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Atomic force microscopy reveals the mechanical
properties of breast cancer bone metastases†

Xinyue Chen, a,b,c Russell Hughes,b Nic Mullin,a,c Rhoda J. Hawkins,a,c

Ingunn Holen,b Nicola J. Brown b and Jamie K. Hobbs *a,c

Mechanically dependent processes are essential in cancer metastases. However, reliable mechanical

characterization of metastatic cancer remains challenging whilst maintaining the tissue complexity and an

intact sample. Using atomic force microscopy, we quantified the micro-mechanical properties of rela-

tively intact metastatic breast tumours and their surrounding bone microenvironment isolated from mice,

and compared with other breast cancer models both ex vivo and in vitro. A mechanical distribution of

extremely low elastic modulus and viscosity was identified on metastatic tumours, which were signifi-

cantly more compliant than both 2D in vitro cultured cancer cells and subcutaneous tumour explants.

The presence of mechanically distinct metastatic tumour did not result in alterations of the mechanical

properties of the surrounding microenvironment at meso-scale distances (>200 µm). These findings

demonstrate the utility of atomic force microscopy in studies of complex tissues and provide new insights

into the mechanical properties of cancer metastases in bone.

Introduction

Mechanics are widely agreed to play a critical role in cancer

development, progression and metastasis.1 Existing studies of

cancer mechanics commonly measure either the micro-pro-

perties of single cultured cells, or the bulk properties of whole

tumour tissues. Single cultured cancer cells have repeatedly

been shown to be more compliant than their healthy

counterparts,2–6 whilst tumours (in vivo/ex vivo) are stiffer than

their surrounding tissues.1,7,8 This paradox has commonly

been explained by tumours exhibiting stiff components (e.g.

collagen) in the peripheral stroma.1,9 A comprehensive

mechanical study of primary breast tumours, using relatively

intact human biopsies, reported that cancer progression is

associated with a significant softening of tumour epithelial

cells,10 but is not limited to the previously assumed matrix

stiffening.9 This demonstrates the heterogeneity of the

mechanical properties within the tumour microenvironment,

and indicates the importance of bridging across length scales

when performing mechanical measurements.

To improve our understanding of the role that mechanics

play in the later stages of cancer development, reliable mechani-

cal characterization of metastatic tumours and the surrounding

microenvironment is essential, but currently there are few pub-

lished studies. Bone is one of the most common metastatic

sites for multiple cancers, including breast cancer,11,12 with

metastasis increasing patient morbidity and mortality. Once

cancer has spread to the skeleton, it is considered incurable, so

methods to characterize this process which allow the identifi-

cation of effective therapeutic interventions need to be devel-

oped. Due to the complex nature of the multicellular bone

microenvironment, interactions between tumour and bone cells

have been widely explored as key to driving metastatic growth

and therefore represent therapeutic targets (recently reviewed by

Coleman et al.13). As it is impossible to carry out detailed ana-

lyses of tumour spread to bone in humans, murine model

systems mimicking the different stages of bone metastasis have

been developed.14 We and others have used these models to

demonstrate how breast cancer cells colonize specific areas of

bone (niches) that support their survival and progression, ulti-

mately resulting in tumour-induced bone destruction in the

form of lytic lesions that can be visualized using µCT

analysis.15–17 It is extremely challenging to access bone metas-

tases without perturbation, due to the complex structure of

bone (i.e. the hard shell surrounding the near liquid bone

marrow). Meanwhile, where mechanical characterization on

complex tumours has been performed as in the study by

Plodinec et al.,10 the viscoelastic effects that occur during

tumour progression18,19 were not taken into account.

Here, we have quantified the micro-mechanical properties,

including both elastic moduli and viscosity, of relatively intact
†Electronic supplementary information (ESI) available. See DOI: 10.1039/

d1nr03900h

aDepartment of Physics and Astronomy, University of Sheffield, S3 7RH, UK.

E-mail: jamie.hobbs@sheffield.ac.uk
bDepartment of Oncology and Metabolism, University of Sheffield, S10 2RX, UK
cThe Krebs Institute, University of Sheffield, S10 2TN, UK

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021, 13, 18237–18246 | 18237

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

9
 O

ct
o
b
er

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 3

/1
1
/2

0
2
2
 1

0
:0

4
:0

9
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0001-6987-5540
http://orcid.org/0000-0002-2100-1905
http://orcid.org/0000-0002-5872-1404
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr03900h
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013043


breast cancer experimental bone metastases and the surround-

ing microenvironment in a mouse model15,20 using colloidal

probe atomic force microscopy (AFM).21 The results were com-

pared to explanted subcutaneous breast tumours (grown in

mice) and single 2D cultured breast cancer cells in a petri-

dish, revealing significant differences in mechanical properties

between simplified 2D in vitro models, non-orthotopic

tumours (i.e. breast tumours grown under the skin) and meta-

static tumours (both 3D). We also revealed, by comparison to

the properties of normal tumour-free bone microenvironment,

that in our model system there is minimal mechanical impact

of the metastatic tumour on its surrounding environment at

meso-scale distances (>200 µm).

Materials and methods
Animals

All experiments involving animals were conducted in accord-

ance with UK Home Office Regulations (https://www.gov.uk/

guidance/research-and-testing-using-animals, March 2013)

and Guidelines for the welfare and use of animals in cancer

research.22 Research was performed under Programme Project

Licence authority (PPL70/8964) granted by the UK Home Office

following approval by the Project Applications, Amendments

and Ethics Committee, University of Sheffield, UK. Female

BALB/c Nude [Foxn1-Crl] immunodeficient mice (Charles

River, UK) (n = 27 in total) were housed in a controlled environ-

ment with 12 hours light/dark cycle, at 22 °C. Mice had access

to food and water ad libitum.

Sample preparation for different cancer models

Green Fluorescent Protein (GFP) expressing triple negative

breast cancer cells (MDA-MB-231luc/GFP) were cultured in

RPMI-1640 GlutaMAX™ medium (Thermo Fisher Scientific,

Waltham, MA, USA) supplemented with 10% FCS, maintained

at 37 °C and 5% CO2. Cells harvested from the subculture were

seeded into petri-dishes (TPP, Switzerland) (Fig. 1a) one day

prior to mechanical measurements and maintained in the

incubator. The medium was changed immediately prior to

mechanical measurements to remove any dead cells.

Subcutaneous tumours (SCT) (Fig. 1b and c) were estab-

lished by injecting 1 × 106 MDA-MB-231luc/GFP into the hind

flank. Mice were culled 4 to 5 weeks post-injection when palp-

able tumours were detected for analysis.

Experimental bone metastatic tumour (MT) were estab-

lished in mice (6 weeks old) by injecting 5 × 104

MDA-MB-231luc/GFP cells into the left cardiac ventricle, as

described previously.15,20 The growth of bone metastases was

monitored twice weekly post-injection by non-invasive biolumi-

nescent imaging using an IVIS Lumina II imaging system

(Fig. 2a). Mice were culled for analysis when a positive luci-

ferase signal was monitored in the hind limbs (within 3 to 4

weeks post-injection). The size of tumours in bone was vari-

able, but a mature tumour was observed in most cases if a

strong bioluminescent signal was obtained on bones from

which the attached soft tissues had been removed (Fig. 2b).

Bones from the same strain of non-tumour bearing mice (6 to

8 weeks old) were used as the negative control (bones w/o

tumour).

Dissected subcutaneous tumours (Fig. 1b and c) and hind

limbs (both femurs and tibias) (Fig. 3a–c) were placed in phos-

phate buffered saline (PBS) (Lonza, US) at 4 °C. Both types of

specimens were split using a razor blade and immobilised in a

petri-dish using a two-component dental impression putty

(Provil Novo Light, Kulzer, UK), immediately before mechani-

cal measurements. Care was taken to maintain hydration of

the exposed sample surface during the entire process.

Force–indentation and creep analyses by AFM

Both elastic and viscoelastic properties of different cancer

models were determined from force–indentation (F–δ) and

creep curves obtained by atomic force microscopy (AFM),

using the method described previously.21 AFM measurements

were performed on a Nanowizard III system (JPK, Germany)

with an extended z piezo range (100 µm), combined with an

inverted optical microscope (Eclipse Ti, Nikon, Japan) and a

custom built top view optical microscope (broadband and fluo-

rescent imaging, excitation: 445/45 nm, emission: 525/39 nm).

Details of the long-range Z scanner and top view optics are pro-

vided in Methods of ESI.† Rectangular cantilevers (MLCT-Bio-

DC, cantilever B with nominal spring constant of 0.02 N m−1)

(Bruker, USA) with a 25 µm diameter polystyrene microsphere

(Sigma Aldrich, USA) glued to the free end were used in all

AFM measurements, after passivation with 10 mg mL−1 bovine

Fig. 1 Illustrative optical images of the different cancer models. (a)

Optical image of the MDA-MB-231luc/GFP cells (darker areas) grown in

2D culture in a petri-dish. (b) Conventional and (c) the corresponding

in situ fluorescent images of a subcutaneous tumour (SCT) surface (out-

lined by dashed lines) immobilised on substrate. Cancer cells in SCT

express GFP and can be identified from the fluorescent image (arrows).

Fig. 2 Bioluminescence images of established breast cancer metastasis.

(a) In vivo bioluminescence image of a mouse with breast cancer meta-

stasis to bone (in colours). (b) Ex vivo bioluminescence image of the dis-

sected hind limbs of the mouse in (a) (RF: right femur; RT: right tibia; LF:

left femur; LT: left tibia). The bioluminescent signal (in colours, arrow)

indicates the LT contains breast cancer metastases at the proximal end.
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serum albumin (BSA), (Sigma Aldrich, USA). The elastic

modulus of polystyrene spheres is at GPa level,23 and thus

fulfils the assumption of the probe being infinitely stiff in tra-

ditional contact mechanical models in this study (i.e. the

deformation of the polystyrene probe can be neglected), where

it was used for extremely soft biological samples on a soft can-

tilever. The spring constant and deflection sensitivity of each

cantilever was calibrated prior to each measurement.24

Measurements were performed at 36 to 37 °C. SCTs and

bones with metastases remained in PBS and MDA-MB-231luc/GFP

cells in culture medium throughout the measurements. AFM

data on a single sample (i.e. one piece of SCT or bone, or

one petri-dish of MDA-MB-231luc/GFP cells) could typically be

collected in 2 to 3 h. All tissue measurements were completed

no longer than 12 hours post-cull.

In situ optical images aided targeting the area of analysis.

For tissues, F–δ curves were acquired at randomly selected

positions within different regions of interest, including whole

metaphysis of non-tumour bearing bone (Fig. 3a), MT (Fig. 3b

and c, dashed region), bone metaphysis surrounding the

tumour at a distance greater than 200 µm (Fig. 3b and c, dash-

dotted region) and SCT (Fig. 1b and c). For MDA-MB-231luc/GFP

cells in petri-dishes, F–δ curves were acquired on top of the

nuclei (Fig. 1a). The trigger force was 0.5 nN and the approach

speed 5 µm s−1. Subsequently, curves with 3 s dwell under con-

stant force (0.5 nN), i.e. creep curves, were also acquired from

the same position. Representative F–δ and creep curves

obtained from a MT and a MDA-MB-231luc/GFP cell are shown

in Fig. S1.† For both F–δ and creep curves, a minimum of

3 measurements were taken at each location.

Raw data were exported as .txt format using JPK Data

Processing and imported into customised algorithms in

MATLAB for all subsequent analyses. As described pre-

viously,21 F–δ curves were fitted to a Hertz–Sneddon (H–S)

model25 to acquire the Young’s modulus (EH–S) assuming a

virtual contact point, and creep curves were fitted to a Kelvin–

Voigt (K-V) model26 to extract the Young’s modulus (EK–V) and

viscosity (η). Results were obtained from the mean value of

repeated measurements at each position and those with low fit

quality (R2 < 0.9) were discarded.

Statistics

The maximum number of positions that could be measured

within each region of interest was limited, due to controlled

measurement time (to maintain the tissues’ stability) and

possible sample tilt or curvature (that may cause fouling of

the cantilever and cantilever holder). Normally 5 to 10 ran-

domly selected positions within each region of interest of

tissues were measured. These positions covered the major

area of each region, as evenly as possible, to minimise the

impact of selections of these positions on the resultant

mechanical heterogeneity. In addition, measurements were

taken on multiple samples from multiple animals to improve

the statistical reliability. Measurements of MT and its sur-

rounding bone metaphysis were attempted on the same 19

bones resected from 16 tumour-bearing mice. Acquiring valid

data within both regions on the same specimen occasionally

failed due to large sample tilt or curvature. Resultant data of

MT and the surrounding metaphysis were collected at 126

positions from 16 bones and 107 positions from 15 bones

respectively. Data from bones w/o tumour were acquired at

192 positions from 21 bones of 11 non-tumour bearing mice.

Data from SCT were collected at 209 positions from 13 sec-

tions of 6 tumours established in 5 mice and data for

MDA-MB-231luc/GFP cells from 95 cells in 7 petri-dishes. The

mechanical properties of each measured position per cell

were determined from the mean value of the analysed results

of repeated force curves taken at each location (≥3 repeats).

The analysed results of each force curve with low fitting

quality (i.e. R2 < 0.9) were discarded. The N numbers (i.e.

number of positions per cells with well-fitted results) of data

obtained from H–S model (i.e. EH–S) are: (i) MT: 117, (ii) SCT:

186, (iii) MDA-MB-231: 95, (iv) bone surrounding tumour: 86,

(v) bone w/o tumour: 154. The N numbers of data obtained

from the K–V model (i.e. EK–V and η) are: (i) MT: 118, (ii)

SCT: 198, (iii) MDA-MB-231: 93, (iv) bone surrounding

tumour: 96, (v) bone w/o tumour: 143.

Statistical analyses were performed using OriginPro soft-

ware. A normality test was applied to all distributions prior to

any further analysis. Data were analysed by the Kruskal–Wallis

test for comparison between different groups. A statistically

significant difference was defined as p < 0.05.

Fig. 3 Illustrative optical images of the breast cancer metastasis model.

(a) An example optical image of the bone surface (femur) from a

tumour-free mouse in situ on the AFM. The region of interest in this

study is the metaphysis (outlined by dashed line) located just below the

growth plate (arrows), which is predominantly colonised by metastatic

cancer cells. (b) Conventional and (c) corresponding in situ fluorescent

images of an example bone containing breast cancer metastases, col-

lected in situ on the AFM. The metastatic tumour (MT) differs from the

surrounding tissues in colour in the conventional image (outlined by

dashed line in b). The more accurate tumour region is identified from

the green fluorescence protein (GFP) expressed by the cancer cells in

MT (outlined by dashed line in c). The bone metaphysis region surround-

ing the MT was only accessed at distances greater than 200 µm from

the fluorescent tumour edge (outlined by dash-dotted lines in b and c)

in AFM measurements to avoid involving any cancer cells.
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Results
AFM reveals extremely low elastic modulus and viscosity in

bone metastases

Breast cancer bone metastases were established in a commonly

used in vivo mouse model.15,20 As illustrated in Fig. 3, meta-

static tumour foci develop in close proximity to trabecular

bone structures in the metaphysis region of the long bones

(tibia and femur) 3–4 weeks after intra-cardiac injection of

MDA-MB-231luc/GFP breast cancer cells. To probe the mechani-

cal profile of the metastatic tumour (MT), we applied point

force (F) vs. indentation (δ) and creep measurements by AFM,

as described in our previous study characterizing the micro-

mechanical properties of tumour-free bones.21 This is a robust

method for measuring mechanical properties of complex

tissue, provided sufficient biological and technical repeats are

utilized. AFM measurements were applied to the surfaces of

split fresh bones ex vivo, at randomly selected positions (in

total 126 positions from 16 bone samples) within the tumour

area (Fig. 3b and c). The Young’s modulus EH–S was obtained

from Hertz–Sneddon (H–S) model fits to the F–δ curves. The

viscoelastic properties, including the Young’s modulus EK–V
and viscosity η, were obtained from Kelvin–Voigt (K–V) model

fits to the indentation change (Δδ) vs. creep time (t ) curves.

Features associated with plastic deformation (including

yield points, plateaus) were rarely observed from the F–δ

curves. The Δδ–t curves from 93% of all measured positions

were fitted well by the K–V model (R2 > 0.9). This demonstrates

the MT in bone is viscoelastic and acts like a Kelvin–Voigt

solid.

Histograms of EH–S, EK–V and η of the MT are shown in

Fig. 4 (note the logarithmic scale of the horizontal axes), all

show non-normal distributions. The median values of EH–S,

EK–V and η are 5.2 Pa, 28 Pa and 17 Pa s, while the mean values

are 17 Pa, 65 Pa and 25 Pa s, respectively (n = 117 for EH–S; n =

118 for EK–V and η). These data indicate that overall, the MT is

extremely compliant (i.e. has both low elastic modulus and low

viscosity).

The distributions of both EH–S and EK–V range over 2 orders

of magnitude, while the width of η distribution is slightly nar-

rower (approximately 83% of data points lying within 1 order

of magnitude). This reveals mechanical heterogeneity across

the whole of the MT. By comparing the distributions of the

median/mean values of each sample, it is clear that the

mechanical heterogeneity exists within the MT and does not

solely reflect variations between the individual samples (see

ESI, Fig. S2†). In contrast to findings from primary breast

tumours,10 the distributions of all three mechanical para-

meters lack any apparent second peaks. This is in agreement

with the single peak of stiffness distribution determined from

lung metastasis observed in the same study.10 Furthermore,

histological sections (Fig. 5) from this bone metastasis model

show no focal regions of tumour fibrosis (collagen deposition),

a common feature of primary human breast tumours that may

contribute to the peak at higher stiffness observed/determined

in the mechanical distribution of the primary tumour.

The creep time τ is defined as the time for the strain to

decay to 1/e of its total change. We calculated the creep time

by τ = 3η/EK–V for each measured position. The resultant

τ ranges between 0.3 and 13.7 s and the median value is 1.8 s.

Acting like a Kelvin–Voigt solid, the MT is predominantly a

viscous liquid at short time scales (t ≪ τ) and an elastic solid

at long time scales.

Taken together, our findings demonstrate that AFM can be

used to determine the mechanical properties of highly

Fig. 4 Histograms of the mechanical properties of the metastatic breast tumour in bone (MT) measured by AFM. The Young’s modulus EH–S was

calculated from the Hertz–Sneddon model fitting to the force–indentation (F–δ) curves measured at randomly selected positions within regions of

interest. The Young’s modulus EK–V and viscosity η were obtained from the Kelvin–Voigt model fits to the creep curves measured at the same posi-

tions as the F–δ curves. Each count of EH–S, EK–V and η in the histograms is the mean value of individual fits to all force curves (≥3 repeats) taken at

one position. Data were collected at n = 126 positions from 19 bones from 16 tumour bearing mice. Results from low quality fittings (i.e. R2 < 0.9)

have been discarded (∼7% of all measurements).

Fig. 5 Histology of breast cancer metastases. Examples of (a) Goldner’s

trichrome stained histological section and (b) tartrate-resistant acid

phosphatase stained higher magnification histological image of breast

cancer metastases in bones. The metastatic tumours (MT) are outlined

as dashed regions. Images adapted with permission,27 Copyright 2012

Springer Nature.
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complex tissues like bone metastases, and reveal that meta-

static breast tumours in bone have extremely low elastic

modulus and viscosity.

The microenvironment in which a tumour grows has

significant impact on its mechanical properties

Over the past decades, the role of the multiple components of

the microenvironment in tumour development and response

to therapy has been increasingly recognized. As a result, ‘the

hallmarks of cancer’ have been expanded to include inter-

actions with the tumour microenvironment.28 The environ-

ment in which the tumour grows is thus likely influencing its

characteristics, including the mechanical properties.29 Cancer

researchers using different models (e.g. in vitro cultures of

cancer cell lines, in vivo tumour cell growth) do not always use

orthotopic transplantation for the tumour i.e. tumour growth

in the normal site/tissue of origin. The mechanical contri-

bution from the tumour microenvironment in cancer models

implanted in a non-orthotopic site, compared to the appropri-

ate host microenvironment, has not been well documented.

We therefore used our AFM protocol to quantify the mechani-

cal properties of breast tumours grown in different microenvir-

onments, by comparing MDA-MB-231luc/GFP cells growing as

bone metastases (i.e. MT, measured at 126 positions from 16

bones), as non-orthotopic tumours (i.e. subcutaneous tumour

established from MDA-MB-231luc/GFP implantation as shown in

Fig. 1b and c, measured at 209 positions from 6 tumours) or in

2D cultures (i.e. isolated MDA-MB-231luc/GFP cells in a petri-

dish as shown in Fig. 1a, measured on 95 cells from 7 petri-

dishes).

EH–S, EK–V and η measured on the MT, the subcutaneous

tumour (SCT) and the MDA-MB-231luc/GFP cells in 2D culture

are represented in Fig. 6a, and demonstrate a highly signifi-

cant difference between the three models (p < 0.001). The

corresponding histograms are shown in Fig. 6b and S3.† The

median values of EH–S, EK–V and η are (i) MT: 5.2 Pa, 28 Pa and

17 Pa s, (ii) SCT: 11 Pa, 60 Pa and 26 Pa s, (iii) MDA-MB-231luc/

GFP cells: 152 Pa, 559 Pa and 168 Pa s. The mean values of

EH–S, EK–V and η are (i) MT: 17 Pa, 65 Pa and 25 Pa s, (ii) SCT:

26 Pa, 145 Pa and 52 Pa s, (iii) MDA-MB-231luc/GFP cells: 204

Pa, 766 Pa and 205 Pa s (n = 117, 186 and 95 for EH–S of MT,

SCT and MDA-MB-231 cells; n = 118, 198 and 93 for EK–V and η

of MT, SCT and MDA-MB-231 cells).

It should be noted that all measured mechanical properties

of MDA-MB-231luc/GFP cells grown in 2D culture have more

than an order of magnitude higher peak values in the histo-

grams, when compared to those of 3D explanted tumours (i.e.

both MT and SCT). In contrast to a previous study demonstrat-

ing that isolated tumour epithelial cells are softer than the

tumour epithelium measured in situ,30 our results indicate

cancer cells are significantly more compliant in a bone tissue

environment when compared to isolated 2D cultured cells.

The indentation depth of our in vitro cultured cancer cells

(<640 nm for cells with median EH–S or above) is significantly

smaller than the cell dimensions (the reported cell size in sus-

pension is 18.9 ± 0.4 µm (ref. 31)). In a previous study32 we

found the height of the nuclear region of attached cells varied

between two micrometres to around ten micrometres. The cor-

rection due to finite sample thickness33 moderately reduced

the modulus measured on MDA-MB-231 cells, but did not have

significant impact on the statistical comparison to tissue

mechanics (see ESI, Fig. S4†). Meanwhile, the width between

upper and lower quartiles of the elastic moduli is narrower in

isolated cancer cells, but the width of viscosity is similar. This

suggests that in 3D tumours other components (e.g. extracellu-

lar matrix) contribute to an increased heterogeneity of the

elasticity.

It is interesting that the shapes of EH–S, EK–V and η distri-

butions are almost identical between SCT and MT. However,

where MT has lower mean and median values of the three

parameters quantified, this was statistically significant

(Fig. 6a) when compared to SCT. These data indicate that the

metastatic niche in bone significantly enhances the tumour

compliance, even though it does not significantly affect the

degree of tumour heterogeneity.

Immunofluorescent staining of the extracellular matrices

(ECM) commonly associated with breast cancer metastases in

bone (i.e. Collagen I, Collagen IV and Laminin) was used to

identify ECM proteins on tissues we had characterized using

AFM (see ESI, Fig. S5†). This evaluation aimed to determine if

the differential mechanical measurements were associated with

different ECM deposition in the respective tissues. There was an

abundance of all three extracellular components in the SCT

when compared to the MT, though statistical significance was

only identified for Collagen I and Laminin. Therefore, increas-

ing ECM deposition is positively correlated with the measured

EH–S, EK–V and η of tumour, which is in agreement with findings

from previous studies.29,30,34 More direct quantitative corre-

lation between the local distribution of ECM components and

the local mechanical heterogeneity remained as a challenge,

because the immunofluorescent study required post-AFM cryo-

sectioning, staining and imaging by advanced microscopy (i.e. it

cannot be performed simultaneously on the current optical

setup combined with AFM). Meanwhile, many other ECM mole-

cules in addition to the three tested in this study may also con-

tribute to the mechanical properties of a tumour. Future studies

using more advanced optical-AFM combination to acquire fluo-

rescent images of a range of cellular/acellular components and

the accurate position of AFM indentations in situ will be helpful

to reveal the relationship between the ECM components and

tumour mechanics in greater detail.

Overall these data demonstrate that metastatic breast

tumours in bone are significantly more compliant than both

3D subcutaneous breast tumours and 2D breast cancer cells

in vitro, supporting the notion that the microenvironment in

which the tumour grows, impacts on the resultant mechanical

properties.

Does the tumour alter the mechanical properties of the

surrounding bone microenvironment?

The breast tumour growth in bone is associated with increased

bone resorption, resulting in lytic lesions and weakening of
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the bone, termed cancer-induced bone disease (CIBD).13

Although the detrimental effects of CIBD on calcified bone are

widely studied, there is limited knowledge on how the pres-

ence of a tumour mechanically influences the surrounding

microenvironment, including not only calcified bone but also

multiple types of cells and extracellular matrices. Our mouse

model of breast cancer bone metastasis also allowed mechani-

cal characterization of the relatively intact microenvironment

surrounding the MT.

We focused on the bone metaphysis region (bone surround-

ing tumour, measured at 107 random positions from 15

bones). To assess the normal tissues without any cancer cells,

this region was characterized at distances greater than 200 µm

from the fluorescent tumour edge (Fig. 3b and c, dash-dotted

region). In addition, the same mechanical measurements were

made in the bone metaphysis from non-tumour bearing mice

(Fig. 3a) acting as a negative control (bone w/o tumour,

measured at 192 random positions from 21 bones), to reveal

the mechanical impact of tumours on the bone metastatic

niche. All measurements were collected at randomly selected

positions within the bone metaphysis region, including both

bone tissues and bone marrow.

Fig. 6 Comparisons of mechanical properties measured from different cancer models. (a) Statistical comparisons of the Young’s moduli EH–S, EK–V
and viscosity η of metastatic breast tumour in bone (MT, data are identical to those in Fig. 4), subcutaneous tumour (SCT) and MDA-MB-231luc/GFP

cells grown in 2D cultures in petri-dishes (***: p < 0.001). Data were analysed using the same method as in Fig. 4, and collected from biological and

technical repeats (MT: n = 126 positions from 19 bones of 16 mice; SCT: n = 209 positions from 8 tumours established in 6 mice; MDA-MB-231: n =

95 cells cultured in 7 petri-dishes). The central box spans the lower to upper quartile of the data. The solid line inside the box represents the median

and whiskers represent the lower and upper extremes. The mean values are indicated by dashed lines. Note the logarithmic scale of the y axes.

Results from low quality fittings (i.e. R2 < 0.9) were discarded (∼7%, 11% and none of all measurements for EH–S of MT, SCT and MDA-MB-231 cells;

∼7%, 5% and 2% of all measurements for EK–V and η of MT, SCT and MDA-MB-231 cells). (b) Histograms of the EH–S, EK–V and η of the MT, SCT and

MDA-MB-231luc/GFP cells, correspond to data in (a). Each count of EH–S, EK–V and η in the histograms is the mean value of individual fits to all force

curves (≥3 repeats) taken at one position or on one cell. Bars in each histogram were narrowed down and shifted (i.e. a group of 3 subset bars, in

order of MT, SCT and MDA-MB-231, has the same bin size in reality that equals the total width of 3 bars in the x-axis scale) to avoid stacking of

columns. Note the logarithmic scale of the x axes. Individual histograms are shown in the ESI.†
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Statistical comparisons of EH–S, EK–V and η measured on the

MT, bone surrounding tumour and bone w/o tumour are

shown in Fig. 7a. The corresponding histograms are shown in

Fig. 7b and S3.† The median values of EH–S, EK–V and η are (i)

MT: 5.2 Pa, 28 Pa and 17 Pa s, (ii) bone surrounding tumour:

17 Pa, 84 Pa and 34 Pa s, (iii) bone w/o tumour: 25 Pa, 100 Pa

and 41 Pa s. The mean values of EH–S, EK–V and η are (i) MT: 17

Pa, 65 Pa and 25 Pa s, (ii) bone surrounding tumour: 75 Pa,

140 Pa and 79 Pa s, (iii) bone w/o tumour: 165 Pa, 452 Pa and

108 Pa s (n = 117, 86 and 154 for EH–S of MT, bone surrounding

tumour and bone w/o tumour; n = 118, 96 and 143 for EK–V
and η of MT, bone surrounding tumour and bone w/o

tumour).

All the tissues measured demonstrate a high level of com-

pliance, however the MT is significantly more compliant than

both bone surrounding tumour and bone w/o tumour (p <

0.001). The widths between upper and lower quartiles of all

MT mechanical parameters are narrower than those of the sur-

rounding bone metaphysis. This is consistent with previous

published data using primary tumours, where regions rich in

Fig. 7 The mechanical comparisons between the metastatic tumour and the surrounding tissue microenvironment. (a) Statistical comparisons of

the Young’s moduli EH–S, EK–V and viscosity η of metastatic breast tumour in bone (MT, data are identical to those in Fig. 4), bone metaphysis sur-

rounding tumour (BM w/tumour, as in Fig. 1f and g) and bone metaphysis from tumour-free mice (BM w/o tumour) (***: p < 0.001; n.s.: no signifi-

cance). Data were analysed using the same method as in Fig. 4, and collected from biological and technical repeats (MT: n = 126 positions from 19

bones of 16 tumour bearing mice; BM w/tumour: n = 107 positions from the same 19 bones as used for MT; BM w/o tumour: n = 192 positions from

22 bones of 11 non-tumour bearing mice). The central box spans the lower to upper quartile of the data. The solid line inside the box represents the

median and whiskers represent the lower and upper extremes. The mean values are indicated by dashed lines. Note the logarithmic scale of the y

axes. Results from low quality fittings (i.e. R2 < 0.9) were discarded (∼7%, 20% and 20% of all measurements for EH–S of MT, bone surrounding

tumour and bone w/o tumour; ∼7%, 10% and 25% of all measurements for EK–V and η of MT, bone surrounding tumour and bone w/o tumour). (b)

Histograms of the EH–S, EK–V and η of the MT, BM w/tumour and BM w/o tumour, correspond to data in (a). Each count of EH–S, EK–V and η in the his-

tograms is the mean value of individual fits to all force curves (≥3 repeats) taken at one position. Bars in each histogram were narrowed down and

shifted (i.e. a group of 3 subset bars, in order of MT, BM w/tumour and BM w/o tumour, has the same bin size in reality that equals the total width of

3 bars in the x-axis scale) to avoid stacking of columns. Note the logarithmic scale of the x axes. Individual histograms are shown in the ESI.†
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cancer cells were more compliant and less heterogeneous than

the surrounding normal tissues.10,35

As previously described, we investigated whether differ-

ences in the biomechanical properties between MT and the

surrounding bone environment were due to differences in

extracellular matrix composition. Immunofluorescent staining

of the extracellular components was quantified and compared

between MT and the non-tumour sites in the tumour bearing

bone metaphysis (see ESI, Fig. S5†). No significant difference

was observed in the amount of Collagen I, Collagen IV and

Laminin between the different samples. This reveals that the

mechanical distinction between MT and its tissue environ-

ment is unlikely to result from the ECM proteins evaluated in

this study. However, different cell types and other extracellular

components may still contribute to the differences observed

and should be explored in future studies.

Interestingly, the shapes of EH–S, EK–V and η distributions

are relatively similar between bone surrounding tumour and

bone w/o tumour. No statistically significant differences are

observed from the overall distributions, though the mean

values of EH–S and EK–V are greater for the bone w/o tumour

compared to the bone surrounding tumour (most likely result-

ing from the low number of discrete data points at the higher

extreme). We find no evidence that the presence of a tumour

in bone significantly influences the mechanical properties of

the remote (>200 µm from tumour) microenvironment, even

though the impact within a shorter range remains unknown.

Discussion

We have developed a robust AFM based method21 and success-

fully used this to quantify the mechanical properties of rela-

tively intact breast cancer bone metastases from an in vivo

mouse model.15,20 Our results show that the MT possesses an

extremely low elastic modulus (down to a few Pa) and viscosity

(down to a few Pa s), even when compared to the highly com-

pliant healthy murine bone soft tissue.21 The resultant elastic

modulus is several orders of magnitude lower than that

measured at the macroscopic scale,8 and is likely more rele-

vant to cellular processes.

Although widely used to study molecular mechanisms of

cancer development, in vitro cultures of cancer cell lines have

often been criticized as being over-simplified cancer models.

Consisting of a single cell-type grown in 2D, these cell models

do not represent the complex, multicellular 3D in vivo tumour

environment. It is thus essential to quantify any differences

between the mechanical properties of 3D in vivo/ex vivo

tumours and the relevant 2D in vitro cell model, in order to

improve research models and hence increase our understand-

ing of the mechanical processes involved in tumour pro-

gression. The challenge is exacerbated by the wide variation in

Young’s moduli determined from the same in vitro cell lines

published by different laboratories,5,36–38 making a direct com-

parison of the properties measured in the current study

difficult. Due to likely variations in the same cell-line (e.g. fol-

lowing genetic manipulation and clonal selection), we quanti-

fied the mechanical properties of isolated MDA-MB-231luc/GFP

cells (the same cell line used to establish the bone metastases

and the subcutaneous tumours in mice) in a petri-dish under

the same experimental conditions as used for the tumours

(e.g. same temperature, same AFM settings). The median EH–S,

EK–V and η of MDA-MB-231luc/GFP cells is increased when com-

pared to the MT by 29, 20 and 10 times respectively. This

demonstrates the cancer cells are significantly stiffer in a 2D

in vitro culture than when the same cell line is grown in 3D at

a metastatic site. This should be taken into account in future

studies using 2D in vitro cancer models and highlights the

need for methods to perform mechanical analysis in complex

tissues. There are several potential mechanisms that may con-

tribute to the significant difference in the mechanical pro-

perties between 2D cultured cells and fresh tissues, in addition

to the effect of finite thickness as discussed previously. Firstly,

measurements of cultured cells in this study were constantly

performed on top of the nuclei. This leads to a higher Young’s

modulus compared to measurements made on the cyto-

plasmic area, as reported in a previous study (157.70 ± 78.55

Pa on top of the nuclei and 103.42 ± 89.45 Pa on the cytoskele-

ton region).39 Due to this effect, the reported modulus values

on cultured cells may be artificially high, but it is unlikely that

this accounts for the observed difference between cultured

cells and tissue. Secondly, tissues contain large amounts of

extracellular components (Fig. S5†) that single cultured cells

lack. Therefore, it is likely that a proportion of the data points

acquired on tissue were not probing cells, but extracellular

material. This could significantly decrease the resultant

modulus. Last but not least, a recent study has reported that

AFM indentation can push cells into soft substrates.40

Consequently, the resultant moduli are influenced by the pro-

perties of the soft components under the cells, and thus are

significantly lower than the moduli of the cells themselves.

This is likely happening in tissues, where cells sit in soft extra-

cellular matrices. These mechanisms suggest that extracellular

components play a significant role in the mechanical pro-

perties measured on tissue.

Moreover, we characterized both orthotopic (i.e. MT) and

non-orthotopic (i.e. SCT) tumour models to determine any

differential mechanical properties between different implan-

tation sites and whether an appropriate breast metastatic niche

(e.g. bone) possesses additional mechanical cues. Although the

bone niche does not affect the degree of tumour heterogeneity,

MT has a significantly reduced elastic modulus and viscosity

when compared to SCT. This can be explained by several poten-

tial mechanisms. The first possibility is that cancer cells can sig-

nificantly alter their mechanics, including the extracellular com-

ponents, when growing in different environments. This is sup-

ported by published reports demonstrating that orthotopic

breast cancer xenografts have greater elasticity and viscosity

compared to tumours associated with the nervous system.29

Secondly, metastases are potentially associated with stiffness

selection. Previous studies using both 2D in vitro cell models41

and tumour tissue models34,42 suggest that more compliant
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cancer cells and primary tumours are associated with enhanced

tumour progression and extensive metastases. Therefore, it is

possible that the MT in bone develops from a more compliant

subpopulation present within the injected cancer cells. This

potential mechanism may not work in isolation but be associ-

ated with other mechanisms, because the minimum elastic

moduli and viscosity of isolated MDA-MB-231luc/GFP cells

measured in this study is higher than the majority (i.e. upper

quartile) of those of MT. Finally, yet importantly, the surround-

ing tissue microenvironment in the bone niche may also alter

the mechanical properties of cancer cells that have reached

bone, via physical and/or biochemical interactions.

By comparing the mechanical properties of MT and its sur-

rounding bone microenvironment, we conclude that MT out-

growth favors tissue microenvironments that are less compli-

ant (i.e. stiffer and more viscous) and more mechanically

heterogeneous than tumour tissues. This offers a clear bench-

mark for designing more rationalized in vitro cancer research

models and designing mechanical interventions as anti-cancer

drugs/treatment, as suggested in a recent study on metastatic

colorectal cancer to the liver.43 In addition, the mechanical

properties of the bone surrounding tumour (>200 µm away

from the tumour margin) show no significant difference com-

pared to the bone w/o tumour. This implies that MT does not

mechanically alter the tissue microenvironment at this dis-

tance, but we cannot exclude that the microenvironment at the

tumour–bone interface may be affected. These findings are in

agreement with those of a previous study using the same

in vivo model, where we identified significant changes in bone

cell numbers (osteoblasts and osteoclasts) only in the areas of

bone that were in direct contact with the tumour.27 It will

therefore be important to map the local mechanical architec-

ture at a range shorter than ∼200 µm from the tumour/bone

tissue interface in future studies.

Conclusions

In this study, we have combined in vivo models of breast cancer

spread to bone with AFM and shown that this approach provides

valuable information about the mechanical properties of the

breast cancer metastases together with its surrounding bone

microenvironment as nearly intact complex tissues. By compar-

ing to non-orthotopic tumour, isolated cancer cells and bone

w/o tumour, we have established clear benchmarks of the

mechanical relationship between the metastasis and its micro-

environment, which are fundamental for design of future

studies. We expect that this methodology can be used to

increase our understanding of the mechanism of cancer meta-

stasis, as well as how this may be targeted through disruption of

the mechanical interactions with the bone microenvironment.
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