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he mechanical properties of the

extracellular matrix play an impor-
tant role in maintaining cellular func-
tion and overall tissue homeostasis.
Recently, a number of hydrogel systems
have been developed to investigate the
role of matrix mechanics in mediating
cell behavior within three-dimensional
environments. However, many of the
techniques used to modify the stiff-
ness of the matrix also alter properties
that are important to cellular function
including matrix density, porosity and
binding site frequency, or rely on amor-
phous synthetic materials. In a recent
publication, we described the fabrica-
tion, characterization and utilization
of collagen gels that have been non-
enzymatically glycated in their unpo-
lymerized form to produce matrices of
varying stiffness. Using these scaffolds,
we showed that the mechanical proper-
ties of the resulting collagen gels could
be increased 3-fold without significantly
altering the collagen fiber architecture.
Using these matrices, we found that
endothelial cell spreading and out-
growth from multi-cellular spheroids
changes as a function of the stiffness
of the matrix. Our results demonstrate
that non-enzymatic collagen glycation is
a tractable technique that can be used to
study the role of 3D stiffness in mediat-
ing cellular function. This commentary
will review some of the current methods
that are being used to modulate matrix
mechanics and discuss how our recent
work using non-enzymatic collagen gly-
cation can contribute to this field.
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Introduction

The tissues and organs of the body are
comprised of cells and extracellular matri-
ces that are arranged to perform specific
biological, chemical and physical func-
tions. Cells within tissues interact with
the extracellular matrix and each other
to receive and impart both chemical
and mechanical cues that influence their
behavior. Importantly, these interactions
contribute to overall tissue homeosta-
sis and cellular function and, if they are
disturbed, can contribute to aberrant cell
behavior and disease.

Altered tissue mechanical properties
have been correlated with a number of
disease states including cancer,' diabetes,?
cardiovascular disease,” wound healing?
and asthma.’ Each of these maladies is
characterized by a unique set of condi-
tions, but in all cases, the interaction of
the tissue cells with their extracellular
environment is altered. The composition,
density, arrangement and extent of cross-
linking have all been shown to influence
how cells interact with, move through and
remodel their surroundings.® Since it is
very difficult to control all of these param-
eters independently in an in vivo setting, a
number of in vitro hydrogel systems have
been designed to study their role in a con-
trolled environment.

Studies using two-dimensional sub-
strates have shown that changes in matrix
stiffness are correlated with altered cel-
lular morphology,”® traction force gen-
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eration, connectivity,
differentiation,” chemotactic response'
and matrix deposition.” However, since

most cells in the body reside within a
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Figure 1. Methods commonly used to modulate matrix stiffness. The mechanical properties of both synthetic and natural matrices are commonly
tuned by altering the number of cross-links and/or the density of the scaffold. Mixed matrices comprised of both synthetic and natural materials can
be used to create hybrid in vitro environments that mimic the properties of in vivo tissues.

three-dimensional environment, it is
important to recapitulate their natural
extracellular environment to assess cellu-
lar function.

Common methods to create three-
with
mechanical properties include altering the

dimensional  matrices tunable
density and/or extent of cross-linking of
natural or synthetic hydrogels, or creat-
ing mixed matrices comprised of mul-
tiple synthetic and/or natural hydrogels.
Modifying the density of the matrix is a
relatively simple way to alter the mechani-
cal properties of a hydrogel system to
allow for the investigation of three-dimen-
sional cellular behavior. This technique
has commonly been used with native bio-

18,19 and

logical proteins such as collagen
fibrin? but is also used in other synthetic
hydrogel systems such as poly(ethylene
glycol).?»  Cross-linking approaches to
control stiffness are most commonly used
in synthetic hydrogel systems, but similar
methods have been reported using natural
matrices.*>*

While each of these techniques is capa-
ble of altering the stiffness of the matrix,
they all have inherent advantages and dis-
advantages for studying the role of mechan-
ical properties within a three-dimensional
cell culture system. Specifically, chang-
ing the matrix density or cross-linking
of a hydrogel can also influence poros-
ity and hydraulic permeability,'®*° fibril
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arrangement and structure” and binding
domain frequency® within the hydrogels.
Consequently, it can be difficult to decou-
ple the relative effects of the mechanical
properties from the other physical and
chemical factors that are concurrently
affected.

This commentary will provide a brief
overview of some of the current approaches
to modulate matrix stiffness for three-
dimensional studies of cellular behavior
and review their general advantages and
disadvantages. We will also discuss our
recent work using non-enzymatic glyca-
tion and provide some further insights
into the advantages, disadvantages, and
physiological relevance of our approach to
modulate the stiffness of in vitro matrices.

Modulating 3D Hydrogel
Mechanical Properties

Naturally derived hydrogels. A number
of native proteins and polymers have been
utilized to make three-dimensional hydro-
gels for the investigation of cell response to
matrix stiffening. Among the many extra-
cellular matrix components that are pres-
ent within the body, type I collagen, fibrin
and hyaluronic acid are among the most
commonly used for creating three-dimen-
sional matrices.’®2*?* Importantly, these
matrices allow cells to be seeded within
a natural environment that is capable of
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being both degraded and remodeled as is
done in vivo by cells.

The most basic approaches utilizing
natural matrices are those that increase
the stiffness of the matrix by increasing
the density (Fig. 1). A number of stud-
ies have modified the density of collagen
or fibrin hydrogels to study the influence
of matrix mechanics on cellular behav-
ior. By increasing the density of collagen
matrices from 2 mg/ml to 20 mg/ml the
compressive modulus increases approxi-
mately 10-fold from approximately
175 Pa to 1800 Pa.®* Similarly, by
increasing the density of fibrin matrices
from 2.5 mg/ml to 10 mg/ml the com-
pressive modulus increases from approxi-
mately 1.3 kPa to 9 kPa.?

The stiffness of some natural poly-
mers can be modulated using differential
cross-linking to investigate cell behavior
(Fig. 1). For example, methacrylated hyal-
uronic acid is a matrix that is currently
being used to dynamically modulate
the stiffness of hydrogels via a two-step
cross-linking process.® First, hydrogels
are chemically cross-linked and then can
be seeded with cells before a secondary
photo-cross-linking reaction is initiated.
This is an especially interesting procedure
because it allows the mechanics of the
matrix to be temporally controlled from
approximately 1.5 to 7.5 kPa while cellular
behavior is simultaneously investigated.

71

Do not distribute.

I0Science.

©2013 Landes B



Unfortunately, since methacrylated hyal-
uronic acid is not naturally porous, meth-
ods had to be developed to create pores
within the matrix. Poly(methyl meth-
acrylate) microspheres are encapsulated
during the initial polymerization reaction
and subsequently dissolved before cells are
seeded within the matrices to create large
(-300 um) pores within the hydrogel.
This potentially limits the ability of these
matrices to truly recapitulate a three-
dimensional, in vivo-like environment.

While hydrogels formed from natu-
rally derived materials provide an opti-
mal environment for cell culture, it can
be challenging to use natural matrices for
studies of the effects of matrix stiffness.
Specifically, since the matrix materials
are biologically designed for cell adhe-
sion, it is relatively difficult to decouple
the role of binding site availability from
matrix density. Additionally, the fibrous
arrangement and structure of the matri-
ces can be modified with changes to the
density or cross-linking which further
complicates the analysis of resultant cel-
lular responses. Further, even when both
the density and cross-linking of natu-
ral hydrogel matrices are modified, the
resultant matrix stiffness is only tunable
across a relatively narrow range (usually
hundreds to thousands of Pa). Taken
together, these complexities can make it
difficult to pinpoint whether the cellular
responses are due to changes in matrix
stiffness or other factors.

Synthetic hydrogels. To overcome
some of the disadvantages inherent to
hydrogels comprised of naturally derived
matrices, synthetic hydrogels have been
created. The primary advantage of using
synthetic hydrogels is that they can be
formulated to investigate both mechani-
cal and chemical properties on cellu-
lar function. Indeed, many synthetic
hydrogel systems offer independent con-
trol of mechanical properties, adhesive
binding sites and chemical cues. One
of the most popular synthetic materials
used currently is poly(ethylene glycol)
(PEG)?"## although other materials such
as poly(caprolactone)®® and poly(methyl
methacrylate)®! have also been used. Since
these synthetic hydrogels were originally
developed for other purposes and do not
naturally contain cell binding domains,
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moieties such as Arg-Gly-Asp peptides
(RGD) or laminin-like domains must be
incorporated to facilitate cell adhesion.
This allows for precise control and modu-
lation of the frequency and availability of
adhesive regions within the hydrogel.
Modulating the density and cross-
linking of synthetic hydrogels are tech-
niques that are commonly used to alter
their mechanical properties (Fig. 1). The
density of PEG hydrogels has been used to
investigate the role of three-dimensional
cellular behaviors.? Additionally, a num-
ber of PEG hydrogel systems have been
developed that incorporate matrix metal-
loproteinase (MMP)-sensitive cross-links
so that cells are capable of degrading their

surrounding environment.””*

Systems
have also been developed to selectively
cross-link PEG gels using multiphoton
microscopy resulting in hydrogels with
micro-domains similar to those found in
tissue structures.*

While synthetic hydrogels provide a
highly tunable system for investigating
cell behavior, they are generally amor-
phous and unlike the fibrous extracellular
matrices within the body. Thus, while it is
feasible to independently tune properties
such as the stiffness, binding site avail-
ability and degradability, synthetic hydro-
gels are sub-optimal because the cells are
unable to actively remodel them and they
do not recapitulate the fibrous nature of
the in vivo environment.

Mixed matrices. To overcome some of
the disadvantages inherent to investigating
matrix stiffness with hydrogels comprised
of synthetic or natural materials alone,
mixed matrices have been developed
(Fig. 1). For example, collagen has been
combined with PEG,* agarose® or fibrin®
to create matrices with tunable mechani-
cal properties. In each of these cases, the
density, extent of cross-linking, or ratio
of each component are altered to control
the mechanical properties. As such, it is
possible that the cellular behavior will be
influenced by the matrix composition,
which is not completely decoupled from
stiffness. While the data generated from
cells embedded within these matrices may
be complex, these systems lay an impor-
tant foundation for the development of in
vitro hydrogels that more closely mimic
the properties of in vivo tissues.
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Non-Enzymatic Collagen
Glycation

We recently reported the use of non-enzy-
matic glycation of unpolymerized collagen
to investigate the effects of matrix stiffen-
ing on endothelial cells.”” Non-enzymatic
glycation is a natural process whereby
reducing sugars and proteins interact to
produce extracellular matrix cross-linking
within biological tissues.*® These sugars
create chemical alterations within the
protein structures that ultimately result
that
mechanically alter the tissues. Specifically,

in  protein-to-protein  cross-links
the interaction of reducing sugars such as
glucose or ribose with amino groups on
proteins create Schiff bases which are able
to rearrange into Amadori products.”” The
Amadori products can then form protein-
to-protein cross-links that are commonly
known as advanced glycation end prod-
ucts (AGE).*®* These AGE cross-links
slowly accumulate on proteins in vivo
during aging, and the rate and extent of
accumulation is accelerated in individuals
with diabetes.?®

In vitro, non-enzymatic collagen gly-
cation can be used to cross-link protein
solutions prior to hydrogel polymeriza-
tion (pre-glycation) or can cross-link
polymerized protein matrices (post-gly-
cation).” Post-glycation is the primary
method whereby proteins in vivo are
cross-linked. However, the high sugar
concentrations necessary to achieve mea-
surable changes in stiffness in vitro limit
this technique to seeding cells on the
surface of the matrices after the glyca-
tion reaction has been completed because
cells cannot withstand the osmotic
imbalance created by the glycating solu-
tions.*”” During pre-glycation, active sites
are created within the collagen gels that
will later become cross-links during col-
lagen polymerization. Since the collagen
solutions are treated with the glycating
solutions prior to polymerization, cells
can be embedded within the gels dur-
ing the polymerization process and are
not subjected to the osmotic imbalances
created by the glycating solutions. Thus,
by using the process of pre-glycation, the
effects of 3D stiffness on cells embed-
ded within collagen matrices can be
investigated.
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confocal microscopy. Scale is 20 pm.

Figure 2. Bovine aortic endothelial cells embedded within glycated collagen gels. Collagen solu-
tions that had been glycated with 0, 50 or 100 mM ribose were neutralized, mixed with endothe-

lial cells and allowed to polymerize. Cells were allowed to spread for 24 h and then were fixed and
stained for actin (green) and DAPI (blue). Cells and the surrounding collagen were imaged using

Many studies have investigated the
effects of collagen glycation on endothelial
cell behavior. In prior studies, investiga-
tors have seeded cells atop of post-glycated
matrices or injected cells into matrices
following glycation.?>%> While these stud-
ies have provided valuable information,
post-glycation is limited in its ability to
investigate the effects of matrix stiffness
on the behavior of cells embedded within
the matrix. In our work, we utilized non-
pre-glycation  (henceforth
referred to as glycation) to investigate the

enzymatic

effects of 3D matrix stiffness on collagen
fiber structure and arrangement as well as
on endothelial cell spreading and orga-
nization.” To glycate matrices, collagen
solutions were incubated with 0-250 mM
ribose for 5 d at 4°C prior to polymer-
ization. At the end of this incubation,
the collagen solutions were mixed with
sodium hydroxide to neutralize the pH,
and complete medium or a suspension
of endothelial cells was added to bring
the final collagen density to 1.5 mg/ml.
Collagen solutions were polymerized at
37°Cand 5% CO,. Using these matrices,
we investigated the mechanical properties,
polymerization dynamics, collagen fiber
distributions and structures, as well as
individual and collective endothelial cell
responses.

In parsing out the effects of matrix stiff-
ness on cell behavior, it is critical to also
control for architecture and fiber arrange-
ment within the collagen matrices. Our
study was the first to examine the resul-
tant fiber arrangements within pre-gly-
cated polymerized matrices. Importantly,
we found that there exists a range of ribose
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concentrations (0-100 mM) where the
equilibrium compressive modulus of colla-
gen can be increased approximately 3-fold
from ~175-515 Pa while the arrangement
and size of collagen fibrils is not signifi-
cantly affected. Increasing the concen-
tration of ribose to 150 mM or greater
also results in increased matrix stiffness
but the fibrous properties of the matrices
change as well. Similarly, we found that
the fibril formation rate was similar for
collagen solutions that had been glycated
with 0—100 mM ribose while the rates
for solutions glycated with 150-250 mM
ribose were significantly delayed and cor-
related with larger collagen fibers. Since it
is known that the arrangement of fibrous
features within matrices can influence cel-
lular function, we focused on gels glycated
with 0—100 mM ribose for our studies of
endothelial cell behavior.

When individual endothelial cells were
embedded within the glycated matri-
ces, we observed that those within stiffer
matrices spread to a greater degree than
those embedded within softer matrices
(Fig. 2). Since endothelial cells do not
normally exist as individual cells in vivo,
we investigated the effects of stiffness on
endothelial outgrowth from embedded
multicellular spheroids. As early as the
first day after culture, spheroids within
the stiffer matrices had significantly more
extensions than those in softer matrices.
Importantly, even when the interactions of
receptors for advanced glycation end prod-
ucts (RAGE) were inhibited with a block-
ing antibody, spheroids within the stiffer
collagen gels maintained their increased
sprouting response when compared with
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those in softer matrices. These initial
studies provide the basis for additional
studies into the role of matrix stiffening
on endothelial cell function.

Disadvantages of collagen glycation.
Although the non-enzymatic glycation of
collagen mimics the stiffening of matri-
ces naturally occurring in vivo, there are
several drawbacks to using this method to
investigate the effects of matrix stiffness
on cell function. Specifically, collagen gly-
cation alters the chemical composition of
the matrix by creating AGE cross-links. A
variety of cell types, including endothe-
lial cells, are known to have RAGE and
the interactions between AGE and RAGE
have been shown to influence cell behav-
ior and cell-cell interactions.® Specifically,
AGE/RAGE interactions have been impli-
cated in altering endothelial cell response
to shear stress,”® mechanical stretch** and
barrier function.® A number of meth-
ods have been developed to inhibit the
interaction of RAGE with AGE includ-
ing blocking antibodies and pharma-
ceutical drugs.® However, like other
cell-membrane receptors, RAGE can be
replenished to the cell surface, making the
long-term use of blocking antibodies less
effective and very expensive. Additionally,
the pharmaceutical drugs that have been
used to inhibit the RAGE/AGE interac-
tion are not specific to RAGE and also
influence a wide variety of other cellular
pathways and behaviors.®>° Thus, while
glycation can recapitulate the mechani-
cal stiffening that occurs naturally within
the body, it can also engage RAGE. The
respective contributions of these two fac-
tors to overall cell behavior can be difficult
to decouple.

Advantages  collagen  glycation
and implications for human disease.
Although it is challenging to completely
decouple the role of matrix stiffness from
AGE/RAGE signaling in our hydrogel
system, collagen glycation does have many
advantages over other current methods of
matrix stiffening. Specifically, we demon-
strated the ability to increase the stiffness
of the collagen gels 3-fold independently
of the overall collagen fiber arrangements.
Our study was limited to 1.5 mg/ml gels
but it is possible that increasing the den-
sity of the collagen gels will allow for a
wider range of moduli to be achieved.
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Since accumulation of AGE cross-links
within tissues during aging is universal,
using non-enzymatic glycation to investi-
gate the role of matrix stiffening is relevant
to understanding conditions in vivo. In
fact, the presence of AGEs has been sug-
gested to play a causative role in diseases
such as diabetes,” rheumatoid arthritis,*
atherosclerosis,” Alzheimer’s®* and cata-
racts.” Our data has demonstrated that
endothelial cells respond to the changes
in matrix stiffness induced by non-enzy-
matic glycation. Importantly, our lab has
also correlated aging with increased vas-
cular stiffness and endothelial monolayer
permeability which may contribute the
increased prevalence in cardiovascular
disease.> Thus, using non-enzymatic col-
lagen glycation to investigate the impact
of altering three-dimensional matrix stiff-
ness on cellular behavior has the potential
to inform how we manage and treat differ-
ent disease conditions.

Conclusions

Researchers today have many options to
consider when choosing a hydrogel system
to investigate the role of matrix mechan-
ics on cellular behavior. Naturally derived
matrices contain many of the essential
elements required for cellular culture and
can closely mimic the three-dimensional
cellular environment. However, synthetic
matrices tend to be more customizable so
that the intricacies of individual param-
eters such as cellular adhesion and mecha-
nosensing can be more closely studied. We
have presented non-enzymatic collagen
glycation as a highly tractable technique
that utilizes a cross-linking mechanism
that recapitulates in vivo tissue stiffening
and is relevant to a number of disease states.
Future work should combine the advan-
tages of these techniques to create matrices
that allow for independent modulation of
hydrogel parameters while mimicking the
native extracellular environment.
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