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Abstract
Numerous studies have described the effects of matrix stiffening on cell behavior using two
dimensional (2D) synthetic surfaces; however less is known about the effects of matrix stiffening
on cells embedded in three dimensional (3D) in vivo-like matrices. A primary limitation in
investigating the effects of matrix stiffness in 3D is the lack of materials that can be tuned to
control stiffness independently of matrix density. Here, we use collagen-based scaffolds where the
mechanical properties are tuned using non-enzymatic glycation of the collagen in solution, prior to
polymerization. Collagen solutions glycated prior to polymerization result in collagen gels with a
3-fold increase in compressive modulus without significant changes to the collagen architecture.
Using these scaffolds, we show that endothelial cell spreading increases with matrix stiffness, as
does the number and length of angiogenic sprouts and the overall spheroid outgrowth. Differences
in sprout length are maintained even when the receptor for advanced glycation endproducts is
inhibited. Our results demonstrate the ability to de-couple matrix stiffness from matrix density and
structure in collagen gels, and that increased matrix stiffness results in increased sprouting and
outgrowth.
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1. Introduction
The importance of the mechanical properties of the extracellular matrix (ECM) in mediating
cell health and behavior is now well accepted. Changes in matrix stiffness have been shown
to promote cardiovascular disease [1, 2] and cancer [3, 4] by altering cellular morphology
[5], differentiation [6], traction force generation [7] focal adhesion formation [8] and cell
migration dynamics [9]. Additionally, the mechanical properties of the ECM have been
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found to be crucial regulators of the formation and arrangement of multi-cellular assemblies
during tissue formation [10–13]. However, most studies investigating the role of matrix
stiffening on cell behavior have primarily used 2D synthetic surfaces. As such, significantly
less is known about the effects of matrix stiffening on cells embedded in three-dimensional
(3D) in vivo-like matrices. This gap in knowledge is largely due to the lack of materials with
tunable mechanical properties that are amenable to 3D cell culture.

Recent efforts to modulate 3D matrix stiffness have included modifying matrix density of
natural proteins [14–17] and alginate [18], using synthetic polymers with tunable cross-
linking densities such as poly(ethylene) glycol (PEG) to create hydrogel scaffolds [19, 20],
and creating mixed matrices of natural proteins and other hydrogels such as agarose [16, 21,
22]. Although these modifications are capable of generating 3D scaffolds with tunable
mechanical properties, they also change the fundamental structural properties of the culture
system. For example, increasing the density of the matrix also causes changes in the porosity
of the scaffold and the number of binding sites presented to the cells. Synthetic PEG-
hydrogels offer the advantage of allowing for specific binding sequences to be incorporated
at a specified density, independent of stiffness; however, PEG-hydrogels are amorphous and
lack the native fiber structures found within most tissues. Alginate offers the ability to
modulate stiffness in 3D, but it does not allow for cell migration because cells are unable to
remodel it [18]. Therefore, while a number of approaches have been developed to modulate
the stiffness of 3D culture, they each face limitations.

To develop and characterize 3D mechanically tunable scaffolds, we used non-enzymatic
glycation to stiffen naturally-derived collagen [23, 24]. Non-enzymatic glycation is a
process whereby proteins are crosslinked by reducing sugars such as glucose or ribose
through a sequence of chemical modifications known as the Maillard reaction [25, 26].
During non-enzymatic glycation, reducing sugars interact with amino groups on proteins to
form Schiff bases that can rearrange into Amadori products [27]. These Amadori products
subsequently form advanced glycation endproducts (AGE) that accumulate on proteins and
cause cross-link formation. A number of studies have utilized non-enzymatic glycation to
create stiffer collagen scaffolds with increased mechanical integrity by incubating
polymerized collagen gels with reducing sugar solutions [28, 29]. However, since an excess
of sugars create a hyperosmotic extracellular environment, this technique has been limited to
stiffening scaffolds prior to seeding cells onto the surface of the gels and does not allow
cells to be embedded within the ECM scaffold prior to gel polymerization. Notably, others
have used collagen gels glycated with glucose-6-phosphate post-polymerization to
investigate endothelial cell response [30]. However, the limitations of this system include
the inability to examine sparse cellular cultures and unclear effects to the collagen
architecture as a result of cell injection. By glycating the collagen prior to polymerization,
we are able to observe immediate spreading and migration effects or single cells or multi-
cellular aggregates without disruption of the collagen architecture.

In addition to the role of AGEs in modulating the mechanical properties of the extracellular
environment, some cells possess receptors for advanced glycation endproducts (RAGE) that
can influence intracellular signaling [31, 32]. Interestingly, the engagement of these
receptors on cells is thought to be a factor in a number of disease states including diabetes,
atherosclerosis, Alzheimer’s, cataracts, and cancer [33–37] and RAGE signaling has been
shown to affect endothelial cell responses [38].

Here, we glycate the collagen prior to polymerization, which allows for cell encapsulation at
the time of gelation [23, 24]. Using this technique, cells can be embedded within collagen
gels and the collagen density can be kept constant while mechanical stiffness is varied. We
characterized the fiber structure of glycated collagen gels and show that there exists a
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regime where stiffness can be increased 3-fold with only minimal changes in fiber
architecture and no change in collagen density.

To investigate the effects of changes in 3D matrix stiffness on cell behavior, we embedded
individual bovine aortic endothelial cells (ECs) or cellular spheroids in collagen of varying
stiffness. Our data indicate that both individual cell spreading and the growth of angiogenic
sprouts increase with matrix stiffness. We also found that even when the AGE/RAGE
interaction is inhibited, spheroid outgrowth increases with the stiffness of the matrix.
Together, our study describes a tractable method for modulating 3D matrix stiffness
independently of collagen structure, and using these materials, we demonstrate that matrix
stiffness in 3D plays a critical role in modulating endothelial cell behavior.

2. Materials and Methods
2.1 Cell Culture

2.1.1 EC Culture—Bovine aortic endothelial cells (ECs) were purchased from VEC
Technologies (Rensselaer, NY) and used until passage 12 as described previously [11].
Briefly, cells were fed every other day and grown to confluence at 37°C and 5% CO2 in
Medium 199 (Invitrogen, Carlsbad, CA) supplemented with 10% Fetal Clone III (HyClone,
Logan, UT) and 1% each of MEM Amino Acids (Invitrogen), MEM Vitamins (Medtech,
Manassas, VA), and penicillin-streptomycin (Invitrogen).

2.1.2 Spheroid Generation—ECs were suspended in complete Medium 199
supplemented with 0.25% Methocult (StemCell Technologies, Vancouver, BC, Canada) and
seeded at 10,000 cells/well in non-adherent 96-well round bottom plates (Costar, Corning
Incorporated, Corning, NY). Plates were centrifuged to pellet the cells and placed on an
orbital shaker at 37°C and 5% CO2 for 2 hours to facilitate spheroid formation. EC
spheroids were cultured for 2 days in the plates prior to embedding within collagen gels to
allow for spheroid compaction.

2.2 Preparation of Collagen Gels
2.2.1 Isolation and Non-enzymatic Glycation of Collagen—Type I collagen was
isolated from rat tail tendons (Pel-Freeze Biologicals, Rogers, AR) and extracted in 0.1%
sterile acetic acid (JT Baker, Phillipsburg, NJ) at 4°C. The resulting solution was centrifuged
to remove solids and the supernatant was lyophilized and then solubilized in 0.1% sterile
acetic acid to form 10 mg/mL stock solutions. As described previously, collagen stock
solutions were mixed with 0.5 M ribose to form glycated collagen solutions containing a
final concentration of 0, 50, 100, 150, 200, or 250 mM ribose in 0.1% sterile acetic acid and
incubated at 4°C for 5 days [23, 24]. Glycated collagen solutions were neutralized with 1 M
sodium hydroxide in 10X D-PBS buffer and mixed with HEPES (EMD Millipore, Billerica,
MA) and sodium bicarbonate (JT Baker) in 10X D-PBS (Invitrogen) to form 1.5 mg/mL
collagen gels with final concentrations of 1X D-PBS, 25 mM HEPES, and 44 mM sodium
bicarbonate.

2.2.2 Fluorescent Labeling of Collagen—Collagen was labeled with
tetramethylrhodamine isothicyanate (TRITC) (Invitrogen) as has been described previously
[39, 40]. Briefly, lyophilized collagen was mixed with 0.1 M, pH 9 sodium bicarbonate (JT
Baker) to achieve a final collagen concentration of 10 mg/ml. TRITC in DMSO was then
added at a 1:30 dilution to the collagen and allowed to react in the dark for 24 hours at 4°C.
The labeled collagen solution was then dialyzed extensively against 0.1% sterile acetic acid
using dialysis tubing with a 20,000 MW cutoff (Spectrum Laboratories, Inc, Rancho
Dominguez, CA).
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2.2.3 Cell and Spheroid Embedding—Isolated cells or spheroids were mixed with
neutralized collagen solutions. Collagen gels were allowed to polymerize at 37°C and then
overlaid with complete medium. Medium was changed at 1 hour and then every other day
during experiments. When investigating the effects of the receptors for advanced glycation
endproducts (RAGE) on spheroid outgrowth, a polyclonal anti-RAGE antibody (N-16, Santa
Cruz Biotechnology, Inc, Santa Cruz, CA) was added to spheroids to inhibit the interaction
of RAGE with AGE. The anti-RAGE antibody was added at 10 ug/ml in complete medium
to embedded spheroids after the spheroids had been incubated for a 1 hour with complete
medium. Spheroids treated with the anti-RAGE antibody were monitored over the course of
2 days for extension outgrowth [41–45]. In cases where isolated cells were not suspended
within the gel, an equivalent volume of complete medium was added to the gel to maintain
gel composition between experiments.

2.3 Collagen Polymerization Assay
The polymerization of collagen gels at 37°C was monitored by measuring the absorbance of
the collagen solutions every 3 minutes at 500 nm using a Synergy HT microplate reader
(BioTek, Winooski, VT). Polymerization curves were fit with a variable slope sigmoidal
dose-response curve and the slope of linear portion of the curve was reported as the fibril
formation rate (GraphPad Prism, GraphPad Software, Inc, La Jolla, CA).

2.4 Mechanical Testing of Collagen Gels
The equilibrium compressive modulus of collagen gels was quantified as described
previously [24]. Briefly, an Enduratec EL2100 frame (Bose, Eden Prairie, MN) with a 250-g
load cell was used to measure the resultant forces of 75 micron displacements on 6 mm ×
1.5 mm collagen gels in a confined compression chamber. A standard linear solid model of
viscoelastic behavior was used to fit the stress relaxation data by using the equation, σeq = A
(1 − e −t/τ) + B, where B is the instantaneous stress and A + B is the equilibrium stress, t is
time, and τ is the exponential time constant [24, 39]. The equilibrium modulus was
calculated as the slope of the linear region of the stress-strain curve. Similarly to other
studies of collagen gel mechanical properties, we assumed that the collagen gels were
isotropic and elastic [39, 46].

2.5 Cellular Proliferation Assay
ECs were suspended at 250,000 cells/ml of collagen and cultured for up to 3 weeks.
Collagen gels were collected at 0, 1, 2, 3 weeks and frozen at −20°C. The gels were digested
for 14 hours at 60°C with papain and the DNA content of the gels was quantified with a
Quant-iT PicoGreen dsDNA Kit (Invitrogen) using a Synergy HT microplate reader
(BioTek). Total DNA content per gel were normalized to DNA content at day 0 for each
experiment and then experiments were averaged (N=3).

2.6 Imaging
2.6.1 Confocal Reflectance Collagen Imaging—The internal structure of collagen
gels was visualized with confocal reflectance microscopy using a Zeiss LSM700 inverted
laser scanning confocal microscope (Carl Zeiss, Oberkochen, Germany). Samples were
illuminated with a 405 nm laser and optical slices 1 micron in depth were collected with a
long working distance water-immersion C-Apochromat 40×/1.1 NA objective (Carl Zeiss)
[47]. Image acquisition parameters were kept the same for all gels.

2.6.2 Image Autocorrelation Analysis—To compare the structural properties of the
collagen gels, an autocorrelation analysis was performed on the confocal reflectance
microscopy images [48, 49]. Briefly, each image was translated with respect to itself in all
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directions (2D) and the average length of intensity correlation between the images was
measured. The decay in the correlation between the images was used to determine the mean
characteristic length of features (collagen fibers) within the image. The mean characteristic
lengths were plotted for each image and coincide with the mean fibril length, the average
fibril distribution and the extent of bundling within the collagen gel.

2.6.3 Single Cell and Spheroid Imaging and Analysis—Isolated cells were imaged
on a Zeiss CSU-X1 (Carl Zeiss) spinning disc confocal and each z-stack was projected onto
a single plane using the ImageJ maximum intensity feature (ImageJ 1.44p, NIH). The
resulting 2D cellular images were used to quantify projected cell areas and perimeters (n =
138–148) [50–52]. Multi-cellular spheroids were imaged with brightfield on a Zeiss Axio
Observer Z1m (Carl Zeiss) and with fluorescence on a Zeiss LSM700 point scanning
confocal. Brightfield images of spheroids after 1 day in culture were compared to images of
the spheroids at the time of embedding and analyzed for the number and length of
extensions emanating from the spheroids (n = 18–23). Additionally, brightfield images were
used to quantify the area of both control spheroids (n = 17–18) and spheroids treated with
anti-RAGE antibody (n=16–23) over time. Control data sets of spheroid outgrowth were
collected independently.

2.6.4 Staining—Cells within collagen gels were fixed with 3.7% (v/v) formaldehyde in
PBS, permeabilized with 1% (v/v) Triton (JT Baker) in PBS, and stained for actin with
Alexa Fluor 488 phalloidin (Invitrogen) in PBS/1% (w/v) bovine serum albumin (BSA,
Sigma-Aldrich, St. Louis, MO) and for DNA with DAPI (Sigma-Aldrich) in purified
deionized water.

2.7 Statistics
Data were analyzed using a one-way analysis of variance (ANOVA) and Tukey’s Honest
Significant Difference test in JMP (SAS, v.8.0 and v.9.0) with statistical significance
considered as p<0.05. All values are expressed as the mean ± SEM.

3. Results
3.1 Non-enzymatic Glycation Affects Collagen Gel Mechanical and Structural Properties

The mechanical properties of collagen gels were modulated by incubating unpolymerized
collagen solutions with 0 – 250 mM ribose for 5 days prior to collagen neutralization and
polymerization. The equilibrium compressive modulus was measured by applying a 5%
stepwise strain to a confined collagen gel, measuring the resultant force, and fitting the data
to a standard linear solid model of viscoelastic behavior. Collagen gels polymerized after
non-enzymatic glycation have an increased equilibrium compressive modulus that varies
approximately linearly with ribose concentration (Fig. 1). Over the range of ribose
concentrations tested, the compressive modulus of the collagen gels increased approximately
4-fold (from ~175 Pa to ~730 Pa).

To investigate the effects of non-enzymatic glycation on collagen gel fiber architecture, the
gels were imaged with confocal reflectance and fluorescence microscopy. Collagen
solutions glycated with 0 – 100 mM ribose form gels that have qualitatively similar fiber
distributions and arrangements; whereas collagen solutions treated with 150 – 250 mM
ribose form gels with larger, more prominent collagen fibers when imaged either confocal
reflectance (Fig. 2a) or fluorescence microscopy (Fig. 3). To further characterize the fiber
architecture of the glycated collagen gels, an image autocorrelation analysis was performed.
The autocorrelation mean radius is a measure of the size over which fibril structures persist
in the image. The autocorrelation data indicated that collagen gels treated with 0 – 100 mM
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ribose have similar fibril sizes and arrangements, while higher ribose concentrations
generate populations of larger fibrils in confocal reflectance images (Fig. 2b).

Because differences in fiber structure have been shown previously to be correlated with
differences in polymerization dynamics [53, 54], the effects of non-enzymatic glycation on
collagen gel polymerization dynamics were investigated with an absorbance assay. During
polymerization, collagen fibril formation causes an increase in opacity that can be directly
measured by absorbance. Collagen polymerization dynamics can generally be described by
three stages and correspond to a sigmoidal curve that are observed with the absorbance
assay: the nucleation phase is denoted by the toe region of the curve, the fibril formation
phase is denoted by the linearly increasing portion of the curve, and the fibril stabilization
phase is denoted by the plateau region of the curve. Non-enzymatic glycation increased the
nucleation time of collagen fibril formation (Fig. 4a). Notably, the rate of fibril formation
showed a comparable trend to the autocorrelation data and was very similar for collagen
incubated with 0 – 100 mM ribose and was significantly altered for collagen solutions that
had been treated with 150 – 250 mM ribose (Fig. 4b). These results indicate that the extent
of glycation can alter the polymerization dynamics of collagen gels.

3.2 Endothelial Cell Viability and Proliferation in Glycated Collagen Gels
To evaluate the effect of collagen glycation on cell proliferation, ECs were embedded within
collagen gels, and DNA content was quantified at 0, 7, 14, and 21 days. ECs remained
viable and proliferated at similar levels within glycated collagen gels and controls during the
3 week proliferation assay (Fig. 5). These results indicate that collagen glycation prior to gel
polymerization does not alter EC proliferative potential and that the cells remain viable
within the gel.

3.3 Changes in 3D Matrix Stiffness Increase Cell Spreading
Studies using 2D planar substrates have reported that increased matrix stiffness results in
increased cell spreading [55]. To assess whether modulating collagen stiffness
independently of collagen organization caused cellular morphological changes in 3D
matrices, ECs were embedded within collagen gels that had been glycated with 0 – 100 mM
ribose and imaged with confocal microscopy. Ribose concentrations ranging from 0 – 100
mM were chosen because our data indicate that the structure of the collagen is only
minimally altered (Fig. 2 and Fig. 3) while the compressive modulus increases from ~175 to
~515 Pa (Fig. 1). ECs appeared well-spread with an elongated morphology and displayed
defined actin fibrils in each stiffness condition studied (Fig. 6a). Interestingly, EC projected
area and perimeter were both significantly increased as a function of matrix stiffness (Fig.
6b–c), indicating that stiffness is a mediator of cell spreading in 3D matrices.

3.4 Increased Matrix Stiffness Enhances Spheroid Outgrowth
Our lab has previously shown that endothelial cell network formation can be modulated by
both matrix stiffness and ligand density in 2D [11]. To investigate whether endothelial
sprouting is altered by collagen stiffness in 3D, EC spheroids were embedded within
glycated collagen and the formation of sprouts from the spheroids was monitored over
several days. Notably, increasing the stiffness of the collagen visibly altered the morphology
of the outgrowths emanating from the spheroids (Fig. 7a). While spheroids in all gels
displayed a robust sprouting response, those cultured within the softer gels had fewer
extensions that appeared to be less branched than the spheroids cultured within the stiffer,
glycated gels. After only one day, spheroids within the stiffest collagen gels (100 mM
ribose), had a 2-fold increase in the total extension length per spheroid and a 1.5-fold
increase in the average number of extensions per spheroids when compared to spheroids
cultured within the soft collagen gels (0 mM ribose) (Fig. 7b–c). Additionally, spheroids in

Mason et al. Page 6

Acta Biomater. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



the stiffest collagen gels (100 mM ribose) had a significantly larger projected area during the
entire 5 day analysis period than those in soft gels (0 mM ribose) (Fig. 7d). These data
indicate that 3D matrix stiffness altered endothelial sprouting dynamics. To determine if the
differences in extension morphology persisted in long-term spheroid culture, EC spheroids
were embedded and grown for 8 days. The resulting sprouts were stained for actin and DAPI
and imaged using confocal microscopy (Fig. 8). The morphology of spheroid outgrowth
remained altered dependent upon collagen stiffness. To investigate the effects of AGE/
RAGE signaling relative to stiffness on spheroid outgrowth, RAGE were inhibited with an
anti-RAGE blocking antibody [41]. Notably, although the overall spheroid outgrowth was
decreased with anti-RAGE treatment when compared to controls, the EC spheroid
outgrowth remained significantly increased in the stiffer collagen gels at day 2 (Fig. 9).

4. Discussion
While numerous studies have investigated the role of matrix stiffness in mediating cell
behavior on 2D substrates, much less is known about cell response to matrix stiffness in 3D
matrices. Here, we describe and characterize a method to modulate the 3D stiffness of
native, fibrillar collagen matrices while only minimally altering the inherent fiber structure,
without the addition of synthetic materials. Using non-enzymatic glycation, collagen gel
stiffness can be increased 3-fold while only minimally changing the fiber architecture.
Further, the method described permits isolated cells or multi-cellular spheroids to be
embedded within the glycated collagen gels during polymerization so that the resulting
cellular response to 3D stiffness can be studied. Our data indicate that increasing the
collagen gel modulus from ~175 Pa to ~515 Pa causes changes in cell spreading and
dramatic differences in the morphology of endothelial sprouts from spheroids. These results
demonstrate the utility non-enzymatic glycation to alter 3D matrix mechanics with minimal
changes in collagen fibril organization so that cell response to 3D changes in matrix stiffness
can be studied.

Methods to glycate collagen have been explored previously in the literature. Several reports
have described methods to glycate collagen gels once they have been polymerized [28, 29]
or to adsorb glycated collagen to glass or plastic [56]. However, neither of these methods
allow for cells to be embedded within the collagen. Other studies have reported glycating
collagen gels prior to polymerization [23, 24, 57], however it was not clear what effect the
process of glycation was having on the fiber architecture. Because fiber architecture is
known to alter cell behavior [58], it is important to develop scaffolds where it is possible to
control stiffness without altering fiber diameter or distribution. Here, we identify a range of
ribose concentrations where stiffness can be increased with minimal changes to fiber
architecture. Our data show that collagen glycated with 0 – 100 mM ribose exhibits a
compressive modulus that varies over three fold (~175 Pa to ~515 Pa) (Fig. 1) without
significant changes to the fibril formation rates or fiber arrangements. At higher
concentrations of ribose (150 – 250 mM), the compressive modulus of the gels increases,
but a change in the fibril length (Fig. 2 and Fig. 3) and a decrease in the rate of gel
polymerization (Fig. 4) also occur. Therefore, while glycation can tune the modulus of
collagen by 4-fold, the changes in modulus that can be controlled while not producing
statistically significant changes in fiber architecture fall within a narrower range. It is
important to note the ligand availability and pore size can also affect cell behavior, although
we did not directly test for these parameters here.

Notably, the changes in fiber architecture due to glycation (Fig. 2 and Fig. 3) coincide with
changes in the polymerization dynamics (Fig. 4) of collagen treated with varying
concentrations of ribose. Polymerization rate has been shown to affected by a number of
other parameters as well, including pH [59], temperature [60, 61], and the presence of ions
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[62], where pore structure and fiber length and diameter are also altered. These results
suggest that the polymerization rate of the collagen gels may be responsible for the changes
in the fiber architecture we observe for collagen incubated with high concentrations of
ribose. Further modulation of the polymerization kinetics using temperature or pH may
allow for the formation of highly glycated collagen gels that resemble the architecture of
gels glycated with 0 – 100 mM ribose.

While stiffness has been shown to modulate numerous cellular behaviors, these reports are
largely based on studies using 2D substrates. It is not clear how results based on the use of
2D substrates translate into behaviors in 3D. In previous work, we showed that changes in
substrate stiffness resulted in changes in cell spreading [55]. Our data using 3D glycated gels
indicate that, similar to our results obtained in 2D cultures, endothelial cells increase their
spreading due to increased matrix stiffness. Unlike many studies using 2D substrates, we
find no change in endothelial cell proliferation rates in 3D due to stiffness (Fig. 5). These
results may be attributed to the complex relationship of cell division with spreading and
matrix deposition, degradation, and remodeling in 3D matrices [63, 64]. However, just as
cell response to matrix stiffness on 2D substrates has been found to be cell-type specific
[65], it is likely that cell response in 3D matrices is also cell-type specific and should be
further investigated.

In our study, we observed a significant increase in cellular spreading and extension
formation with increasing matrix stiffness almost immediately (within 24 hours) after the
individual cells and multi-cellular spheroids were embedded (Fig. 6 and Fig. 7) and these
effects persisted throughout the entire course of our culture (8 days) (Fig. 8). Interestingly,
work by Francis-Sedlak et al. reported a transient and opposite response to matrix stiffness
when human umbilical vein endothelial cell aggregates were injected into gels glycated with
glucose-6-phospate post-polymerization [30]. A number of differences in experimental
design could attribute for these discrepancies including the density of the collagen matrices,
cell type, or methods of glycation and cellular embedding. Additionally, collagen glycation
has been shown to decrease adherent cell adhesion and mechanotransduction by modifying
integrin binding sites [56, 66–68]. Interestingly, we found that spheroids and isolated cells
within the stiffer, glycated matrices have increased extension outgrowth and spreading when
compared to those in non-glycated matrices (Figs. 6–8). While we did not directly
investigate cell adhesion in our study, our findings suggest that, if glycation in our system
does decrease ligand availability, endothelial cells within glycated matrices integrate
mechanical cues and increase their spreading even if cell adhesion is disrupted when
compared to the non-glycated matrices. Others have also shown that increasing the amount
of non-enzymatic glycation cross-linking decreases the degradability of matrices [30, 69,
70]. It is notable that we saw the most spheroid outgrowth in the stiffest, least degradable,
and least adhesive collagen matrices (Fig. 7). Future studies should elucidate whether our
results are universal responses for all endothelial cell sources or specific to bovine aortic
endothelial cells and further experiments should be performed to determine the relative
effects of matrix density, glycation, and matrix degradation on cell outgrowth and function
in collagen matrices.

In vivo, the cross-linking of matrix proteins via non-enzymatic glycation is a slow process
that occurs naturally, resulting in AGE cross-links that cause tissue stiffening with age.
Cross-link accumulation is accelerated in diseases where blood sugar levels are not well-
regulated such as diabetes [69–71]. Glycation has the most profound effect on components
within the body that have a low turnover rate, including collagen [70]. Tissues including the
vasculature [72], bone [73], cornea [74], and skin [75] and diseases such as Alzheimer’s
[76], rheumatoid arthritis [77], and end stage renal disease [78] have all been associated with
the formation of glycation cross-links. In this study we have shown that collagen gel
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stiffness alters spheroid outgrowth when the AGE/RAGE interaction is inhibited (Fig. 9).
Notably, spheroid outgrowth decreased in RAGE inhibited spheroids when compared to
control spheroids in matrices of the same stiffness, suggesting that the presence of the AGE/
RAGE interaction may play a role in promoting extension formation and outgrowth. The
concentrations and experimental time points we chose were similar to other studies using
anti-RAGE antibodies for blocking [41–45], however it is not clear if the antibody
completely blocks the interaction between AGE/RAGE at the concentrations used. To
determine the relative roles of chemical versus mechanical changes due to glycation,
additional experiments are required and are an interesting area of future work given the
effects of glycation on many major tissues in the body. Better models using collagen
glycation may not only enable a greater understanding of how matrix stiffness affects cells
in 3D but also how glycation can promote disease.

In both solid tumor growth and diabetes, tissues tend to stiffen [72, 79] and, in both disease
states, angiogenesis is perturbed and vessels tend to be malformed and present abnormally
[80, 81]. Our results suggest that the stiffening of the matrix may be one mechanism which
causes changes in the quantity and organization of blood vessels. In our study, differences in
the number of extensions per spheroids were measurable as early as one day after
embedding (Fig. 7) indicating that the cells were integrating the stiffness cues into their
behavior in the early stages of extension formation. Notably, the morphological differences
in the extensions with stiffness were maintained throughout the entire length of culture
indicating that matrix stiffness likely plays a key role in angiogenesis.

5. Conclusions
The study describes a tractable technique for modifying collagen stiffness independently of
gel density and fiber structure. By glycating the collagen while in solution, we were able to
embed cells within collagen matrices to examine the effects of 3D stiffness on individual-
and multicellular behaviors. These changes in stiffness significantly altered endothelial cell
morphology and 3D sprouting from spheroids, indicating that the 3D mechanical
environment is an essential mediator of cellular response. In the future, non-enzymatic
glycation could be used to study the effects of extracellular matrix stiffness on a range of
cell types that have previously been shown to be influenced by changes in matrix stiffness in
2D systems such as neurons [4], stem cells[6], and vascular smooth muscle cells [2].
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Figure 1.
Collagen gel mechanical properties. The equilibrium compressive moduli of 1.5 mg/mL
collagen gels were measured by confined compression testing. Data presented as mean ±
SEM
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Figure 2.
The effects of non-enzymatic glycation on collagen fibril arrangement and organization. (a)
Confocal reflectance microscopy was used to image the collagen gels formed from solutions
that had been incubated with 0, 50, 100, 150, 200, or 250 mM ribose. (b) Collagen fiber
organizations were compared using the image autocorrelation mean radius. Scale is 20 μm
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Figure 3.
The effects of non-enzymatic glycation on fluorescently-labeled collagen fibril arrangement.
TRITC-labeled collagen was incubated with 0, 50, 100, 150, 200, or 250 mM ribose and
imaged with fluorescence microscopy. Scale is 20 μm
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Figure 4.
The effects of non-enzymatic glycation on the polymerization dynamics of collagen. (a)
Collagen polymerization dynamics were measured as a function of ribose concentration
based on absorbance readings at 500 nm during polymerization. (b) The fibril formation
rates of glycated collagen polymerization were found by fitting a sigmoidal curve to the
polymerization data in (a) and reporting the slope of the linear section of the curve. Data
presented as mean ± SEM
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Figure 5.
Endothelial cell proliferation within glycated collagen gels. ECs were embedded within
collagen gels that had been glycated with 0, 50, 100, 150, 200, or 250 mM ribose. Cellular
viability and proliferation was assessed by measuring the DNA content of gels at 0, 7, 14, or
21 days.
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Figure 6.
Single cell response to matrix stiffness. Isolated ECs were embedded within collagen gels
formed from solutions that had been incubated with 0, 50, or 100 mM ribose. Cells were
allowed to spread for 24 hours and then were fixed and stained for actin. (a) ECs were
imaged using confocal microscopy and the projected cell (a) area and (b) perimeter were
determined. Data presented as mean + SEM, * indicates p<0.05, Scale is 20 μm
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Figure 7.
Angiogenic outgrowth response to matrix stiffness. Multi-cellular spheroids were embedded
within collagen polymerized from solutions treated with 0, 50, or 100 mM ribose. (a)
Spheroids were imaged using brightfield microscopy at 0, 1, and 2 days after embedding. (b)
The total length of extensions and (c) the average number of extensions per spheroid were
measured at day 1. (d) The projected spheroid area, including the extensions, was measured
over the course of 5 days. Data presented as mean + SEM, * indicates p<0.05, Scale is 200
μm
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Figure 8.
Long-term angiogenic outgrowth response to matrix stiffness. Multi-cellular spheroids were
grown in collagen gels polymerized form solutions treated with 0, 50, or 100 mM ribose for
8 days. Spheroids were fixed and stained for actin and DAPI and imaged using confocal
microscopy. Scale is 200 μm
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Figure 9.
The effects of RAGE inhibition on spheroid outgrowth. Multi-cellular spheroids were
embedded within collagen polymerized from solutions treated with 0 or 100 mM ribose and
fed at 1 hour with either complete media with or without 10 μg/ml anti-RAGE blocking
antibody. (a) The projected spheroid areas were measured at days 0, 1, and 2 after
embedding. Data presented as mean + SEM, * indicates p<0.05

Mason et al. Page 22

Acta Biomater. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


