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Understanding the interaction between shock waves and tissue is critical for advancing the use of shock
waves for medical applications, such as cancer therapy. This work aims to study shock wave-cell inter-
action in a more realistic environment, relevant to in vitro and in vivo studies, by using 3D computational
models of healthy and cancerous cells. The results indicate that for a single cell embedded in an extracel-
lular environment, the cellular geometry does not influence significantly the membrane strain but does
influence the von Mises stress. On the contrary, the presence of neighbouring cells has a strong effect on
the cell response, by increasing fourfold both quantities. The membrane strain response of a cell con-
verges with more than three neighbouring cell layers, indicating that a cluster of four layers of cells is
sufficient to model the membrane strain in a large domain of tissue. However, a full 3D tissue model
is needed if the stress evaluation is of main interest. A tumour mimicking multicellular spheroid model
is also proposed to study mutual interaction between healthy and cancer cells and shows that cancer cells
can be specifically targeted in an early stage tumour-mimicking environment.

Statement of Significance

This work presents 3D computational models of shock-wave/cell interaction in a biophysically realistic
environment using real cell morphology in tissue-mimicking phantoms and multicellular spheroids.
Results show that cell morphology does not strongly influence the membrane strain but influences the
von Mises stress. While the presence of neighbouring cells significantly increases the cell response, four
cell layers are enough to capture the membrane strain change in tissue. However, a full tissue model is
necessary if accurate stress analysis is needed. The work also shows that cancer cells can be specifically
targeted in early stage tumour mimicking environment. This work is a step towards realistic modelling of
shock-wave/cell interactions in tissues and provides insight on the use of 3D models for different
scenarios.
� 2018 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Shock waves have been clinically used to fragment kidney
stones for many decades in a procedure called lithotripsy [1].
Shock waves are also used to treat musculoskeletal disorders
including calcific tendonitis of the shoulder as well as non-
unions and delayed unions of long bone fractures [2]. Other clinical
applications for shock waves include histotripsy which incites a
localised cavitation cloud to mechanically fractionate tissue [3]
and shock wave mediated drug delivery and gene transfer for can-
cer treatment [4]. A critical issue for these shock wave applications
is that side-effects on the healthy tissue are often found during and
after the treatment. Therefore minimising damage on healthy tis-
sues around the therapeutic target has been the focus of many
research studies.

Recently, we presented a combined experimental/numerical
method which captures the shock wave interaction with a single
cell embedded in a tissue mimicking phantom [5]. Two shortcom-
ings of the model were that the cells were modelled as spheres and
were embedded in a homogeneous tissue-mimicking gel without
neighbouring cells, which may not realistically represent cells
in vitro and in vivo.

In this work, we aim to analyse how cell morphology and the
presence of neighbouring cells influence the cell response to shock
waves. This is a step towards a realistic computational model for
shock wave interactions with cells in tissue.

Section 2 presents the experimental analysis of cell morphology
inside a tissue-mimicking phantom and a cluster. The analysis
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serves as the basis for the models presented in Sections 3 and 4 to
study the influence of cell morphology and neighbouring cells on
shock wave-cell interaction.

2. Experimental study

Individual real cell models were constructed in 3D based on flu-
orescent images of the cell membrane using multiphoton micro-
scopy (MPM). A fluorescent imaging experiment was also
performed on a cell monolayer for comparing its cell morphology
to that in a multicellular spheroid.

2.1. Cell sample preparation

An immortalised human kidney epithelial cell line, HK-2 (ATCC
CRL-2190), was used in this study. The cells were cultured
according to the protocols in a sterile environment [6]. The
tissue-mimicking phantom was made of a mixture of 0.6% purified
agarose solution (UltraPure Agarose, Invitrogen), 0.1 million HK-2
cells and cell media (DMEM, Sigma-Aldrich Ltd.). This composition
provides an elastic modulus of �10 kPa and density of �1000 kg/m3

which are similar to the mechanical properties observed in soft tis-
sues [7]. The low cell density and homogeneous distribution in the
tissue phantom allow for the imaging of individual cells. The phan-
tom was held in a 12-well plate with a thickness of less than 5 mm
for imaging purposes.

2.2. Multiphoton microscopy (MPM)

MPM was used to obtain the detailed real cell geometries for
rendering the 3D cell morphologies used in the simulations.
MPM uses two or more low-energy photons excitation to cause
higher energy electronic transition in a fluorescent molecule,
which allows for high resolution and high contrast fluorescent
images in thick samples [8]. A bespoke MPM was used which
employs a focussed laser tunable from 700 nm to 1000 nm to scan
over the tissue samples. In the experiment, stacks of 512 � 512
pixels images were taken for three different HK-2 cells embedded
in the tissue phantom with an image slice interval of 300 nm. A
nuclear acid stain (Hoechst 33342, Life Technologies) and a plasma
membrane stain (Cellmask, Life Technologies) were used to label
the cell nucleus and cortex membrane, respectively. Each tissue
5 m

Fig. 1. (a) A slice of MPM image of single cell embedded in the agarose gel; (b) fluores
labelled in red and blue, respectively. (For interpretation of the references to colour in t
sample in the 12-well plate was submerged with the diluted Cell-
mask solution with 1.5� concentration in the incubator for 30 min
to allow the staining solution to diffuse through the gel matrix. The
staining solution was then replaced with the Hoechst staining
solution with concentration of 0.2 lg/mL after washing the sample
three times with a physiologically relevant buffer. The samples
were then incubated for another 30 min for the cell nucleus to be
labelled. An example of the fluorescent image slice is shown in
Fig. 1(a) where the blue colour labels the cell nucleus and red
labels the cell membrane.

2.3. Cell cluster imaging

0.5 mL HK-2 cell suspension containing 10,000 cells was placed
on a cover slip inside a 24-well plate for 1 h. After the cells reached
80% confluency on the cover slip, the cells were fixated with 4%
paraformaldehyde solution for 15 min and stained through the
same protocol as for the single cell imaging. Fluorescent imaging
was performed using an inverted optical microscope (Nikon,
Eclipse Ti) with a 20�microscopic objective, see Fig. 1(b).

3. Cellular numerical framework

3.1. Model setup

Previous work [9] modelled individual neurons with a differen-
tiation of some representative subcellular compartments (i.e.,
nucleus, cytoplasm and cortical membrane). However, our experi-
mental setup for the cells of interest makes it impossible to iden-
tify the mechanical properties of these different cell components.
The literature for such properties under shock loading is also miss-
ing. As a first approximation, the cells are thus modelled as a
homogeneous solid with a shell cortical membrane. The cortical
membrane was modelled with a thickness of 200 nm, and meshed
with shell elements. The thickness of the cortical membrane was
chosen as the lower bound value in the variation of cortical mem-
brane thickness found in Ref. [10]. The single cell models were
embedded in a homogeneous tissue-mimicking environment.
Shock waves were applied at the top surface of the tissue model.
The shock wave profiles (Fig. 2) were determined from measure-
ments by a bespoke fibre-optic probe hydrophone (FOPH) [11]
inside an agarose tissue phantom at three different shock wave
cent image of HK-2 cell monolayer on cover slip. Cell membrane and nucleus are
his figure legend, the reader is referred to the web version of this article.)
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energy levels. The simulations were performed in the explicit
dynamic solver of the software Abaqus (Dassault Systèmes) with
linear tetrahedral elements. The mechanical cell response was
analysed in terms of von Mises stress for shearing evaluation and
cell damage indication, and the overall membrane strain which
indicates the change of membrane permeability for drug delivery
applications. The membrane strain was calculated as the cell sur-
face area change over time. More details on the model are pre-
sented in the SI.

3.1.1. Constitutive material framework
The material laws employed in the model simulate the volu-

metric and deviatoric behaviours separately.

s ¼ svol þ sdev ð1Þ
The deviatoric response of the cell model (sdev) was described by a
nonlinear viscoelastic constitutive framework while the volumetric
response (svol = JpI) was simulated by an Equation of State (EoS)
using a bilinear bulk modulus calibrated against experimental
observations [5].

Nonlinear viscoelasticity: The employed first order nonlinear vis-
coelasticity framework [12] can be further decomposed into the
initial elastic response s� and the evolution of viscous stress svis:
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Fig. 2. Shock wave pressure profiles measured inside agarose tissue phantom using
a FOPH; different colors represent the pressure profile at different shock wave
energy levels: levels 4, 6 and 8.

Table 1
Material properties of the three different cell lines (HK-2, CAKI-2 and HRE), cell membran

Cell Cell type KC KT

[5,13,14] HK-2 2 GPa 20 MPa
CAKI-2 2 GPa 34 MPa
HRE 2 GPa 25 MPa

Membrane K

[14,15] 2 GPa

Tissue phantom K

[16] 2 GPa
sdev ¼ s� þ svis
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where ‘‘dev” is the deviator operator: dev ½�� ¼ ð�Þ � 1
3 ½ð�Þ : I�I; F

�
and C

�

are the volume-preserving deformation gradient and right Cauchy-
Green tensors,s1 is the relaxation timeof the viscoelastic component,
which is the ratio between viscosity and shear modulus (i.e., s1 = g1/
m1) and c1 is the proportion of the shear modulus of the viscous com-
ponent to the instantaneous shear modulus (i.e., c1 = m1/(m1 + m1)).

Equation of state: During compression the bulk modulus is taken
to be KC but during tension when the pressure exceeds a transition

density threshold, q
�
, the bulk modulus reduces to KT:

p ¼ Hðq� �qÞ KT
q� q0

q0
þ Dp

� �
þH q� q

�� �
KC

q� q0

q0
ð3Þ

where H is the Heaviside function, KC and KT are the bulk moduli
corresponding to compression and tension, respectively,

Dp ¼ ðKC � KTÞðq
� �q0Þ=q0, q

�
is the transition density, and q0 is

the density at initial state. See Ref. [5] for more details.
Table 1 lists the mechanical properties of different human kid-

ney epithelial cells calibrated in the previous study [5] where a
high speed imaging experiment was performed to visualise the
deformation of each single cell subject to shock waves in order
to measure its mechanical properties. The surrounding tissue-
mimicking phantom was modelled as a nonlinear elastic material
with EoS accounting for its volumetric response.
3.1.2. Cell shape variability
The influence of the cell shape was studied by constructing cell

models from the MPM images of three arbitrarily selected individ-
ual cells: for each MPM fluorescent slice, the cell membrane was
semi-automatically segmented based on the intensity threshold
using Amira [17], a commercial 3D software for visualisation and
meshing. The 3D volume of the cell was thus rendered and meshed
in Amira. The three cell models constructed from real cell geome-
tries are presented in Fig. 3.

The cell response from different cell models were compared
with each other and with a spherical model with radius of 10
lm, a mean value of HK-2 cell radius found in the cell size distri-
bution experiment, see SI for more details.
3.1.3. Cell orientation variability
In order to study the influence of the cell orientation, one of the

reconstructed cell models (cell sample 2, Fig. 3(b)) was rotated by
45�, 90�, 135� and 180� polar angles (Fig. 4).
e and tissue-mimicking phantom.

q
� m1 m1 g1

�4.6 MPa 3.1 kPa 0.34 kPa 69.6 Pa�s
�4 MPa
�4.6 MPa

m1 m1 g1

333.34 Pa 13.89 Pa 41.67 kPa�s
m

3.45 kPa



Fig. 3. Cell models constructed from real HK-2 cell geometries: (a) sample 1; (b)
sample 2 and (c) sample 3.
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3.2. Single cell simulation results

3.2.1. Influence of cell shape
The effect of cell shape variability on cell response was found to

be similar between different shock wave energy levels. Therefore,
only the cell response at shock wave energy level 6 (medium level)
is presented to illustrate the influence of cell shape on cell
response. More simulation results at other shock wave energy
levels can be found in the SI.

Fig. 5(a) compares the von Mises stress at the distal part of each
cell model (away from the shock wave source) where the cell shape
changes most dramatically. The highest von Mises stress was found
in the HK-2 cell sample 2 which has the sharpest curvature (Fig. 3
(b), mean curvature 0.2884); while the cell model exhibiting the
flattest bottom (HK-2 cell sample 1, mean curvature 0.0944)
showed the smallest von Mises stress. The mean curvature of the
models are calculated from the surface curvature algorithms [18].
A higher mean curvature value indicates a more acute surface cur-
vature. More details are explained in the SI.
Fig. 4. Cell model constructed from sample 2 with varying orientat

Fig. 5. Cell response due to the influence of cell shapes. (a) von Mises s
Fig. 5(b) shows that different real cell models exhibited similar
overall membrane strain: the membrane strains in the three real
cell models were around 3.5% with a variation of less than 5%;
the spherical model showed a larger membrane strain (�4.5%)
which deviated from the mean membrane strain of the real cell
models by 15%. In addition, the influence of cell sizes on the shock
wave-cell interaction was also found to be small (<20% variation),
see SI.
3.2.2. Influence of cell orientation
The von Mises stresses at the cell bottom and the cell mem-

brane strain measured at shock wave energy level 6 for all five ori-
entations of cell sample 2 are shown in Fig. 6. The cell response was
consistent with the finding in the cell shape analysis: the von
Mises stresses were related to the model curvature at the measure-
ment point, therefore the cell model rotated by 90� showed the
smallest von Mises stress while the largest value was found in
the nonrotated state. The respective mean surface curvature of
each oriented cell model is illustrated in the SI. The membrane
strain showed variations of less than 2%, indicating no significant
difference under the effect of model orientations.
4. Multicellular spheroid numerical study

4.1. Model description

In order to investigate the influence of neighbouring cells, a
multicellular spheroid model was constructed using generalised
Voronoï tessellations. Voronoï tessellations have been applied to
model cell-cell and cell-matrix adhesion as well as 3D tissue
ions: (a) 0�, (b) 45�, (c) 90�, (d) 135� and (e) 180� polar angles.

tress measured at the distal part of the cell; (b) membrane strain.



Fig. 6. Cell response in each orientation model: 0�, 45�, 90�, 135� and 180�. (a) von Mises stress measured at the distal part of the cell; (b) membrane strain.
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[19,20]. The open source program Neper [21] was used to generate
a Voronoï tessellation assembling for the cell cluster in a spherical
domain of a diameter of 200 lm containing 300 cells. Each cell was
separated and connected through its cortical membrane modelled
as a viscoelastic material [14], see Table 1. As a first approximation,
the interface between two cells was modelled as one common cor-
tical membrane of 200 nm thickness. An analysis of the influence
of this thickness on the main results did not show significant vari-
ability (mean variability <20% for von Mises stress and 5% for
membrane strain).

4.1.1. Cell spheroid models
The individual cells in the spheroid model were modelled with

the material properties from HK-2 cells, see Table 1. The spheroid
model was split into a number of submodels constructed layer-by-
layer around the central single cell in order to study the effect of
each layer of neighbouring cells on the centre cell response, see
Fig. 7. The cross-sectional view of the spheroid models are similar
Fig. 7. Spheroid models by layers. (a) no surrounding layers; (b) with one surrounding lay
surrounding layers; (f) full spheroid model (with 5–6 surrounding layers). The red line
to the image of HK-2 cell monolayer (Fig. 1(b)) in which the cells
are also comparable to that inside an early stage 3D multicellular
spheroid, see confocal images of tightly connected cells in Ref. [22].

In the full spheroid model (Fig. 7(f)), a representative cell in
each ring layer was selected to study the cell response distribution
at different parts of the cluster.

4.1.2. Change of cluster morphology and orientations
In order to study the influence of cluster morphology and orien-

tation, the full spheroid model was uniaxially stretched by 30% and
rotated by 45�, 90�, 135� and 180�. A representative cell in each
ring layer was selected. Fig. 8 presents the morphologically chan-
ged spheroid models for all rotational angles.

4.1.3. Tumour mimicking model
A model mimicking an initial tumour growth was built by using

the mechanical properties of normal healthy (HRE) cells on the
outer 2 layers while modelling the inner 3–4 layers of the spheroid
er; (c) with two surrounding layers; (d) with three surrounding layers; (e) with four
labels the central cell and A to F labels the representative cell for each layer.



Fig. 8. Spheroid model stretched by 30% and rotated by 0� (a), 45� (b), 90� (c), 135� (d) and 180� (e) with respect to the shock wave propagation direction. The representative
cells for the cluster centre and each ring later are highlighted.

Fig. 9. A spheroid model with differentiated inner cluster of cancer cells (white)
and the surrounding normal cells (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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with cancer (CAKI-2) cells (see Fig. 9). The mechanical properties of
the HRE and CAKI-2 cells are given in Table 1.
4.2. Simulation results

4.2.1. Influence of neighbouring cells
The spheroid was subject to an incident shock wave at shock

wave energy level 6. Fig. 10 shows the response of the central cell
as a function of the number of layers of cells around it. The pres-
ence of neighbouring cell layers resulted in an increase of von
Mises stress and membrane strain in comparison to that of an iso-
lated cell embedded in the tissue phantom. The von Mises stress in
the compressive phase did not change significantly with the num-
ber of cell layers. In comparison, the von Mises stress in the tensile
phase exhibited a delay in the occurrence of the peak stress of up
to 2 ls and a four-fivefold increase in amplitude. This is due to the
fact that the lower cell bulk modulus for tension results in slower
wave propagation speed. The membrane strain was more than
doubled when neighbouring cells were present. The membrane
strain evolution curves converge for more than three surrounding
layers, revealing around 8% membrane strain increase compared
to 2.5% in the no-surrounding layers case.
4.2.2. Response of representative cells of each ring layer
Fig. 11 shows the response of the representative cell of each

ring layers in the full spheroid model (Fig. 7(f)). The membrane
strain showed relatively homogeneous distribution in the spheroid
as the computed waveforms were similar in different representa-
tive cells. However, the von Mises stress was higher in the spheroid
centre (�600 Pa) compared to the surrounding layers (�200 Pa).
This may be caused by the geometrical accumulation of stress
waves propagating in the spheroid.
4.2.3. Influence of cluster morphology and orientations
Fig. 12. shows the comparison of the representative cell

response of each ring layer between the original model and its
morphologically stretched counterpart. The morphology change
of the spheroid model was found to influence the distribution of
the von Mises stress resulting in 37.8% of mean variability. This
may be caused by the change of stress wave interference patterns
due to the change of cluster morphology. The influence on cell
membrane strain is relatively smaller, resulting in 17.8% of mean
variability, mainly on the outer layers of the cluster which are less
constrained compared to the cluster centre. See SI for more details.

Fig. 13. shows the von Mises stress and membrane strain of
each representative cell for the different rotation cases. While the
orientation of the spheroid does not heavily influence the mem-
brane strain of individual cells, the von Mises stress is strongly



Fig. 10. Central cell response for different cluster sizes: (a) von Mises stress measured at the distal part of the cell; (b) membrane strain.

Fig. 11. Cell response simulated at the representative cell in each surrounding ring layer: (a) von Mises stress measured at the distal part of the cell; (b) membrane strain.

Fig. 12. Comparison of representative cell response for each ring layer between the original model and its morphologically stretched counterpart: (a) von Mises stress
measured at the distal part of the cell; (b) membrane strain.
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Fig. 13. Representative cell response of each ring layer for different cluster orientations: 45� (a)–(b), 90� (c)–(d), 135� (e)–(f) and 180� (g)–(h); (a), (c), (e), (g) von Mises stress
measured at the distal part of the cells; (b), (d), (f), (h) membrane strain.
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Fig. 14. Applied artificial shock wave profiles. (a) Maximum tensile pressure of 4.59 MPa; (b) maximum tensile pressure of 7 MPa.
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influenced. Similar to the findings in the single cell study, the
model surface curvature results in different level of von Mises
stress concentration, thus the von Mises stresses are higher in
the 0� and 180� cases.

4.2.4. Tumour spheroid response
Two in silico designed shock wave profiles were recently pro-

posed to specifically target cancer cells while having minimal
impact on normal cells at single cell level [5]. Here, the two shock
wave profiles were used to study cell response in an initial tumour
environment. The first shock wave profile (Fig. 14(a)) has a peak
negative tensile pressure of 4.59 MPa, which exceeds the transition
threshold of cancer cells but not of healthy cells, and therefore
could result in specific sonoporation effect in cancer cells without
damaging normal cells; the second shock wave profile with the
peak negative pressure of 7 MPa (Fig. 14(b)) results in large defor-
mation in both cancer and healthy cells, however, the rupture
strain threshold for cancer cells have been reported to be around
5% [23,24] while that of healthy cells is 40% or higher [25,26].
Therefore, this shock wave profile aims to rupture cancer cells
without much influence on healthy cells. See Ref. [5] for more
details.

Fig. 15 shows the membrane strain of a cell at each layer of the
multicellular spheroid under the two designed shock wave profiles.
Fig. 15. Membrane strain measured at representative cells in each layer of the spheroid
4.59 MPa; (b) 7 MPa.
Under the first shock wave (maximum tensile pressure of 4.59
MPa), compared to the response of individual cancer cells (CAKI-
2) and healthy cells (HRE) in the agarose tissue phantom [5], the
multicellular spheroid model results (Fig. 15 (a)) showed an
increase of the membrane strain in both CAKI-2 (from 1.1% to
1.3%) and HRE cells (from <0.2% to �0.4%). The difference of �1%
between the cancerous and non-cancerous cells was still
preserved.

Fig. 15(b) shows the cell response using the second shock wave
profile. The cell cluster showed an increased membrane strain
compared to the single cell case: the measured maximum mem-
brane area change was around 9% in the cell cluster while that in
the single cell model was around 5–6%. These values still exceed
the rupture strain threshold of cancer cells (3–5%) but not that of
normal cells (�40%), which may still lead to cancer cell rupture
without damaging the surrounding normal cells.
5. Discussion and conclusion

This work aims to study cell interaction with shock waves in a
more biophysically realistic environment. It analyses shock wave
interaction with 3D cells whose geometry was obtained from
microscopy of individual cells. The results showed that for a single
model under designed shock wave profile with the maximum tensile pressure of (a)
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cell embedded in an extracellular environment, its geometry did
not strongly affect the membrane strain, but that the maximum
von Mises stress could increase threefold in regions of smaller radii
of curvature.

The presence of neighbouring cells was found to induce a stron-
ger effect on the cell response to shock waves. Both the von Mises
stress and membrane strain were amplified by roughly a factor of
four with the presence of surrounding layers compared to a homo-
geneous gel. The membrane strain response of the central cell con-
verged with more than three surrounding layers. This indicates
that the cell deformation was only influenced locally by the neigh-
bouring cells, but the von Mises stress may be more sensitive to a
wider range of neighbouring cells due to the interference of stress
propagation. Note that this representation is from a mechanical
perspective without including the biochemical influence of the cell
spheroid on cell behaviours.

The response of a multicellular spheroid model made of CAKI-2
and HRE cells was also analysed in order to study the differentia-
tion between cancer cells and their noncancerous counterparts in
a more biophysically realistic (e.g., tumour mimicking) environ-
ment. This study used two in silico designed shock wave profiles
as in the previous single cell study [5]. Compared to the single cell
study, the cell membrane strain was found to increase in both can-
cer and normal cells due to the effects of neighbouring cells. How-
ever, the difference in cell membrane strain increase in response to
shock wave tension was still preserved between the cancer and
normal cells. This phenomenon indicates that in a 3D multicellular
environment, cancer cells can also be targeted with minimal inter-
ference on the surrounding healthy cells.

In conclusion, this work advances the understanding of the
interaction of shock waves and cells by using more realistic envi-
ronments including 3D cell morphology and the influence of neigh-
bouring cells. The cellular morphology was found not to
significantly influence the overall cell membrane strain but to
influence the von Mises stress. The presence of surrounding neigh-
bouring cells enhanced the single cell response to shock waves,
which suggests that the extracellular environment is critical and
that single cell experiments may not be representative of more
complex biological situations. This work also showed a preliminary
indication of the effects of neighbouring cells, revealing that a
spheroid model with three surrounding layers should be sufficient
to study the cell membrane strain embedded in tissue. However, a
fully 3D model with multiple layers is called for studying the stress
evaluation inside tissues. The study also confirmed that the shock
wave profiles proposed in Ref. [5] also differentiated cancer cell
and normal healthy cells in the multicellular spheroid
environment.
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