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Abstract

Architecture and microstructure of type | collagen fibers constitute central regulators of tumor
invasion with aligned fibers providing a route for migration of stromal and cancer cells. Several
different aspects of fibrillar collagen, such as stiffness, density, thickness, and pore size, may
regulate migration of cancer cells, but determining effects of any one parameter requires clear
decoupling of physical properties of collagen networks. The objective of this work is to develop
and apply an in vitro three-dimensional (3D) tumor-extra cellular matrix (ECM) model with
tunable physical parameters to define how stromal fibroblasts modulate collagen microstructure to
control migration of breast cancer cells. We incorporated two different types of polyhedral
oligomeric silsesquioxane (POSS) nano-molecules into a collagen/alginate matrix to induce
different mechanisms of gelling. The resultant biomimetic, nanocomposite hydrogels show
different collagen fibrillar microstructures while maintaining constant overall matrix stiffness,
density, and porosimetry. Spheroids of human mammary fibroblasts embedded in these 3D
matrices remodel the collagen network to varying extents based on differences in underlying
matrix microstructures. The remodeled collagen matrix shows oriented, thicker fibrillar tracks,
facilitating invasion of tumor cells. By decoupling effects of matrix stiffness and architecture, our
nanocomposite hydrogels serve as robust platforms to investigate how biophysical properties of
tumor environments control key processes regulating tumor progression in breast cancer and other
malignancies.
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1. Introduction

Fibrillar collagen, the major component of the extracellular matrix (ECM) in breast cancer
and many other malignancies, increasingly is recognized as a central regulator of tumor
initiation and progression. Increased density of breast tissue on mammograms due to
deposition of fibrillar collagen significantly increases risk for breast cancer with aggressive
features.[1] During tumor progression, breast cancer associated fibroblasts and cancer cells
remodel architecture and alignment of collagen at the tumor margin, which investigators
have classified as tumor-associated collagen signatures (TACS).[2] The most advanced form
of remodeling, characterized by straightened collagen fibers aligned perpendicular to the
tumor margin, correlates with greater local invasion, local recurrence, metastasis, and death
from breast cancer.[3-5] Adverse outcomes occur at least in part because breast cancer cells
preferentially migrate along radially aligned collagen fibers at the interface of the primary
tumor to invade adjacent normal tissue.[6]

To elucidate effects of collagen structure and alignment on tumor progression, investigators
have designed a large number of 3D culture systems to model effects on invasion of cancer
cells. Studies have focused on several biophysical parameters of collagen, including
stiffness,[7] density,[8] fiber thickness,[5] and pore size.[3] Identifying effects of any one
parameter on invasion poses substantial challenges because of close interrelationships
among these physical properties. Increased density of collagen usually leads to alterations in
fiber thickness, pore size, and stiffness. Identifying how specific biophysical properties of
ECM controls tumor initiation and progression has potential therapeutic benefits, as
interventions targeting ECM properties reduce invasion of cancer cells in pre-clinical
models.[9-11]

Cancer-associated fibroblasts (CAFs), a major component of tumor stroma, remodel ECM as
one mechanism to drive local invasion and metastasis.[12] CAFs not only secrete and align
fibronectin but also exert traction forces on collagen fibers to promote directional migration
of cancer cells.[13, 14] We have previously shown that human mammary fibroblasts (HMFs)
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lead migration of cancer cells out of multicellular tumor spheroids into a surrounding
hydrogel, following a migration path perpendicular to the spheroid surface.[15] However,
analyzing how interactions between fibroblasts and different collagen structures control
ECM remodeling and tumor invasion remains challenging because existing methods restrict
the ability to precisely control microstructure of collagen hydrogels.

To overcome limitations of existing hydrogel technologies, we investigated effects of
incorporating polyhedral oligomeric silsesquioxanes (POSS) nano-molecules into a
collagen-alginate hydrogel. This approach builds on recent successes combining hydrogels
with a variety of different nanomaterials, generating nanocomposite materials with enhanced
physical properties and functionalities.[16] POSS molecules have been widely used as a
nanofiller in the polymer industry. A POSS cage (1.5 nm) is comparable to the dimensions
of the linear polymer.[17] This feature enables POSS to control motions of polymer chains
at the molecular level, enhancing physical properties such as temperature and oxidation
resistance, dimensional stability, reduction in flammability, and mechanical properties of the
reinforced polymer.[18] POSS-based materials are non-toxic and biocompatible.[19]
Nevertheless, applications of POSS-based materials as hydrogels for 3D cell culture have
not been reported previously. In this study, we employed two different POSS nano-
molecules, trisilanolisobutyl-POSS (TSB POSS), and PEGylated-POSS (PEG POSS), to
create well-controlled collagen network architectures without altering overall gel stiffness,
collagen density, or macro-pore structure. Rheological tests demonstrated that TSB POSS
acted as a cross linker to enhance collagen gelation, while PEG POSS functioned as a
physically dispersed filler preventing inherent agglomeration of collagen. The two different
gelling mechanisms of these nanocomposite hydrogels provide an approach to decouple
fibrillar architecture of collagen from confounding parameters such as stiffness and mass
density. We used these hydrogel systems to investigate interactions of mammary fibroblasts
with different collagen networks to regulate migration of breast cancer cells. This study
demonstrates the potential to generate user-defined, biomimetic ECM environments to
analyze how physical aspects of tumors control tumor migration and invasion.

Materials and Methods

POSS nanocomposite hydrogel preparation

We prepared hydrogels as previously described.[15] Briefly, we mixed collagen type |
(Cat#50201, Ibidi) with an alginate stock solution (alginic acid sodium salt Cat#A1112,
Sigma), in 10x DMEM. We adjusted to neutral pH and then mixed the solution with cell
culture medium (with or without live cells and spheroids). We then added either POSS or
CacCls, solution to achieve a final concentration of 3 mg/ml collagen and 5 mg/ml alginate.
For SEM, compression testing, and porosimetry characterization, we prepared gels with
different concentrations of PEG POSS or TSB POSS (0, 0.1%, and 1%). We prepared gels
with 1% POSS for culturing cells and tumor spheroids. After mixing with POSS, we cured
gels in a humidified tissue culture incubator with 5% CO, for 20 minutes at 37 °C and then
added fresh cell culture medium on top.
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Mechanical compression test

We measured compressive elastic moduli of POSS incorporated gels as previously
described.[15] Briefly, we prepared cylindrical gel samples with a diameter of 3 mm and
thickness of 1 mm and compressed the hydrogels with a MicroSquisher (CellScale,
Waterloo, Canada) in a water bath. We determined the compressive modulus from the slope
of the linear region on the stress-strain curve (n = 8 samples per condition).

Porosimetry characterization

We performed mercury intrusion tests, including both low pressure (0.5 — 30 psi) and high
pressure (30 — 180 psi) analyses on lyophilized hydrogel samples using a MicroActive
AutoPore V 9600 porosimeter (Micromeritics Instrument Corporation, Norcross, GA) as
described previously. [15] All curves shown in Figure 2(a-b) are representative of 3 averaged
tests.

Microstructure examination

We obtained SEM images of lyophilized hydrogel samples using an AMRAY 1910 field
emission scanning electron microscope at 15 kV.

Fibrillar collagen characterization

We performed SHG imaging on Olympus FVMPE-RS two photon microscope with Insight-
DS+ laser (Spectra-Physics, Irvine, CA) and 25x NIR corrected objective
(XLPLN25XWMP, NA=1.05, Olympus, Tokyo, Japan). We used 880 nm for excitation and
collected emitted light at 460 nm. We exported SHG images to Imaris software for image
segmentation and data analysis. Briefly, we created a binary mask channel based on the
original SHG image (Figure S5a) from which we created a 3D surface (Figure S5b). We then
used the 3D surface to build filaments (Figure S5c¢) that reconstructed the original SHG
channel. To quantify fragments of fibers, we segmented a 30 um x 30 pm x 30 um cubic ROI
of hydrogel and plotted data for each collagen fiber by diameter (x-axis) and volume (y-
axis). The color bar denotes fiber diameter. We quantified alignment of collagen fibers by
segmenting 8 different 500 pm x 200 pm x 200 um cubic ROIs by rotating the raw image
45° each time to quantify 4 ROIs on horizontal and vertical axes and 4 ROIs on diagonal
lines (Figure S6a). We determined the orientation angle for each filament based on the x-y
axis, where horizontal indicated 0 or 180° (Figure S6b). We plotted the orientation angle of
each fiber versus volume the with color bar indicating fiber length. For each measurement
we processed 3 images from 3 biological samples to perform statistical analysis. The
supplement contains additional details for details image segmentation and quantification.

2.6. Rheology testing

We measured the rheological characteristics of POSS incorporated hydrogels by performing
a temperature sweep using a Modular Compact Rheometer MCR-302 (Anton Paar, Ashland,
VA) equipped with 25 mm parallel plate-plate geometry. We set the gap between two plates

as 1 mm. Before starting a temperature ramp, we set the system to 0 °C and let each sample

equilibrate for 20 minutes, followed by a pre-oscillation step while the temperature quickly

elevated from 0 to 4 °C. We then started a temperature sweep from 4 to 38 °C at a ramp
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speed of 5 °C/min, shearing the sample at a frequency of 1 Hz and 5% strain. We tested 3
samples for each condition for statistical analysis and plotted the average in Figure 5.

2.7. Cell culture

We cultured all cells in DMEM with 10% fetal bovine serum and 1% added penicillin/
streptomycin/glutamine in a humidified 37 °C tissue culture incubator with 5% CO2. MDA-
MB-231 human breast cancer cells (obtained from the ATCC and verified by short tandem
repeat profiling) with LifeAct-GFP protein or unfused GFP have been described previously.
[20-23] We previously described HMFs (gift of Dr. Daniel Hayes, University of Michigan)
stably immortalized with a viral vector co-expressing telomerase and GFP [24], we added
mCherry to these HMFs to distinguish them by dual-color fluorescence (GFP and mCherry).

2.8. Preparation of HMF spheroids

We prepared spheroids with HMFs as previously described.[23] Briefly, we added 3x103
cells in 20 pl culture medium to 384-well low volume, non-adhesive, round bottom plates
(#3676; Corning Inc., Corning, NY) and cultured cells for 48 hours before embedding in
gels.

2.9. Fluorescence microscopy

We captured all microscopic images of cells and spheroids with an upright Olympus
FVMPE-RS two photon microscope with Insight-DS+ laser (Spectra-Physics, Irvine, CA)
and 25% NIR corrected objective (XLPLN25XWMP, NA=1.05, Olympus, Tokyo, Japan).
We used 920 nm excitation for GFP and 1040 nm excitation for red fluorescent proteins,
collecting emitted light in green (495-540 nm) and red (575-630 nm) channels, respectively.
To limit signal attenuation throughout 300 um stacks (6 um step size), we adjusted laser
transmission to the sample and detector gain to maximize signal per slice. To capture
invasion from spheroids, we stitched images with a resolution of 1024x1024 to show the
entire field. We used the same acquisition parameters for all spheroids compared within a
single experiment.

2.10. Quantification of spheroid invasion distance

We defined the margin of invasion as the circular outer edge of the radial migration of cells
from spheroids. To quantify invasion in Figure 6(d), we took the invasive margin of HMFs in
gels as a circle and then measured the diameter using CellSens software (Olympus, Tokyo,
Japan). For each condition, we measured 6 spheroids and repeated experiments with 3
independent replicates of cells to achieve statistical significance.

2.11. Statistical analysis

We report all statistics as means * standard deviation. We used ANOVA tests followed by
the Tukey test for post-hoc pairwise comparisons.
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3. Results and discussion

3.1.

3.2.

Mechanical properties of POSS nanocomposite hydrogels

We prepared five different pre-gel solutions including control, 0.1% TSB POSS, 1% TSB
POSS, 0.1% PEG POSS, and 1% PEG POSS and incubated each at 37 °C for 2 hours to
form hydrogels for compression testing. Figure 1 shows the compressive stiffness of
nanocomposite hydrogels with TSB or PEG POSS with concentrations of 0.1% and 1%,
respectively. Incorporation of POSS reinforces the matrix by increasing gel stiffness, and gel
stiffness increases with POSS concentration. The compression modulus of the hydrogel
increased approximately 45% even with addition of only 0.1% TSB POSS. With 1% POSS,
the TSB and PEG POSS gels showed increases of 75% and 60%, respectively, relative to
control.

Measurement of hydrogel stiffness is complex, and several approaches and mathematic
models have been developed.[25, 26] All hydrogels in our compression tests exhibited full
elastic recovery at a strain up to 30%. Although POSS nano-molecules have been widely
applied as nanofillers in the polymer industry, the use of POSS-based nanocages for
reinforcement of collagen/alginate hydrogels has never been explored in the literature. From
Figure 1, both 1% PEG POSS and 1% TSB POSS nanocomposite hydrogels possess a
similar compressive stiffness around 4 kPa present in tumors, similar to the hydrogel cross-
linked with 7.5 mM CacCl, as we reported previously.[15]

Porosimetry of POSS enhanced hydrogel

Figure 2(a) shows the cumulative pore area of POSS nanocomposite gels. As compared with
the control gel, POSS nanocomposite hydrogels showed reduced cumulative pore area in the
small pore size region (less than 10 pm). Pore size distribution in Figure 2(b) further
confirmed this finding, where the control gel showed higher intrusion volume in the region
of 3 —10 pum than other curves. For all POSS gels, the majority of pores ranged from 100 to
130 pm with the PEG POSS gel showing a wider peak than the TSB POSS gel.

We detected no significant difference in pore size distribution and cumulative pore area
between 0.1% and 1% TSB POSS gel samples. Conversely, increasing concentration of PEG
POSS from 0.1% to 1% significantly affected porosimetry of the hydrogel matrix. The
cumulative pore area of the 1% PEG POSS gel showed a nearly linear curve versus pore size
diameter, indicating homogeneous dispersion of PEG side chains along with collagen fibers.
The 0.1% PEG POSS gel showed reduced slope and reached plateau at a small pore size
region (pore size < 10 pm), consistent with the lack of small pores.

Figure 2 (c) summarizes average pore sizes, median pore sizes according to pore area, and
pore volume. We identified no significant difference in all three parameters between 0.1%
and 1% TSB POSS gels, while the 0.1% PEG POSS hydrogel showed significantly higher
values for all three parameters than the 1% PEG POSS gel. In addition, the 1% TSB POSS
hydrogel had higher average and median pore size according to pore area than the 1% PEG
POSS hydrogel. This result agreed with the cumulative pore area curves shown in Figure
2(a), where the 1% TSB POSS gel had higher cumulative pore area in a large pore size
range. The median pore size according to volume of 1% TSB POSS, however, did not differ
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significantly from that of 1% PEG POSS. These data were consistent with the pore size
distribution curve shown in Figure 2(b), as both gels showed similar peaks. Porosities of
POSS nanocomposite hydrogels are shown in Figure 2(d), where 1% TSB POSS gel showed
significantly higher porosity than the 1% PEG POSS gel. Note incorporation of either 0.1%
TSB or PEG POSS into the hydrogel matrix did not significantly alter porosity, and the large
error bars indicate variation due to the small amount of POSS addition.

We have published the porosimetry of calcium cross-linked collagen/alginate hydrogels
using the same MIP approaches.[15] The median pore size according to volume, average
pore size, and median pore size according to area of the 7.5 mM CaCl, hydrogel were 100
pum, 50 pum, and 30 pm, respectively. These values were slightly smaller than the 1% TSB
POSS hydrogel and larger than the 1% PEG POSS hydrogel. The porosity of 7.5 mM CaCl,
gel was 92.6+6.12%, which did not differ significantly from the 1% TSB POSS gel
(92.1£1.78%) but was significantly higher than the 1% PEG POSS gel (79.6+0.98%).
Therefore, the 7.5 mM CaCl, hydrogel possessed similar stiffness and porosimetry to the
1% TSB POSS hydrogel. Although the 1% PEG POSS hydrogel exhibited the same stiffness
as the other two, this hydrogel showed reduced pore size and porosity.

3.3. Microstructure of POSS nanocomposite hydrogel

Figure 3 shows SEM images of nanocomposite hydrogels with TSB POSS or PEG POSS.
Our previous study demonstrated that the microstructure of collagen/alginate matrix
possessed cross- linked collagen fibers as frame, where alginate flakes attached and
aggregated to form curved sheets (by calcium crosslinking).[15] In this study, compared
with the control hydrogel that exhibited random distribution of collagen fibers with uncross-
linked alginate flakes, POSS incorporated hydrogels showed clearly uniform microstructures
with defined pore geometry and well-distributed pore size.

The 0.1% TSB POSS incorporated gel showed denser, more circular-shaped pores than the
0.1% PEG POSS gel. As compared with the 0.1% TSB POSS gel, the 1% TSB POSS gel
showed a less uniform pore structure where larger curved alginate sheets formed and
dominated the structure. Potentially, these differences occurred because POSS molecules
also interacted with the alginate matrix by weak bonding forces such as hydrogen bonding.
[17] From Figure 2 there was no significant difference in porosimetry between 0.1% and 1%
TSB POSSs, indicating that 1% TSB POSS resulted in some excess nanoparticle in the gel
system that did not contribute to the primary pore structure. Since TSB POSS is not water
soluble, as the ethanol solvent evaporated during gelation, the excess amount of TSB POSS
formed small aggregates (small white triangle shown in the 5000X SEM image of 1% TSB
POSS gel). These aggregates attached to the alginate sheets, which also facilitated
aggregation of alginate flakes and led to the secondary structure shown in Figure 3.

The incorporation of 0.1% PEG POSS changed microstructure of the hydrogel without
altering stiffness. The 0.1% PEG POSS gel showed larger pore sizes than the control gel at
all three magnifications, which further confirmed the pore size characterization in Figure
2(c-d). The 0.1% PEG POSS gel showed more circular shaped pores compared with the 1%
PEG POSS hydrogel.
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In general, POSS molecules display better dispersion into a polymer matrix than other
common nanoparticles (carbon nanotubes, nanoclays) since PEG POSS is water soluble and
TSB POSS is soluble in ethanol. From Figure 2(a) the POSS nanocomposite hydrogels
showed smaller cumulative pore area in the small pore size region (less than 10 um) than the
control hydrogel, consistent with less small pores in these nanocomposite gels. This result
agreed with high magnification (5000X) SEM images shown in Figure 3, where only the
control gel showed small pores made of a collagen fiber network. The microstructure of
hydrogels significantly affects mechanical properties as well as growth of cells, therefore
biomedical applications require a uniform gel structure.

3.4. Collagen fibrillar architecture

We used two-photon microscopy with second harmonic generation (SHG) imaging to
analyze architecture of hydrated gels. We focused on comparing 1% TSB POSS and 1%
PEG POSS nanocomposite hydrogels with the 7.5 mM CaCl, gel because 1) these gels have
similar overall stiffness; 2) the matrix contains the same mass density of collagen; and 3) the
1% TSB POSS gel possesses similar porosity to a 7.5 mM CaCl, hydrogel and similar
median pore size by volume to the 1% PEG POSS hydrogel. Figure 4(a) shows the
microstructure of fibrillar collagen in each gel. The 1% PEG POSS nanocomposite hydrogel
showed thinner fibers and smaller sizes of pores, while the CaCl, hydrogel showed thicker
fibers and larger pore sizes. These findings were consistent with the porosimetry
measurements in Figure 2. The 1% TSB POSS gel showed an intermediate appearance with
fiber thickness between that of the 1% PEG POSS and CaCl, hydrogels.

We then quantified fibrillar collagen in each gel using 3D image segmentation, which
pseudocolored each segmented fiber according to its thickness and generated a map of fiber
thickness versus volume for each hydrogel (Figure 4(a)). We defined the fibrillar collagen
volume as the volume of segmented collagen fiber fragment. Combining the quantified
volume and diameter, the shape of fibrillar collagen can be more easily visualized. We
further quantified average fiber thickness and volume in Figure 4(b-c). From these
measurements, 43.7% of fibers in the 1% PEG POSS nanocomposite hydrogel distributed in
the 0.5 — 0.6 um range with only 2.2% of fibers exceeding a diameter of 0.8 um or volume
above 3.0 um3. By comparison, fiber diameters in the CaCl, hydrogel predominantly
(50.7%) distributed in a range of 0.6 —0.85 um with a relatively large proportion (20%) of
fibers above 3 pm3. The fiber thickness in TSB POSS distributed more evenly as compared
with the other two gel conditions. The average fiber volume followed the same trend as
average thickness, where the CaCl, hydrogel and 1% PEG POSS nanocomposite hydrogel
showed the largest and smallest values, respectively.

Interestingly, the 1% TSB POSS nanocomposite hydrogel exhibited 2% thin fibers (0.6 — 0.7
um) with larger volume (> 3.5 pm3). These findings further indicate that enhanced gelation
by TSB POSS relates to elongation of collagen fibers.

3.5. Gelling characteristics of POSS nanocomposite hydrogels

The incorporation of 1% TSB and PEG POSS into the collagen/alginate matrix induced
different fibrillar collagen microstructure from hydrogels cross-linked with 7.5 mM CacCly,
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although the overall gel stiffness, collagen density, and pore structure were similar. Among
the three types of hydrogels, the CaCl, gel showed the largest fibers in both diameter and
volume, while the PEG POSS nanocomposite hydrogel showed the smallest fibers and pore
size. The TSB POSS hydrogel showed more uniform distribution in fiber size, intermediate
between the other two hydrogels. To establish causes of these differences in collagen
structure, we next explored gelling mechanisms of POSS nanocomposite hydrogels. Since
the collagen/alginate hybrid hydrogel underwent sol-gel transitions resulting in rapid
changes in solubility upon heating, we performed rheological tests on the thermal-induced
gelation to measure the complex viscosity change with rising temperature.

Figure 5(a) shows changes of gelling characteristics due to incorporation of TSB POSS and
PEG POSS with temperature increasing from 4 to 38 °C at constant ramp speed. The control
curve demonstrated gelation of collagen at an onsite temperature of 28 °C, where the
complex viscosity increased dramatically. Addition of TSB POSS enhanced gelation of
collagen by lowering the onsite gelling temperature. POSS cages are considered as the
smallest possible form of silica, where the size of the POSS cage (1.5 nm) is comparable to
dimensions of the linear polymer.[27, 28] TSB POSS has an open-cage like structure with an
inorganic silsequioxane at the core with organic isobutyl groups attached at the corners of
the cage and three active silanol functionalities.[29] By incorporating 1% TSB POSS into
the master hydrogel, the onsite gelling temperature decreased to 18 °C. This indicated a
chemical reaction between TSB POSS and collagen, where the active silanol groups (Si
—OH) on TSB POSS reacted with the hydroxyl groups on collagen fibers and cross-linked
the network. The instant complex viscosity of hydrogels with 0.1% and 1% TSB POSS
addition reached a similar plateau as temperature increased to 38 °C, and TSB POSS
hydrogels both were higher than control and PEG POSS hydrogels.

PEG POSS has a dendritic structure, where eight long arms of polyethylene glycol polymer
chain attach on the inorganic siloxane core, resulting in high water solubility.[30, 31]
Incorporation of a small amount (0.1%) of PEG POSS increased solubility of the system and
shifted the onsite gelation point to a lower temperature (20 °C), while thermal induced cross-
linking of fibrillar collagen still occurred. However, incorporation of a large amount (1%) of
PEG POSS reversed this effect. In contrast to TSB POSS that enhanced the gelation of
collagen, addition of 1% PEG POSS largely attenuated the inherent gelation kinetics of
collagen. As shown in Figure 5(a), the final complex viscosity at 38 °C dropped dramatically
as the PEG POSS concentration increased. Addition of 1% PEG elevated the initial complex
viscosity higher than other conditions due to the large amount of PEG side chains. The
viscosity of PEG POSS nanocomposite hydrogel did not increase as dramatically with
elevated temperature as other hydrogels. Therefore 1% PEG POSS incorporation disturbed
the inherent agglomeration of collagen fibers upon heating, as the introduced soft PEG side
chains entangled with the collagen fibrils that inhibited collagen fibers to aggregate
themselves. Meanwhile, the hydrogen bond between PEG and collagen restricted chain
mobility, conferring the sol-gel with a more stabilized condition.

Figure 5(b) shows schematics of gelling mechanisms with incorporation of TSB POSS and
PEG POSS as compared with blank control gel. Our results showed two different strategies
for preparing POSS nanocomposite hydrogels. Incorporation of TSB POSS into the
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collagen/alginate hydrogel was based on chemical reaction, where TSB POSS molecules
acted as cross-linker to enhance gelation of collagen. By comparison, incorporation of PEG
POSS occured through physical blending with PEG side chains physically dispersed through
weak interactions with collagen, and anchorage of PEG chains on POSS cage stabilized the
entire polymer motion. In other words, the fibrillar collagen shown in PEG POSS gel
predominantly represented precursors of thermally-induced, fibril-forming collagen.
Collagen fibrils shown in the CaCl, hydrogel were an assembly of supra-fibrillar
architecture due to full thermal-gelation. If the PEG chains are free in the system without
anchorage or chemical crosslinking, the system will not form a hydrogel since water-soluble
PEG molecules increase solubility of entire system.[32]

To confirm the rheological results, we used two measuring systems and tested samples of
different volume. Both parallel plates and concentric cylinder systems showed similar
results, and the hydrogel samples all remained intact after a temperature sweep (Figure S1).
We also found that addition of CaCl, did not affect gelling kinetics of collagen (Figure S2),
confirming the collagen microstructure of the 7.5 mM CaCl, hydrogel was a fully thermal-
induced collagen gel network.

To prove the enhanced gelation of collagen with TSB POSS incorporation required the
silanol rather than isobutyl group, we further tested gelling kinetics of the collagen/alginate
matrix with several different silanol-POSS molecules. Figure S3 shows the complex
viscosity as a function of temperature for hydrogels with (a) TriSilanolEthyl (TSE) POSS,
(b) TriSilanolPhenyl (TSP) POSS, and (c) TetraSilanolPhenyl (TetraSP) POSS. These results
confirmed that the silanol group (not the R group) acts as cross-linker to collagen gelation.
Interestingly, the R group also affects gelation. When R group is phenyl, the higher
concentration (1%) showed attenuated gelation relative to the lower concentration (0.1%) for
both tri-silanol and tetra-silanol POSS (Figure S2 (b-c)). These results differ from small R
groups such as isobutyl and ethyl.

As shown in Figure 1, the decreased collagen gelation with 1% PEG POSS did not affect the
final mechanical stiffness of the hydrogels. This occurred because the kinetics shown in this
experiment only indicated gelation of collagen fibers without cross-linking due to the lack of
calcium. After gelation of collagen occurred, the alginate in the system attached onto the
collagen network and further strengthened the hydrogel. Therefore, incorporating 1% PEG
POSS, 1% TSB POSS, or 7.5 mM CacCl;, into the same collagen/alginate matrix induced
three different gelling mechanisms without altering overall gel stiffness.

Differences in gelling mechanisms also explained the similar porosimetry of 1%TSB POSS
and 7.5 mM CaCl, hydrogels shown in Figure 2, since TSB POSS enhanced agglomeration
of fibrillar collagen. Excess TSB POSS also assisted alginate crosslinking, resulting in a
similar gel microstructure to the CaCl, hydrogel. Incorporation of 1% PEG POSS
completely reduced collagen agglomeration but induced a stabilized physical entanglement
of PEG chains with fibrillar collagen. Changes in gelation mechanism depended both on the
type of POSS nanoparticle and concentration of POSS incorporated. Here in this study, we
chose 0.1% and 1% as two representative concentrations for several reasons. First, we
wanted to make gels with stiffnesses comparable to an in vivo tumor. With the fixed collagen
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and alginate matrix concentration, the change in POSS concentration from 0.1 to 1%
produced the desired range of stiffnesses. Second, with the increase from 0.1 to 1% TSB
POSS, we added an excess amount of TSB POSS that contributed to aggregation of alginate.
Depending on goals of future studies, we envision that investigators can generate gels with
different mechanisms of gelation and resultant microstructures of fibrillary collagen by
testing alternative types of POSS and/or concentrations. While the Ca gel we developed
previously demonstrates that HMFs remodel ECM, this system does not allow us to
investigate how different microstructures of ECM alter cell migration. The Ca and POSS
gels have similar stiffness and other physical properties but distinct microstructures imparted
by different mechanisms of gelation. The nanocomposite hydrogels provide an approach to
decouple the fibrillar architecture of collagen from other confounding parameters such as
stiffness and mass density. We believe this method provides a valuable new platform for
mechanistic studies of ECM remodeling by stromal cells and cell migration.

3.6. Multi-cellular tumor environments remodel the collagen network

As we have created different collagen microstructures without changing the overall mass
density of collagen or hydrogel stiffness, we then investigated remodeling of different
collagen microstructures by fibroblasts. We built a 3D multi-cell migration model in
nanocomposite hydrogels with both 1% TSB and PEG POSS and compared the two
conditions with a 7.5 mM CaCl, hydrogel. The 3D multi-cell migration model involved a
spheroid made of human mammary fibroblasts (HMFs) embedded into the pre-gel solutions
with dissociated MDA-MB-231 breast cancer cells to mimic invasion of malignant cells
from breast tumor. Once the solutions gelled, on day 0 the HMF spheroids exhibited smooth
surfaces without any protrusions of cells. Cancer cells distributed randomly throughout each
hydrogel, and cells showed no elongation or polarization. We overlaid fluorescent images of
spheroids (red and green) and cancer cells (green) with second harmonic imaging of fibrillar
collagen matrix (purple) in zintensity projection (top row, Figure 6(a)). The bottom row of
this figure shows quantified distributions of fibrillar collagen orientation angles
corresponding to each hydrogel. We observed no differences in spheroids or cancer cells on
day 0. We note HMFs express both green fluorescent protein (GFP) and mCherry to
distinguish these cells from MDA-MB-231 breast cancer cells. As spheroids enlarge,
preferential transmission of red light through tissue accounts for greater detection of
fluorescence from mCherry.

The day 2 images in Figure 6(b) showed dramatic changes from day 0, where HMFs
migrated extensively out of spheroids to the surrounding gel in a sun-burst pattern. Breast
cancer cells migrated in an opposite direction towards spheroids and migrating cancer cells
demonstrated elongated protrusions pointing to spheroids. Second harmonic images of
fibrillar collagen in the middle row of Figure 6(b) clearly showed remodeling of the collagen
network, where thicker bundles of fibers formed with alignment coinciding to pathways of
migrating HMFs. The distribution of fibrillar collagen orientation angles (bottom row in
Figure 6(b)) showed a peak at 0° indicating more fibers with alignment perpendicular to the
spheroid surface. While all three gels showed similar cell migration, remodeling of collagen
fibers varied among hydrogels. The 1% TSB POSS gel showed most obvious collagen
bundles, followed by the 7.5 mM Ca gel. Collagen remodeling in the 1% PEG POSS gel,
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however, did not show clear collagen bundles as observed in the other two gels. In the 1%
PEG POSS gel, thin fibrillar collagen fragments just aggregated denser in the region of
HMFs relative to other regions. These differences corresponded with initial collagen
microstructures in each gel. Thinner and non-cross-linked fibers of collagen in PEG POSS
gel were more mobile than cross-linked fiber networks, reducing force transmission.[33, 34]
TSB POSS enhanced cross-linking of collagen networks with more elongated fibers,
facilitating transmission of forces exerted by HMFs.[35]

We quantified the percentage of fibrillar collagen that aligned perpendicularly to the
spheroid surface in each gel on both day 0 and day 2. As shown in Figure 6(c), none of the
gels showed alignment of collagen on day 0, but the alignment increased 0~30% for all three
hydrogels on day 2. The 1% PEG POSS gel showed significantly less alignment than the
other two (p = 0.023), while the 1% TSB POSS nanocomposite hydrogel showed a slightly
larger average percentage value that did not differ significantly from the 7.5 mM CacCl, gel.
We further quantified the invasion distance of HMFs from spheroids in all hydrogels (Fig
6(d). Similar to alignment, HMFs migrated least in the 1% PEG POSS hydrogel, while the
1% TSB POSS hydrogel showed the largest invasion distance. Combining Figure 6(c) and
(d), the ~ 5% increment in collagen alignment between 1% TSB POSS gel and 1% PEG
POSS gel resulted in ~90 pm increment in HMF invasion distance, which is ~ 50% of the
original spheroid diameter on day 0. The invasion distance in 7.5 mM CaCl, gel was
significantly smaller than in TSB POSS hydrogel. From Figure 6(c) and (d), the HMF
invasion distance followed the trend of fibrillar collagen alignment, but not the same as the
trend of collagen fiber diameter and volume in blank gel shown in Figure 4 (b-c). In other
words, thicker fibers in the CaCl, hydrogel did not contribute to more alignment and HMF
migration. Instead, collagen fibers with slightly smaller thickness but in a more cross-linked
network in a TSB gel resulted in greater HMF remodeling and migration.

These results indicate differences in initial collagen microstructure in each hydrogel affects
remodeling of collagen alignment and subsequent migration of HMFs. We previously
showed migration of cancer cells following HMF’s,[15] a complex process both cell-cell and
cell-matrix interactions. The reasons why cancer cells followed HMFs include alignment of
collagen fibers and direct cell-cell interactions between HMFs and cancer cells. In this study,
we chose spheroids made of HMFs rather than cancer cells to focus solely on interactions
betwee fibroblasts and collagen fibers in our engineered tumor environments. Incorporating
other cell types into these spheroids would introduce additional complexity from
intercellular interactions as well as effects of HMF’s on collagen.

Migration of cancer cells did not reproduce results with HMFs. As shown in Figure 6(b),
breast cancer cells migrated extensively towards spheroids in all three gels. Migration of
cancer cells may be driven by gradients of chemoattractant molecules secreted by HMFs,
overcoming differences in collagen structure and alignment. Supporting this conclusion, we
observed that some breast cancer cells did not migrate precisely along aligned collagen
fibers as seen with HMFs (Figure S4). Other ECM components also may provide pathways
for migrating breast cancer cells. For example, fibronectin is another ECM protein that
promotes migration of cancer cells.[36] Fibroblasts secrete and align fibronectin fibers to
enhance migration of cancer cells.[37] In our current multi-cell migration model, however,
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we did not attribute cancer cell migration to fibronectin since the migration direction of
cancer cells runs opposite to HMFs. Fibronectin secreted by HMFs will be aligned with
orientations of these cells, while cancer cells migrated towards HMFs rather than following
HMF migration. We designed this stromal cell spheroid-dissociated cancer cell model
specifically to illustrate remodeling of collagen fibers by HMFs and the subsequent
migration of cancer cells. Our results clearly showed interactions among HMFs, cancer
cells, and collagen. Since remodeling of collagen occurs in many primary tumors besides
breast cancer, this model system is also applicable to other cancer types. For future
investigations of other regulators of cell migration, we can modify this model by changing
cellular constituents of spheroids as well as the surrounding gel. The ability to vary both
cellular and ECM components makes this a versatile platform to study a variety of migration
behaviors in 3D. To our knowledge, this is the first study combining spheroids with
dissociated cells in a 3D hydrogel to study ECM remodeling and cancer cell migration. In
the future, we plan to expand this work by introducing other ECM components, such as
fibronectin and hyaluronic acid, to evaluate effects on migration of cancer cells.

4. Conclusion

We employed a nanocomposite approach to achieve a tunable collagen matrix with altered
gelling mechanisms and corresponding microstructures. This series of nanocomposite
hydrogels decoupled effects of matrix stiffness and architecture on tumor invasion efficiency.
We also highlighted a function of fibroblasts to facilitate migration by reorganizing the
collagen microstructure. We demonstrated the potential of nanocomposite 3D matrices to
serve as robust platforms for mechanistic studies of interactions between physical and
cellular components of tumor environments.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Our manuscript demonstrates a new type of nanocomposite hydrogel with two different
gelling mechanisms, produced by incorporating two types of Polyhedral oligomeric
silsesquioxane (POSS) nano-molecules into a collagen/alginate matrix. The resultant
biomimetic hydrogels show different fibrillar collagen microstructures while maintaining
constant overall matrix stiffness, density, and porosimetry. These gels allow us to
uncouple effects of matrix stiffness versus architecture on migration and invasion of
breast cancer cells and stromal fibroblasts. Upon embedding spheroids of human
mammary fibroblasts (HMFs) and dissociated 231 breast cancer cells, we showed that
HMFs remodeled the collagen network to differing extents dependent on starting matrix
microstructures in each hydrogel. The remodeled collagen matrix showed aligned
collagen fibers perpendicular to the surface of a spheroid with migrating HMFs following
these fibers as occurs in tumors in vivo. To our knowledge, this is the first study showing
significant different fibrillar collagen microstructures with constant collagen density and
gel stiffness. This study establishes a new type of nanocomposite 3D hydrogels for
studies of biophysical and cellular interactions in engineered tumor environments.
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Figure 1. Mechanical compressive modulus of POSS nanocomposite hydrogel.
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PEG POSS gel, p <0.05. $: > 0.1% TSB POSS gel, p < 0.05.
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(c) Pore size vs. POSS gel type
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(d) Porosity vs. POSS gel type
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Figure 2. Characterization of hydrogel porosimetry.
(a) Cumulative pore area distribution with pore size. (b) Pore size distribution of POSS

nanocomposite hydrogels. (c) Graph shows average and median pore sizes, respectively,
corresponding to volume and surface area. ~; > control gel, p < 0.05, *: > 1% PEG POSS
gel, p < 0.05. (d) Porosity of POSS nanocomposite hydrogels. *: > 1% PEG POSS gel, p <
0.05, #: > 0.1% PEG POSS gel, p < 0.05. All the curves presented in (a) and (b) are
representative of the conditions tested. Variations among each replicate were too small to be
represented). All numbers shown in (c) and (d) are weighted means and weighted standard
deviations.
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Figure 3. SEM images of POSS nanocomposite hydrogels.
Scanning electron micrographs of nanocomposite hydrogels with 0.1% or 1% PEG POSS or

TSB POSS. We acquired images at magnifications of 5000X (left), 500X (middle), and
100X (right). Scale bars indicate 10 pm, 50 um, and 100 um respectively.
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Figure 4. Microstructure of fibrillar collagen.
(a) Fibrillar collagen microstructure. Top row: Collagen fiber microstructure shown by

second harmonic two-photon microscopy in nanocomposite hydrogel with 1% TSB POSS,
1% PEG POSS, or 7.5mM CaCl2 crosslinking. Bottom row shows corresponding
quantification of collagen fibers within a 30 um3 VOI segmented in Imaris software for each
type of hydrogel. Plots show measurements of fiber diameter (x-axis) and volume (y-axis).
The pseudocolor scale also indicates diameter of fibers. (b) Quantification of collagen
diameter. *: > 1% PEG POSS gel, p < 0.05; #: > 1% TSB POSS gel, p < 0.05. (c)
Quantification of collagen volume. *: > 1% PEG POSS gel, p < 0.05; #: > 1% TSB POSS

gel, p < 0.05.
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Figure 5. Effect of temperature on nanocomposite hydrogel gelation with TSB POSS and PEG
POSS.

(a) Graph shows a temperature sweep from 4 to 38 °C at a ramp speed of 5 °C/min with
samples sheared at a frequency of 1 Hz and 5% strain. Each curve represents an average of
three replicates as variations among each replicate were too small to be represented). (b)
Schematic of gelling mechanism with TSB POSS and PEG POSS incorporation as
compared with blank control.
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(c) Fibrillar collagen alignment
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(d) HMF invasion distance
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Figure 6. HMF spheroids remodel collagen alignment to regulate cancer cell migration in POSS
nanocomposite hydrogels.

We embedded HMF spheroids (shown as overlay of red and green fluorescence) into
hydrogels with dissociated MDA-MB-231 cells (green fluorescence). Images show the z-
intensity projection of HMF spheroids and cancer cells overlaid on second harmonic
imaging of fibrillar collagen matrix (pseudocolor in purple) (top row). (a) On day 0 (2 hours
after embedding), HMF spheroids showed no protrusions, and MDA-MB-231 cells retained
round morphology without localization to spheroids. Bottom row displays measured
orientations of fibrillary collagen, where 0° indicates fibers oriented perpendicular to the
spheroid surface (radical alignment). Pseudocolor side bar depicts fiber length. (b) On day 2
(48 hours after embedding), HMFs migrated extensively out of spheroids in a sun-burst
pattern. MDA-MB 231 cells showed elongated morphology and migrated towards spheroids
(top row). HMFs remodeled the collagen matrix, evidenced by thicker bundles of fibers with
alignment coincident with HMF migration pathways (middle row). Distribution of fibrillar
collagen orientation angles showed a peak at 0°, indicating more fibers with perpendicular
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alignment (bottom row). (c) Graph compares alignment of collagen fibers perpendicular to
spheroid surfaces in different hydrogels, on days 0 and 2. *; > 1% PEG POSS gel, p < 0.05.
(d) Quantification of invasion distances of HMF spheroids in different gels on day 2. *: >
1% PEG POSS gel, p < 0.05; #: > 7.5 mM CaCl2 gel, p < 0.05.
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