress 
by increasing their structural stiffness. The MTS assay used as a 
surrogate marker of metabolism functions through a formazan 
reduction accomplished by nicotinamide adenine dinucleotide 
phosphate (NADPH) or nicotinamide adenine dinucleotide 
(NADH).[71] Due to NADPH’s link to the regulation of choles-
terol synthesis,[72] we could assume that our findings may be 
a result of cell stiffness increase in response to acoustic expo-
sure. Studies suggesting roles for cholesterol in cell membrane 
stiffness and tension have been conducted;[73] however, further 
investigation would be required to validate these theories. Inter-
estingly, the data variability of each cell consistently decreases 
as cell stiffness increases, showing the smallest variance in 
HaCaT (10 kPa[59]) and L929 (4 kPa[74]) and larger variance for 
the softer MG63 and MSCs (0.3–0.8 kPa[57,58]) respectively (see 
Table S4 in the Supporting Information for tabulated values). 
This is indicative of the inherent heterogeneity which is known 
to be more prevalent in softer cell types (i.e., MSCs) than stiffer 
ones (i.e., HaCaT).

5. Conclusion

In conclusion, our data clearly show differences in cell 
behavior in response to acoustic stimulation, aspects that 
are not evident when using the standard live/dead stain as 
a single readout of biocompatibility. This has critical impli-
cations for the methodologies used to evaluate the biocom-
patibility of acoustofluidic devices and platforms and makes 
a strong case for the inclusion of a broad panel of cellular 
readouts. The variations and chronic thresholds in response 
are cell type-specific and so safe operation ranges should 
be considered while developing acoustic based microfluidic 

platforms with reference to the cell type used. Our findings 
also reveal a tantalizing hint toward a correlation between 
acoustic exposure, cell stiffness and cellular metabolism, 
which if understood, could be harnessed for therapeutic 
applications in the future.

6. Experimental Section
Cell Culture: Mesenchymal Stromal Cells (human, bone marrow 

derived, Lonza) and MG63 (human osteosarcoma, ATCC) cells 
were maintained in Dulbecco’s modified Eagle medium (DMEM) 
containing [1 g L−1] d-glucose and [110 mg L−1] sodium pyruvate (Life 
Technologies), supplemented with [100 U mL−1] penicillin-streptomycin 
(Life technologies) and 10% (v/v) fetal bovine serum (FBS) (Scientifix). 
HaCaT (human keratinocyte, ATCC) and L929 (mouse fibroblast, ATCC) 
cells were maintained in DMEM containing [4.5 g L−1] d-glucose and 
[110 mg L−1] sodium pyruvate (Life Technologies), supplemented with 
[100 U mL−1] penicillin-streptomycin (Life technologies) and 10% (v/v) 
FBS (Scientifix). Maintenance was undertaken in humidified conditions 
at 37 °C with 5% CO2. All cells were routinely screened for and confirmed 
free of mycoplasma every 3 months. 24 h prior to experimentation, cells 
were serum-starved overnight in standard culture media supplemented 
with only 0.25% FBS.

Acoustic Exposure: The IDTs were designed such that the SAW 
wavelength, λSAW at the desired frequency was twice the pitch of 
the electrodes. Here a wavelength of 80 µm was used, resulting in 
an operational frequency of 48.5 MHz. The λSAW was selected such 
that the half acoustic wavelength, λac, in fluid was approximately 
the size of the cells considered (i.e., λac/2 = 15 µm). Energy coupled 
into the fluid was lost from the substrate wave; hence, a pair of IDTs 
was used to offer a more uniform field than could be expected from a 
single IDT. Following serum starvation, cells were lifted using TrypLE 
Express (LifeTech), collected at the desired density and transferred to 
microfluidic devices for exposure. Cells were maintained at a constant 
flow rate of 5  or 10 µL min−1 as per the experimental data set, while 
being excited at the designed frequency and power of either 400 mV 
(500 mW; accommodating for amplification via power amplifier and 
s11 values) or 800 mV (1375 mW; accommodating for amplification via 
power amplifier and corresponding s11 values) typical of similar SAW-
based manipulation platforms at these frequencies, accommodating for 
the flow rates.[6,28,60,75,76] To circumvent issues related to clogging, cell 
aggregation was avoided via frequent agitation of the syringe and a 180° 
rotation every 3 min to avoid sedimentation. To minimize any external 
influences, the chip was actively cooled to maintain its temperature 
via the aid of a peltier cooler, accompanied by a heat sink and fan. The 
cell numbers across each experimental run were maintained at either 
2500 cells cm−2 (MSCs and MG63 cells) or 8000 cells cm−2 (HaCaT and 
L929 cells) throughout.

Figure 8. a) Description of distinct cell fate in terms of morphological changes as a function of cell line and exposure condition as the cells were passed 
through the 25 µm high channel device at 10 µL min−1 (see Figures 2 and 3 and Figure S3, Supporting Information). b) Percentage difference in cell 
metabolic activity normalized to TCP as a function of cell line with increasing stiffness based on results reported in Figure 6 at a 400 mV acoustic 
exposure at 72 h postexposure.
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MTS Metabolic Assay: Metabolic activity was screened using a 
CellTiter 96 AQueous One Solution assay kit (Promega, USA) with a 
staining solution made up according to the manufacturer instructions. 
MTS assays were conducted 24, 48, and 72 h following exposure in which 
cells were rinsed with phosphate-buffered saline (PBS) and left in MTS 
staining solution for 3 h. Solutions were then removed and absorbance 
quantified at 490 nm using a Multiskan spectrum plate reader (Thermo).

Live/Dead Staining Assay: Cell viability was assessed using a live/
dead assay kit (Life Technologies, USA) with a staining solution made 
up according to the manufacturer instructions. Live/dead staining was 
conducted at time points of 24 h postexposure. Samples were imaged 
using a Nikon eclipse Ts2 microscope followed by further quantitative 
analysis using ImageJ. Viability was calculated using the following 
formula: (live cell count / (live cell count + dead cell count)) × 100.

Immunofluorescence Staining: To validate cell proliferation alongside 
cell/nuclear morphology changes, immunofluorescence staining was 
performed. Cell monolayers were washed with PBS and fixed in 4% 
Paraformaldehyde (PFA) (Sigma, USA) diluted in PBS for 30 min at 
room temperature (RT). Cells were permeabilized with 0.5% Triton 
X-100 (Sigma, USA) diluted in PBS for 15 min, then blocked in 3% 
(w/v) bovine serum albumen (BSA) diluted in PBS for 30 min. Cells 
were then incubated in primary antibody (Ki67, AbCam [1:1000]), 
diluted in blocking solution for 1 h at RT. Cells were subsequently 
washed 3 × 5 min in PBS and further incubated in a mixture of 
secondary antibody (antimouse alexa fluor 555, Sigma, USA), Actin-
green (Life Technologies, USA) and Hoechst 33 342 (Life Technologies, 
USA) at a dilution of 1:300, 2 drops mL−1 and 1:2000 respectively for  
1 h at RT. Images were taken as described for live/dead staining assays.

Quantification of Cell and Nuclear Phenotypes: For the assessment 
of both cell and nuclear phenotypes, immunofluorescence images 
counterstained with Phalloidin (cell phenotypes) and Hoechst (nuclear 
phenotypes) were processed in ImageJ. Images were thresholded, 
counted, and analyzed using the shape descriptors plugin, with analysis 
parameters maintained as to enable direct comparisons between 
conditions. Cell area and aspect ratios provide detailed information 
on cell shape and orientation in 2D, whereas nuclear circularity index 
is a measure of how closely the nuclear shape resembles that of a 
mathematically perfect circle (scale from 0 to 1, with the perfect circle 
denoted as 1). Nuclear circularity index of < 0.5 are potential indicators of 
a diseased state, e.g., nuclear blebbing in cancer or progeria development.

Statistical Analysis: A Kolmogorov–Smirnov test was used to test 
data for normal distribution and Levene’s test was used to determine 
homogeneity of variance. Data with a normal distribution were analyzed 
by one-way ANOVA and Tukey (equal variance) or Games-Howell 
(unequal variance) post hoc tests. Nonparametric data were analyzed by 
Kruskal–Wallis test unless otherwise stated. All statistical analysis was 
performed using GraphPad Prism v7.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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V. Velebný, L. Kubala, Interdiscip. Toxicol. 2013, 6, 203.

[66] F. N. Kenny, Z. Drymoussi, R. Delaine-Smith, A. P. Kao, A. C. Laly, 
M. M. Knight, M. P. Philpott, J. T. Connelly, J. Cell Sci. 2018, 131, 
jcs215780.

[67] J. E. Frith, G. D. Kusuma, J. Carthew, F. Li, N. Cloonan, G. A. Gomez, 
J. J. Cooper-White, Nat. Commun. 2018, 9, 257.

[68] A. J. Engler, S. Sen, H. L. Sweeney, D. E. Discher, Cell 2006, 126, 
677.

[69] D. J. Fu, C. Thomson, D. P. Lunny, P. J. Dopping-Hepenstal, 
J. A. McGrath, F. J. D. Smith, W. H. Irwin McLean, D. M. Leslie 
Pedrioli, J. Invest. Dermatol. 2014, 134, 754.

[70] M. E. M. Stamp, M. S. Brugger, A. Wixforth, C. Westerhausen,  
Biomater. Sci. 2016, 4, 1092.

[71] M. V. Berridge, A. S. Tan, Arch. Biochem. Biophys. 1993, 303, 474.
[72] F. J. Byfield, H. Aranda-Espinoza, V. G. Romanenko, G. H. Rothblat, 

I. Levitan, Biophys. J. 2004, 87, 3336.
[73] A. Biswas, P. Kashyap, S. Datta, T. Sengupta, B. Sinha, Biophys. J. 

2019, 116, 1456.
[74] H. W. Wu, T. Kuhn, V. T. Moy, Scanning 1998, 20, 389.
[75] D. J. Collins, T. Alan, A. Neild, Lab Chip 2014, 14, 1595.
[76] J. W. Ng, C. Devendran, A. Neild, Lab Chip 2017, 17, 3489.

https://doi.org/10.2139/ssrn.3188427

