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Hyaluronan, a glycosaminoglycan, abundant in the tumour microenvironment, is a key player in many processes associated with cancer.
Recently the cancer resistance of the naked mole rat has been attributed to the presence of an ultra-high molecular weight form of this
molecule. The physical properties of this multifunctional biopolymer have been extensively studied in the context of synovial joints.
However, relatively little has been reported with regard to the soft matter properties of hyaluronan in relation to cancer. In this review we
examine the role of hyaluronan in cancer, paying particular attention to its mechanical interactions with malignant cells and its soft
matter properties. In addition we discuss the use of hyaluronan based gels to study cancer invasion as well as nanoparticle based
strategies for disease treatment.

45 levels of hyaluronan within the ECM are indicative of a poor
Introduction prognosis for the patient.">2°. A symbiotic relationship exists
whereby tumour cells have the ability to remodel the ECM
around them, and the matrix has the ability to affect the behaviour
of the tumour cells.*'* Soft matter properties of the matrix are
so an important factor in the mechanotransduction between these
two environments.> A second hyaluronan rich interface exists
called the pericellular matrix. This micron thick cell coating can
also play an important role in the cell mobility necessary for
metastatic spread %
ss A somewhat confusing paradox exists in that the presence of
hyaluronan has been attributed to cancer resistance in the naked
mole rat, whereas the presence of hyaluronan in human
malignancies is seen as an indicator of poor prognosis. However
in the human case the hyaluronan has been cleaved into
0 fragments of varying molecular weights, which themselves may
have disruptive effects on cell/microenvironment linkages.*”®
Given this strong link between hyaluronan
abundance/abnormality in cancer, an opportunity exists to target
hyaluronan in the microenvironment.”>*° Such an extra line of
os attack is particularly attractive in cancers that have been hard to
treat with conventional therapies, for example pancreatic and
colon cancer.*'*
In this review we will concentrate on the mechanical role of
hyaluronan in cancer in so far as it can be deconvoluted from its
70 function in cell signalling. This will lead to a discussion on the
hyaluronan biomaterials that can mimic the tumour
microenvironment and how hyaluronan-cell interactions can be
exploited for nanoparticle based therapy.

Cancer in humans is very common with a third of us developing
some form of it during our lifetime. However a number of animal
species have been described to have either a very low incidence
or resistance to cancer.' This can usually be attributed to extra
tumour suppressive cell signalling pathways, however there is
one exception. The naked mole rat is a remarkable creature in that
it has an exceptionally long life span for its size and is resistant to
cancer.” Thus when a breakthrough paper was published
attributing the naked moles cancer resistant to the production of
an ultra-high molecular weight glycosaminoglycan®, the
inevitable wild speculation, regarding injecting humans with this
as a preventative measure against future development of cancer
was brandished.

It turns out that this molecule, albeit in a lower molecular weight
form, is a ubiquitous extracellular matrix (ECM) molecule in
humans, and has been attributed to play important roles in many
aspects of cancer pathology.*'® These roles can be roughly split
into two categories, although there is obvious crossover. The first
is biological in nature, involving the binding of hyaluronan with
cell membrane based receptors to initiate signalling and
subsequent gene expression. The second is mechanical, relating
to purely physical interactions regulating cell adhesion, mobility
and invasion.

The cancer cell microenvironment comprises non-cancerous cells,
ECM biomolecules and vasculature. Cues within the
microenvironment can regulate the various processes involved in
cancer progression.'' Within the microenvironment the ECM, a
"glue like" substance, has an intricate relationship with the cells
in which it encloses.>'>'* Abnormality of the ECM within the
microenvironment is a characteristic of cancer, and abnormal

75 Structure and synthesis of hyaluronan
Hyaluronan, also known as hyaluronic acid (HA), is a linear
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glycosaminoglycan. It is comprised of a repeating disaccharide
unit, which is composed of N-acetyl-glucosamine and glucoronic
acid. Depending on function and location, its molecular weight
(in humans) can vary between 0.5 to 2 MDa.*** This compares
with naked mole rat hyaluronan (NMR-HA) which varies from 6
to 12 MDa.? The molecular weight of this biopolymer determines
its physicochemical properties and these determine its function.*®
Accurate determination of the molecular weight of HA from
tissue can be achieved using gel electrophoresis and is possible
10 for both low and high molecular weight polymer.*™*® In contrast
to most other glycosaminoglycans which are produced in the
Golgi apparatus and attached to other proteins, HA is synthesised
in the inner cell membrane and extrudes out of the cell surface as
further polymer units are added,”*’(Fig.1). In eukaryotic cells,
15 there are 3 main enzymes identified which synthesise HA into
different sizes: Hyaluronan synthase (HAS) 1, 2 and 3.*° These
different isoforms of HA have been attributed to specific roles in
normal biological processes. HAS3 is the most active enzyme
leading to the production of large amounts of low molecular
20 weight HA (0.5-1 MDa) required for normal cellular processes
(growth and tissue repair). It is in itself a key component of the
ECM with roles including regulation of tissue homeostasis,
resistance to compressive tissue forces, and lubrication of
articular joint surfaces. HAS2 is particularly active during
25 embryonic development producing a high molecular weight HA
(2 MDa), important for facilitating co-ordination of numerous
essential cellular processes during early development. HAS1 is
the least active enzyme producing HA of similar weight to HAS2
and its roles in health and disease remain relatively poorly
3 understood.!
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Fig. 1 Hyaluronan is synthesised via a transmembrane located enzyme,
hyaluronan synthase and is encompassed amongst the extracellular

35 matrix. Its main receptor is CD44 and this linkage between the ECM and
the cell is fundamental to many aspects of cancer pathology. The balance
between hyaluronan production and destruction may be key to
understanding this role.

« Interaction with cell membrane receptors
Beyond the oncological event that transforms a cell into
malignancy, the processes involved in cancer progression have
both biological and mechanical origins. HA interacts with cells
though transmembrane receptors, the main such receptor being

s CD44**% (Fig.1). It is these linkages and others like these, that
regulate the adhesion and mobility of cells.**™*® There are of
course other ECM-cell interactions” ™ for example those

involving the protein fibronectin and the cell surface receptor
integrin.”® The complex interactions between CD44 and HA have

so received intensive investigation including the role for membrane
bound enzymes, which can cleave the CD44/HA complex and
therefore facilitate cancer cell invasion.’' Fig. 2 shows how a
cancerous cell in a human can break through an HA rich matrix
and invade into a blood vessel via remodelling of its ECM.

ss Enzymes degrading the HA and enzymes cleaving the CD44
receptor create a path for cell movement.
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Fig. 2 Remodelling of the hyaluronan rich matrix by cancer cells leading
60 to invasion. In healthy cells CD44 receptors bind to hyaluronan in the

matrix. Cancerous cells over express the membrane bound enzymes

MMPs which cleave CD44 receptors. They also over produce the enzyme

hyaluronidase which digests hyaluronan into smaller fragments. In this

way the cancer cells can "break" through the matrix and invade into the
65 circulatory system.

Soft Matter Properties of HA
Given the importance of intermolecular and mechanical
interactions both within the ECM and with the cell membrane,
70 understanding the soft matter properties of HA is critical to
determining its biological function. These can be examined at
both the gross and microscopic levels. A particular characteristic
of HA containing solutions are their high viscosity’> and their
ability to form cross-linked networks.”®> This coupled with HA's
75 ability to form gel like structures has been linked to increased
density and fluid pressure in the tumour microenvironment, a
consequence of which is increased resistance to
chemotherapy.>*>
HA has an established biological role in the dissemination of
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cancer cells to distant sites with the mechanics of circulating
tumour cells adhering to the blood vessel wall critical to the
initial steps of metastasis. An elegant method for elucidating
these mechanical interactions involves microfluidic experiments
which can reveal the behaviour of cancer cells under flow
conditions, either encountering a cultured layer of endothelial
cells or immobilized biomolecules.”® Such model systems can
represent the binding of cancer cells to endothelial cells in blood
vessels, a critical step in metastasis.”” When encountering HA
coated surfaces various types of cancer cells exhibit characteristic
rolling and adhesion (Fig. 3). If CD44 receptors are blocked such
rolling and adhesion is prevented, thus proving the importance of
this interaction in phenomena related to metastasis.’**° The
nature of this ligand receptor linkage is force dependent, meaning
it has the ability to regulate cell rolling via force induced
conformational changes in the CD44.°'

Much can be learnt about the mechanics and assembly of HA
when examined at the single molecule level. Atomic force
microscopy (AFM) reveals that HA can adopt a number of
different conformations when adsorbed onto surfaces. In tapping
mode, AFM reveals branched structures for high molecular
weight HA with both intramolecular and intermolecular
interactions.>* Force spectroscopy, the unfolding of single
biomolecules with an AFM tip, has shown HA to exhibit
hydrogen bonding networks in aqueous solutions® with the
molecules undergoing a non-random to random coil transition
upon heating to 46 °C. Single molecule stretching using an
optical trap has allowed the measurement of persistence length, a
measure of molecular stiffness, to be established.®® This was
found to be 4.5 £ 1.2 nm, indicative of a single molecule
measurement. However given the tendency of HA to form
branched and network structures a more useful quantity would
that be the persistence length of higher order fibrous structures.
Force spectroscopy has also quantified the tensile strength of the
CD44-HA bond.* These single molecule measurements revealed
a rupture force of between 70 and 80 pN depending on contact
duration. For comparison these were significantly higher than the
rupture strength of the CD44 - fibrinogen bond. Extending this
methodology further by attaching HA molecules to an AFM
cantilever, it has been possible to examine the forces of
interaction between HA and live glioma cells.” As well as
binding with CD44 and other membrane based receptors, HA can
interact directly with lipids.®® Evidence for these non-specific
interactions have been observed in the interaction of HA with
liposomes, giving rise to cylinder and sheet like super structures
% It has also been proposed that hydrophyllic regions of HA
could attract the polar head groups of phospholipids™, a
phenomenon which could explain the association of HA with cell
membranes and by extension tumour cell membranes.

Using soft matter approaches to assemble model systems can help
deconvolute physical interactions from biological. This has been
achieved by reconstituting CD44 receptors into lipid bilayers,
allowing HA adsorption behaviour to be studied using techniques
such as the quartz crystal microbalance and ellipsometry.”"
Mechanical stress generated in a confining matrix has been
shown to control tumour spheroid shape and morphology.”” A
logical inference from this observation is that the material
constituents of the ECM can influence the growth behaviour of a
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tumour. It is one thing measuring the mechanics/material
properties of ECM components but novel approaches are required
to study the material properties of HA in the pericellular matrix
(PCM), the micron scale coating that surrounds many cells and
has been implicated in many of the physical processes associated
with disease progression. One such technique is the use of
particle tracking microrheology (to obtain a mechanical map of
PCM) combined with fluorescence microscopy, (to identify the
biomolecular constituents).”

Blood

Rolling .
Flow Adhesion
- Y
= CD44(/ Extravasation

M

Fig. 3 Hyaluronan mediated rolling and adhesion of flowing tumour cells.
CD44 receptors on both the tumour cells and blood vessel epithelial cells
bind to hyaluronan. Weak attachment promotes rolling behaviour.
Strong attachment can lead to full adhesion followed by extravasation
though the blood vessel wall, a critical step in the establishment of a
metastasis.
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A paradox exists between the high levels of HA found in the
naked mole rat, the presence of which is attributed to the
prevention of cancer, and the high levels of HA associated with
cancerous tissues in humans, an indicator of poor prognosis. In
order to understand this fundamental issue one must consider
what causes an accumulation of HA in human tumours. In
healthy tissue there is a balance between HA synthesis and its
degradation. For the naked mole rat HA is of the ultra-high
molecular weight variety, whereas in human cancers, the
molecular weight is much lower. In some cancers (squamous cell
carcinoma and melanoma), HA levels overall are low and linked
to metastatic potential’*’>, whereas in other cancers such as
breast’® and lung adenocarcinomas’’, HA accumulation is high,
but clinical outcomes are still poor.”” The levels of HA are
assessed using histochemical staining. For example a HA positive
tumour having 71-100% of cells stained positive for pericellular
HA would be classified as high, and a tumour categorised as
having reduced HA having 0-70% HA positive pericellular
staining. The precise concentration of HA in various tumours has
not been determined and methods for quantification of high
versus low HA tumour content vary among the literature. Several
theories have developed explaining the role of HA in a poor
prognosis in cancer. The first is that some cancer cell types
overexpress enzymes such as MMP's that breakdown the ECM
and the HA-CD44 bond to facilitate invasion and metastasis.®
The second is that there are particular cancer cells that can
overexpress HA in response to chemotherapy, thereby producing
a protective effect for the tumour.®*' A further concept is that the
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presence of large amounts of HA can prevent chemotherapeutic
agents accessing the cancer cells.*? In order to illustrate the first
theory, Fig. 4 presents a magnetic resonance image (MRI) of a
large malignant tumour in the thigh of a patient subsequently
diagnosed with a sarcoma. Sarcomas are rare cancers arising in
the connective tissues and usually appear in the limbs. Alongside
the MRI is the pathology slide from the tumour. The lighter grey
colour of the tumour in the MRI is due to the large numbers of
rapidly dividing cancer cells and the relatively high
glycosaminoglycan content, mainly HA, in the ECM.® The cells
in the pathology image are stained for a matrix metalloproteinase
enzyme which cleaves the HA receptor CD44. In this tumour
there is intense MMP staining because the cells are constantly
destroying their microenvironment using these enzymes to cleave
key ECM components such as collagen and HA. This HA release
via initial cleavage of the CD44/HA complex followed by further
HA breakdown into smaller fragments will further promote the
metastasis of cancer cells via the facilitation of cancer cell
migration.”® Moreover it has been demonstrated that the HA
fragments themselves can begin a positive feedback loop
whereby their very presence increases production of CD44
cleaving enzymes.®*#

(A) (B) Cancer cells
! .w; ;
il Fat
Normal
“fascial’ tissue
:“i‘s'h: A |

A
xtrcllularm%atrix
Fig. 4 (A). Magnetic Resonance Image of a soft tissue tumour in the
thigh. The lighter grey appearance of the tumour is due to the high
cellular content and different ECM components of the tumour compared
to the bone, normal fascial tissue and fat. Scale bar=20mm. (B)
Histological section of the interface between the tumour and normal
tissues. The intense brown staining in the cancer cells is due to high
expression of the invasive enzyme membrane type-1 matrix
metalloproteinase. This enzyme cleaves the hyaluronan receptor CD44.
Scale bar=50um.

Abundance of HA in tumours has been found to have serious
implications in the delivery of therapy. Such HA related
resistance is usually cancer and drug dependent. Examples
include resistance to Adriamycin in head and neck cancer,*® and
resistance to Carboplatin in ovarian cancer,’! In terms of more
recent treatment strategies which include utilisation of antibodies
to perturb cancer function, the accumulation of HA in solid
tumours can act as a barrier to monoclonal antibody therapy.®’ In
order to mitigate these effects, it has been shown that it is
possible to minimise drug resistance in peripheral nerve sheath
tumours by disrupting the CD44-HA bond.*® This disruption was
achieved by delivering small oligosaccharides of HA which could
compete for the receptor sites with the larger HA polymers. %

Hyaluronan based nanoparticle therapy
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The use of HA based nanoparticle systems in cancer therapy has
several advantages over existing formulations including selective
attachment (via the CD44 receptors of the target cells), the fact
that many carcinomas over-express CD44, and the ease of
chemical functionalisation.”

With its intricate role in cancer biology, it is of no surprise that
HA and the CD44/HA interaction are being targeted as a strategy
for both disruption and drug delivery. One such approach has
been to load lipid based nanoparticles with HA oligosaccharides
with the aim of breaching HA barrier found in breast cancers. The
HA oligosaccharides, in essence HA fragments, compete with the
native HA for cell surface CD44 receptors. Moreover these
oligosaccharide containing particles have the potential to
overcome chemoresistance.”’ A related approach has been to graft
HA lipid vesicles for the delivery of gene silencing RNA
designed to interfere with key cancer cell signalling pathways.
The over-expression of CD44 receptors on cancer cells results in
HA accumulation which in turn facilitates the internalisation of
the HA coated vesicles into the cancer cells. Once internalised,
the interfering RNA renders the cancer cell susceptible to
chemotherapy.”” HA coating of lipid vesicles containing
chemotherapeutic agents is relatively straight forward if cationic
lipids are used. This is because HA has a negative charge and an
ionic exchange mechanism can be exploited. Such a strategy was
applied to target CD44 positive colon cancer cells.”® As an
alternative to liposome based strategies HA decorated polymer
nanoparticles have been engineered to target CD44 receptors on
malignant cell surfaces with the particles being internalised via
receptor mediated endocytosis.”* Such polymer vesicles make use
of the so called enhanced permeability and retention effect to
reach the innards of solid tumours.

One approach to treating skin cancer involved targeting the HA
itself. This was achieved via a nanoformulation of the HA
degrading enzyme hyaluronidase. Its modus operandi was to
degrade tumour associated HA reducing the gel like properties of
the ECM and thus allowing subsequent administration of
chemotherapy drugs to reach the tumour.”” Given the many
adverse effects that accumulation of HA has on tumour
progression, depleting the tumour of this antagonistic biopolymer
presents opportunities for therapy.*

HA based hydrogels for studying invasion

Given the role of HA in the ECM, its role in invasion, the process
by which cancerous cells break through the extracellular matrix,
is directly related to its over-expression. A particularly revealing
method to study this phenomenon in vitro has involved biologists
adopting soft matter approaches to mimic the
microenvironment.”® Using gels of defined compositions to
mimic the tumour ECM, entrapped cells are observed and their
trajectories through the gel analysed (Fig. 5).”° A prime
example are gels used to mimic ECM in the brain where HA is
known to play a major role in glioma cell invasion. Rao et al
formulated composite HA-collagen gels to examine the behaviour
of patient tumour derived glioblastoma cells '®. They showed
that by adding HA they could increase the modulus of pure
collagen hydrogels from 300 Pa to greater than 1000 Pa. These
gel mechanical properties compare favourably to brain tissue
reported to have a modulus of between 200 and 1000 kPa.'"'

tumour
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Pedron et al demonstrated it was possible to regulate glioma cell
phenotype using brain mimetic HA hyrogels.””'%* This approach
has been generalised to numerous different cancer cell lines
allowing a comparative study of invasion and suggest that such
gels represent some of the essential features of the ECM.'® HA
in isolation does not form robust gels, however under low pH and
over an extremely narrow pH range it can form viscoelastic putty
like gels. It is also possible to form weak cryotropic gels by using
a freeze and thaw technique'®. To form more robust gels one of
two strategies are used. The first is chemical modification of HA
so that it can form the covalent cross links necessary for gel
formation. Methods to create such crosslinkable HA involves
targeting either carboxylic acid or hydroxyl groups.'® A second
strategy is to combine HA with a component that does readily
form robust gels. Collagen is often used for this purpose and has
the added value that it is also an extracellular matrix
component.'” The gelation process of collagen with HA has been
closely followed using confocal reflectance microscopy and
correlated with viscoelastic properties via rheology. This
combined approach demonstrated that the HA altered the
mechanical properties in a temperature dependant manner and
could be explained in terms of the HA distribution either on ore
between the collagen fibres'®®. Yang et. al. demonstrated that by
incorporating HA into acid solubilised collagen they could
modify the viscoelastic properties as characterised by the storage
and loss modulus. HA had the effect of increasing the loss
modulus of the composite with the HA viscoelasticity dominating
the mechanical properties of the gels.'”” Commercially available
gels derived from tumour secretions are also useful models and
have been utilised to demonstrate that the HA-CD44 interaction
facilitates invasion of colon carcinoma cells.'® These gels also
allow the relationship between matrix mechanical properties and
cell behaviour to be investigated. For example Shen et al were
able to show that the stiffer the HA hydrogel, the less cancer cell
invasion was observed.'” This was consistent with the general
findings that cells can respond to the stiffness of their ECM.''" In
order to further exploit the soft matter properties of model
systems, researchers have attempted to recreate the tumour
microenvironment using a combination of hydrogels, HA and
growth factors.'"' They were able to grow tumouroids from
prostate cancer cells and tune the mechanical properties of the
gels to simulate the microenvironment. The gels produced had an
average modulus of 234 + 30 Pa and importantly could be
degraded by hyaluronidase, the HA digesting enzyme. Non-HA
based gels, for example agarose also have their uses in studying
HA based phenomena. Their mechanical properties can easily be
tuned and thus can be used to systematically examine the effect
of mechanical stress on tumour related behaviour. Using this
principle Koike et al were able to exert a controlled mechanical
environment on neoplastic cells grown under confinement, with
the size and rate of growth of the spheroids depending on the
stiffness of the gels. The HA produced by the growing spheroids
was identified by hyaluronan binding protein allowing a linkage
between the role of HA and spheroid growth to be proposed''>.
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Fig. 5 Hyaluronan gels used for cell invasion studies. (A) The gel is
composed of hyaluronan that has either been chemically modified to
cross link, or mixed with another gel forming polymer such as collagen.
(B) Cells of interest are cultured inside the gels, they are observed over
time. (C) Depending on the type of cancer the cells will digest the gel
components and spread out, simulating invasion of the cancer through
the ECM.

Perspective

Understanding the soft matter properties of hyaluronan in the
context of its role in cancer remains a challenge due to both the
complexity of biological systems and the disease itself. However
simplified model systems such as gels and microfluidic assays
can reveal the physics of HA mediated process, many of which
are involved in various stages of metastasis. Moreover gels can
be tuned to have similar mechanical properties to the extracellular
matrix, allowing the effect of mechanics on cell invasion and
model tumour growth to be investigated. As these gel based
systems become more complex by incorporating additional
components of the ECM, the studies will become more accurate
in replicating in vivo behaviour. Nanoparticle base formulations
exploiting HA-receptor interactions and targeting HA itself offer
the potential to modify the tumour microenvironment. This could
be advantageous both for disease treatment and reducing tumour
resistance to chemotherapy.

It is obvious that a large gap in knowledge exists in terms of
quantifying and physical characterisation of HA from the tumour
microenvironment. To date quantification has been performed in
a histological sense, rather than a physically accurate method
involving polymer physics. This presents an opportunity for soft
matter scientists to work with clinicians in order to extract and
characterise HA from the tumour microenvironment.
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The mechanisms by which ultra-high molecular weight HA
confers its anti-cancer properties in the naked mole rat may
involve several different routes, both signal based and physical in
origin.'"® However from a soft matter perspective a tantalising
question remains, what is the significance of the molecular
weight of NMR-HA and how could this be exploited to treat
human cancer?

References

a Northern Institute for Cancer Research, Paul O’Gorman Building,
Medical School, Newcastle University, Framlington Place, Newcastle upon
Tyne, NE2 4HH, UK

b School of Chemical Engineering and Advanced Materials, Merz Court
Newcastle University, Newcastle upon Tyne NE1 7RU, UK

* Chemical Engineering and Advanced Materials, Newcastle University,
Newcastle Upon Tyne, NE1 7RU.; E-mail: d.j frankel@newcastle.ac.uk

1 L. M. Abegglen, A. F. Caulin, A. Chan, K. Lee, R. Robinson,
M. S. Campbell, W. K. Kiso, D. L. Schmitt, P. J. Waddell, S.
Bhaskara, S. T. Jensen, C. C. Maley and J. D. Schiffman, Jama,
2015, 84112, 1-11.

2 R. Buffenstein, J. Comp. Physiol. B Biochem. Syst. Environ.
Physiol., 2008, 178, 439-445.

3 X. Tian, J. Azpurua, C. Hine, A. Vaidya, M. Myakishev-
rempel, J. Ablaeva and Z. Mao, 1-6.

4 N. Afratis, C. Gialeli, D. Nikitovic, T. Tsegenidis, E. Karousou,
G. N. Tzanakakis and N. K. Karamanos, 2012, 279, 1177-1197.

5 N. Itano, L. Zhuo and K. Kimata, 2008.

6 M. Wu, M. Cao, Y. He, Y. Liu, C. Yang, Y. Du, W. Wang and
F. Gao, FASEB J., 2014, 1, 1-9.

7 S. Misra, V. C. Hascall, R. R. Markwald and S. Ghatak, Front.
Immunol., 2015, 6.

8 D. Nikitovic, M. Tzardi, A. Berdiaki, A. Tsatsakis and G. N.
Tzanakakis, Front. Immunol., 2015, 6, 1-7.

9 Y. Tamada, H. Takeuchi, N. Suzuki, D. Aoki and T. Irimura,
Tumour Biol., 2012, 33, 1215-1222.

10 A. G. Bharadwaj, J. L. Kovar, E. Loughman, C. Elowsky, G. G.
Oakley and M. A. Simpson, Am. J. Pathol., 2009, 174, 1027—
36.

11 K. a Rejniak and L. J. McCawley, Exp. Biol. Med. (Maywood).,
2010, 235, 411-23.

12 S. L. Wood, M. Pernemalm, P. A. Crosbie and A. D. Whetton,
Cancer Treat. Rev., 2014, 40, 558-566.

13 P. Lu, V. M. Weaver and Z. Werb, J. Cell Biol., 2012, 196,
395-406.

14 W. J. Polacheck, 1. K. Zervantonakis and R. D. Kamm, Cell.
Mol. Life Sci., 2013, 70, 1335-1356.

15 A. Wade, A. E. Robinson, J. R. Engler, C. Petritsch, C. D.
James and J. J. Phillips, 2013, 280, 2399-2417.

16 A. Kultti, C. Zhao, N. C. Singha, S. Zimmerman, R. J. Osgood,

R. Symons, P. Jiang, X. Li, C. B. Thompson, J. R. Infante, M.
A. Jacobetz, D. A. Tuveson, G. 1. Frost, H. M. Shepard and Z.
Huang, Biomed Res. Int., 2014, 2014.

17 J. Monslow, P. Govindaraju and E. Puré, Front. Immunol.,
2015, 6, 231.

18 A. Schmaus, J. Bauer and J. P. Sleeman, Cancer Metastasis
Rev., 2014, 33, 1059-1079.

19 R. H. Tammi, A. Kultti, V.-M. Kosma, R. Pirinen, P. Auvinen
and M. L. Tammi, Semin. Cancer Biol., 2008, 18, 288-95.

20 R. K. Sironen, M. Tammi, R. Tammi, P. K. Auvinen, M. Anttila
and V.-M. Kosma, Exp. Cell Res., 2011, 317, 383-91.

21 M. W. Pickup, J. K. Mouw and V. M. Weaver, EMBO Rep,
2014, 15, 1243-1253.

22 R. a Jones, P. Kotsakis, T. S. Johnson, D. Y. S. Chau, S. Ali, G.
Melino and M. Griffin, Cell Death Differ., 2006, 13, 1442—
1453.

23 a. Pathak and S. Kumar, Proc. Natl. Acad. Sci., 2012, 109,
10334-10339.

24 a R. Grassian, J. L. Coloff and J. S. Brugge, 2011, LXXVI,

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

25

26

27

29

30

31

32

33

35

36

37

38

51
52

53

54

55

56

57

58

59

60

313-324.

D. T. Butcher, T. Alliston and V. M. Weaver, Nat. Rev. Cancer,
2009, 9, 108-22.

C. Ricciardelli, D. L. Russell, M. P. Ween, K. Mayne, S.
Suwiwat, S. Byers, V. R. Marshall, W. D. Tilley and D. J.
Horsfall, J. Biol. Chem., 2007, 282, 10814-10825.

B. P. Toole, Clin. Cancer Res., 2009, 15, 7462-7468.

R. Stern, 2008, 18, 275-280.

M. S. Karbownik and J. Z. Nowak, Pharmacol. Reports, 2013,
65, 1056-1074.

A. Kultti, X. Li, P. Jiang, C. B. Thompson and G. 1. Frost, 2012,
873-903.

A. Neesse, S. Krug, T. M. Gress, D. a Tuveson and P. Michl,
Onco. Targets. Ther., 2014, 7, 33-43.

D. Nikitovic, G. Chatzinikolaou, J. Tsiaoussis, a. Tsatsakis, N.
K. Karamanos and G. N. Tzanakakis, Curr. Med. Chem., 2012,
19, 4247-4258.

Z. M. Hargittai and A. Szent-gyo, 2008, 697-717.

J. M. Cyphert, C. S. Trempus and S. Garantziotis, /nt. J. Cell
Biol., 2015, 2015.

M. K. Cowman, H.-G. Lee, K. L. Schwertfeger, J. B. McCarthy
and E. A. Turley, Front. Immunol., 2015, 6, 261.

A. F.Jre, L. Tc, L. Ubg, J. R. Fraser, T. C. Laurent and U. B.
Laurent, J. Intern. Med., 1997, 242, 27-33.

S. Bhilocha, R. Amin, M. Pandya, H. Yuan, M. Tank, J.
LoBello, A. Shytuhina, W. Wang, H.-G. Wisniewski, C. de la
Motte and M. K. Cowman, Anal. Biochem., 2011, 417, 41-9.
S. E. Armstrong and D. R. Bell, 4nal. Biochem., 2002, 308,
255-264.

P. Heldin, K. Basu, B. Olofsson, H. Porsch, I. Kozlova and K.
Kabhata, J. Biochem., 2013, 154, 395-408.

K. S. Girish and K. Kemparaju, 2007, 80, 1921-1943.

a P. Spicer and T. K. Nguyen, Biochem. Soc. Trans., 1999, 27,
109-15.

V. Orian-Rousseau, Eur. J. Cancer, 2010, 46, 1271-7.

M. Zéller, Nat. Publ. Gr., 2011, 11, 254-267.

S. Banerji, A. J. Wright, M. Noble, D. J. Mahoney, L. D.
Campbell, A. J. Day and D. G. Jackson, Nat. Struct. Mol. Biol.,
2007, 14, 234-9.

M. Gétte and G. W. Yip, 2006, 10233-10237.

A. Wang, C. de la Motte, M. Lauer and V. Hascall, FEBS J.,
2011, 278, 1412-8.

E. Cukierman and D. E. Bassi, Semin. Cancer Biol., 2010, 20,
139-145.

D. F. Quail and J. A. Joyce, 2013, 19, 1423-1437.

C. Box, S. J. Rogers, M. Mendiola and S. A. Eccles, Semin.
Cancer Biol., 2010, 20, 128-138.

M. J. Paszek, C. C. Dufort, O. Rossier, R. Bainer, J. K. Mouw,
K. Godula, J. E. Hudak, J. N. Lakins, A. C. Wijekoon, L.
Cassereau, M. G. Rubashkin, M. J. Magbanua, V. M. Weaver
and C. R. Bertozzi, 2014.

K. Kessenbrock, V. Plaks and Z. Werb, Cell, 2010, 141, 52-67.
M. K. Cowman and S. Matsuoka, Carbohydr. Res., 2005, 340,
791-809.

P. Matteini, L. Dei, E. Carretti, N. Volpi, A. Goti and R. Pini,
Biomacromolecules, 2009, 10, 1516-1522.

P. P. Provenzano and S. R. Hingorani, Br. J. Cancer, 2013, 108,
1-8.

M. A. Jacobetz, D. S. Chan, A. Neesse, T. E. Bapiro, N. Cook,
K. K. Frese, C. Feig, T. Nakagawa, M. E. Caldwell, H. 1.
Zecchini, M. P. Lolkema, P. Jiang, A. Kultti, C. B. Thompson,
D. C. Maneval, D. L. Jodrell, G. L. Frost, H. M. Shepard, J. N.
Skepper and D. A. Tuveson, Gut, 2013, 62, 112-20.

R. Giavazzi, M. Foppolo, R. Dossi and A. Remuzzi, J. Clin.
Invest., 1993, 92, 3038-3044.

U. Richter, D. Wicklein, S. Geleff and U. Schumacher,
Histochem. Cell Biol., 2012, 137, 687-695.

A. Nandi, P. Estess and M. Siegelman, Immunity, 2004, 20,
455-465.

C. Christophis, I. Taubert, G. R. Meseck, M. Schubert, M.
Grunze, A. D. Ho and A. Rosenhahn, Biophysj, 2011, 101, 585—
593.

M. Hanke, 1. Hoffmann, C. Christophis, M. Schubert, V. T.

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



Page 7 of 9

Soft Matter

61

62

63

64

65
66

67

68

20 69

70
71

25

72

73

30

74

35 75

76
40

77

78
45

79

80
50

81

82

83

84

85
60

86

87
65

88

89
70 90

91

Hoang, A. Zepeda-moreno, N. Baran, V. Eckstein, P. Wuchter,
A. Rosenhahn and A. D. Ho, Biomaterials, 2014, 35, 1411—
1419.

T. Suzuki, M. Suzuki, S. Ogino, R. Umemoto, N. Nishida and 1.
Shimada, Proc. Natl. Acad. Sci., 2015, 112, 6991-6996.

M. K. Cowman, M. Li and E. a Balazs, Biophys. J., 1998, 75,
2030-2037.

C. Spagnoli, A. Korniakov, A. Ulman, E. a Balazs, Y. L.
Lyubchenko and M. K. Cowman, Carbohydr. Res., 2005, 340,
929-41.

M. 1. Giannotti, M. Rinaudo and G. J. Vancso,
Biomacromolecules, 2007, 8, 2648-2652.

T. Fujii, Y. Sun, K. An and Z. Luo, 2002, 35, 527-531.

P. S. Raman, C. S. Alves, D. Wirtz and K. Konstantopoulos,
Biophys. J., 2012, 103, 415-423.

C.-A. Lamontagne and M. Grandbois, Exp. Cell Res., 2008,
314, 227-36.

B. P. Toole, T. N. Wight and M. L. Tammi, J. Biol. Chem.,
2002, 277, 4593-4596.

1. Pasquali-Ronchetti, D. Quaglino, G. Mori, B. Bacchelli and
P. Ghosh, J. Struct. Biol., 1997, 120, 1-10.

B. A. Bray, J Theor Biol, 2001, 210, 121-130.

P. M. Wolny, S. Banerji, C. Gounou, A. R. Brisson, A. J. Day,
D. G. Jackson and R. P. Richter, J. Biol. Chem., 2010, 285,
30170-30180.

G. Cheng, J. Tse, R. K. Jain and L. L. Munn, PLoS One, 2009,
4, e4632.

H. Boehm, T. A. Mundinger, C. H. J. Boehm, V. Hagel, U.
Rauch, J. P. Spatz and J. E. Curtis, Soft Matter, 2009, 5, 4331—
4337,

A. Kosunen, R. Pirinen, K. Ropponen, M. Pukkila, J.
Kellokoski, J. Virtaniemi, R. Sironen, M. Juhola, E.
Kumpulainen, R. Johansson, J. Nuutinen and V.-M. Kosma,
Oral Oncol., 2007, 43, 51-9.

J. M. Karjalainen, R. H. Tammi, M. 1. Tammi, M. J. Eskelinen,
U. M. Agren, J. J. Parkkinen, E. M. Alhava and V. M. Kosma,
Am. J. Pathol., 2000, 157, 957-965.

P. Auvinen, R. Tammi, V.-M. Kosma, R. Sironen, Y. Soini, A.
Mannermaa, R. Tumelius, E. Uljas and M. Tammi, /nt. J.
Cancer, 2013, 132, 531-539.

R. Pirinen, R. Tammi, M. Tammi, P. Hirvikoski, J. J.
Parkkinen, R. Johansson, J. Bohm, S. Hollmen and V. M.
Kosma, Int J Cancer, 2001, 95, 12—-17.

A. Masarwah, M. Tammi, M. Sudah, A. Sutela, S. Oikari, V.-
M. Kosma, R. Tammi, R. Vanninen and P. Auvinen, Breast
Cancer Res. Treat., 2015, 153, 625-634.

K. L. Schwertfeger, M. K. Cowman, P. G. Telmer, E. A. Turley
and J. B. McCarthy, Front. Immunol., 2015, 6, 236.

C.-I. Kung, C.-Y. Chen, C.-C. Yang, C.-Y. Lin, T.-H. Chen and
H.-S. Wang, Oncol. Rep., 2012, 28, 1808-14.

C. Ricciardelli, M. P. Ween, N. a Lokman, I. a Tan, C. E.
Pyragius and M. K. Oehler, BMC Cancer, 2013, 13, 476.

P. Jiang, X. Li, C. B. Thompson, Z. Huang, F. Araiza, R.
Osgood, G. E. Wei, M. Feldmann, G. 1. Frost, H. M. Shepard
and M. L. A. Paca-, 2012, 1212, 1203-1212.

D. Nikitovic, K. Kouvidi, N. K. Karamanos and G. N.
Tzanakakis, Biomed Res. Int., 2013, 2013.

T. Oskarsson, Breast, 2013, 22 Suppl 2, S66-72.

P. W. Nobre, J. Liang and D. Jiang, Physiol. Rev., 2011, 91,
221-264.

S.J. Wang and L. Y. W. Bourguignon, Arch. Otolaryngol.
Head. Neck Surg., 2006, 132, 771-8.

N. C. Singha, T. Nekoroski, C. Zhao, R. Symons, P. Jiang, G. L.
Frost, Z. Huang and H. M. Shepard, Mol. Cancer Ther., 2014,
14, 523-532.

M. G. Slomiany, L. Dai, P. A. Bomar, T. J. Knackstedt, D. A.
Kranc, L. Tolliver, B. L. Maria and B. P. Toole, Cancer Res.,
2009, 69, 4992-4998.

H. M. Shepard, Front. Oncol., 2015, 5, 1-8.

K. Shah, D. Crowder, J. Overmeyer, W. Maltese and Y. Yun,
Biomed. Eng. Lett., 2015, 5, 109-123.

C. Yang, Y. Liu, Y. He, Y. Du, W. Wang, X. Shi and F. Gao,
Biomaterials, 2013, 34, 6829-6838.

92

75

93

94

80
95
96

85
97
98

90
100
101

95
102
103

100

104

105

105 106

107

108

110
109
110

115
111
112

120
113

D. Landesman-Milo, M. Goldsmith, S. L. Ben-Arye, B.
Witenberg, E. Brown, S. Leibovitch, S. Azriel, S. Tabak, V.
Morad and D. Peer, Cancer Lett., 2013, 334, 221-227.

L. M. Negi, M. Jaggi, V. Joshi, K. Ronodip and S. Talegaonkar,
Int. J. Biol. Macromol., 2015, 73, 222-35.

S. Maiolino, F. Moret, C. Conte, A. Fraix, P. Tirino, F. Ungaro,
S. Sortino, E. Reddi and F. Quaglia, Nanoscale, 2015, 7, 5643—
5653.

P. Scodeller, P. N. Catalano, N. Salguero, H. Duran, a
Wolosiuk and G. J. a a Soler-Illia, Nanoscale, 2013, 5, 9690-8.
D. Loessner, B. M. Holzapfel and J. A. Clements, Adv. Drug
Deliv. Rev.,2014,79, 193-213.

S. Pedron, E. Becka and B. A. Harley, Adv. Mater., 2015, 27,
1567-1572.

K. M. Park and S. Gerecht, Eur. Polym. J., 2015, 72, 507-513.
D. Herrmann, J. R. W. Conway, C. Vennin, A. Magenau, W. G.
Hughes, J. P. Morton and P. Timpson, Carcinogenesis, 2014,
35, 1671-1679.

S. S. Rao, J. Dejesus, A. R. Short, J. J. Otero, A. Sarkar and J.
O. Winter, ACS Appl. Mater. Interfaces, 2013, 5, 9276-9284.
A. Buxboim, K. Rajagopal, A. E. X. Brown and D. E. Discher,
J. Phys. Condens. Matter, 2010, 22, 194116.

S. Pedron, E. Becka and B. A. C. Harley, Biomaterials, 2013,
34, 7408-7417.

L. David, V. Dulong, D. Le Cerf, C. Chauzy, V. Norris, B.
Delpech, M. Lamacz and J. P. Vannier, Matrix Biol., 2004, 23,
183-193.

T. Luan, L. Wu, H. Zhang and Y. Wang, Carbohydr. Polym.,
2012, 87, 2076-2085.

V. Crescenzi, A. Francescangeli, D. Renier and D. Bellini,
Biopolymers, 2002, 64, 86-94.

Y. L. Yang and L. J. Kaufman, Biophys. J., 2009, 96, 1566—
1585.

Y. Yang, C. Sun, M. E. Wilhelm, L. J. Fox, J. Zhu and L. J.
Kaufman, Biomaterials, 2011, 32, 7932-40.

H. Kim, M. A. Wheeler, C. M. Wilson, J. lida, D. Eng, M. A
Simpson, J. B. Mccarthy and K. M. Bullard, Canc. Res., 2004,
4569-4576.

Y. Shen, H. E. Abaci, Y. Krupsi, L. Weng, J. a Burdick and S.
Gerecht, Biomater. Sci., 2014, 2, 655-665.

A.J. Engler, S. Sen, H. L. Sweeney and D. E. Discher, Cell,
2006, 126, 677-689.

X. Xu, L. A. Gurski, C. Zhang, D. A. Harrington, M. C. Farach-
Carson and X. Jia, Biomaterials, 2012, 33, 9049-9060.

C. Koike, T. D. McKee, a Pluen, S. Ramanujan, K. Burton, L.
L. Munn, Y. Boucher and R. K. Jain, Br. J. Cancer, 2002, 86,
947-53.

G. J. Fisher, J. Cell Commun. Signal., 2015, 91-92.

125

Kenneth Rankin is an Academic Consultant Orthopaedic Surgeon
and Scientist. He has performed laboratory research throughout
his training and was awarded a research degree (MD) in surgical
oncology in 2008 from Newcastle University. His current

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 7



Soft Matter Page 8 of 9

interests are based on the tumour microenvironment in solid

cancers (carcinoma and sarcoma) and the mechanisms by which

cancer cells are able to circulate in the blood stream and establish

metastases. More recently he has been exploring the potential for
s therapeutic applications of nanoparticles in sarcoma surgery.

Daniel Frankel

Daniel Frankel is currently a senior lecturer at Newcastle

10 University. He received his BEng in Bioengineering from Queen
Mary, University of London in 1996, and his PhD in biological
surface science from the University of St-Andrews in 2001. His
research specialises in the soft matter properties of biomolecules,
cells and tissue. This can be split into two themes. The first is to

15 better understand disease. The second is to mimic some of the
unique properties of Dbiological systems for engineering
applications.

8 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]



Page 9 of 9 Soft Matter

43x28mm (300 x 300 DPI)



