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ARTICLE INFO ABSTRACT

Keywords: The extracellular matrix (ECM) is an essential component of the tumor microenvironment. It plays a critical role
Cancer in regulating cell-cell and cell-matrix interactions. However, there is lack of systematic and comparative studies
Hydrogel

on different widely-used ECM mimicking hydrogels and their properties, making the selection of suitable
hydrogels for mimicking different in vivo conditions quite random. This study systematically evaluates the bio-
physical attributes of three widely used natural hydrogels (Matrigel, collagen gel and agarose gel) including
complex modulus, loss tangent, diffusive permeability and pore size. A new and facile method was developed
combining Critical Point Drying, Scanning Electron Microscopy imaging and a MATLAB image processing pro-
gram (CSM method) for the characterization of hydrogel microstructures. This CSM method allows accurate
measurement of the hydrogel pore size down to nanometer resolution. Furthermore, a microfluidic device was
implemented to measure the hydrogel permeability (Pg) as a function of particle size and gel concentration.
Among the three gels, collagen gel has the lowest complex modulus, medium pore size, and the highest loss
tangent. Agarose gel exhibits the highest complex modulus, the lowest loss tangent and the smallest pore size.
Collagen gel and Matrigel produced complex moduli close to that estimated for cancer ECM. The P4 of these
hydrogels decreases significantly with the increase of particle size. By assessing different hydrogels' biophysical
characteristics, this study provides valuable insights for tailoring their properties for various three-dimensional
cancer models.
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1. Introduction

The tumor microenvironment (TME) plays a substantial role in each
phase of the tumor progression, including cancer cell proliferation, in-
vasion, and metastasis [1]. The extracellular matrix (ECM) from which
the tumor is composed has attracted increasing attention in recent years,
being recognized as an essential factor for studying the TME in vitro and
creating pathophysiologically-relevant disease models. The ECM is
composed of a complex, heterogeneous mixture of proteins, pro-
teoglycans, glycoproteins and other accessory molecules. The structure
of the ECM provides spatial and mechanical support for cells in the TME,
including immune cells, fibroblasts and endothelial cells [2]. In addition
to its role as the structural support, the ECM is also responsible for
informing and regulating the function and phenotype of these cells [3].
It acts physically as a molecular barrier between epithelial cells and
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other connective tissue cells, while permitting the diffusion of gas and
transport of molecules to cells through the TME.

The cancer cell-ECM relationship is multidimensional, but an
important aspect of this exchange occurs during tumor growth and
metastasis. During metastasis, cancer interacts with the ECM through
soluble signals, resulting in the transition of cells into a more invasive
(mesenchymal) phenotype [3]. With the assistance of the ECM, these
cells migrate into surrounding connective tissue (stroma) [3]. ECM is
also involved when polarized epithelial cells assume a mesenchymal
phenotype, which in turn greatly stimulate the production of different
ECM components, remodeling the ECM [2]. A remodeled ECM demon-
strates changes in its biophysical characteristics, which have been linked
to increased tumor invasiveness and metastatic potential [2,4]. For
example, stiffness changes and abnormal ECM deposition are often
observed [5].
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The biophysical properties of the ECM in the tumor microenviron-
ment play a critical role in cancer progression including stiffness,
porosity, spatial arrangement and orientation [1]. The systematic study
of these properties provides important information for establishing
reliable and relevant in vitro tumor models that mimic in vivo conditions.
Compared to traditional two-dimensional models, three-dimensional
(3D) tumor models incorporating the ECM have been demonstrated to
be more clinically relevant and are becoming the standard for estab-
lishing disease models [6].

3D tumor models utilize hydrogel scaffolds as an ECM substitute [7].
Hydrogels produce a porous structure to mimic the native ECM [7,8].
These matrices can be either biologically derived or synthetic in origin,
though biologically derived (natural) hydrogels are considered the gold
standard. Matrigel, collagen and agarose are the three most widely used
naturally occurring hydrogels. Matrigel, the most commonly used
hydrogel, is the reconstituted ECM of an Engelbreth-Holm-Swarm
mouse sarcoma [9]. Collagen gel, made from type I collagen and
known to be critical to cancer progression, is commonly isolated from a
rat tail [9]. Agarose gel, a polysaccharide polymer derived from
seaweed, is commonly used in biological assays, though it lacks cell
adhesion moieties that are critical for long-term adherent cell culture
[10,11]. Agarose is still heavily implemented in tumor models as a cell
barrier [12-15], a method of gauging compressive stress around
spheroids [16] and in the production of tumor spheroids [12,14]. Also,
agarose gel is often used in combination with Matrigel or collagen gel to
utilize its higher complex modulus to mimic stiffer ECM mimicking
hydrogels [17-19]. These hydrogels offer a biocompatible scaffold with
adjustable biophysical properties, including pore-size, diffusive perme-
ability, complex modulus (a stiffness approximation) and viscoelasticity
(Fig. 1).

As these hydrogels are of biological origin, it is difficult to stan-
dardize their physical properties, and therefore their isolated impact on
the establishment of tumor models. To create a more
pathophysiologically-relevant ECM, the biophysical aspects (complex
modulus, viscoelasticity, pore size, and diffusive permeability) of these
hydrogels need to be characterized, with their interdependence under-
stood, so as to be tailored to accommodate each tumor type [1]. This
study will provide valuable information for engineering different
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hydrogels for mimicking ECM in the tumor microenvironment (Fig. 1).

2. Experimental details
2.1. Materials

Skov3 cells, a human ovarian cancer cell line with epithelial-like
morphology, were purchased from the American Type Culture Collec-
tion. Skov3 cells were cultured in high-glucose Dulbecco's modified.
Dulbecco's modified Eagle's medium (DMEM), trypsin, fetal bovine
serum (FBS), Penicillin-Streptomycin were purchased from GIBCO
(USA). Water was obtained from a Milli-Q system (Millipore, North
Ryde, Australia) equipped with a 0.22 pm filter and had resistivity larger
than 18.2 MQ cm. Corning® Matrigel® matrix and Corning® Collagen I,
High Concentration Rat Tail (9.43 mg/mL) were purchased from
Corning Incorporated (New York, USA). Low melting point agarose,
agarose, phosphate buffer saline (PBS) tablets, sodium hydroxide
(NaOH) (1.0 M), ethyl alcohol (ethanol), chloroform and anhydrous
isopropyl alcohol (IPA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Sylgard 184 Silicone Elastomer curing agent, Sylgard 184
Silicone Elastomer base and trichloro(1H,1H,2H,2H-perfluorooctyl)
silane were purchased from Sigma-Aldrich (St. Louis, MO, USA). Poly
(lactic-co-glycolic) acid-polyethylene glycol copolymer was purchased
from PolySciTech (Akina, West Lafayette, IN, USA). Cholesterol (CHO)
and 1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate
(Dil) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,2-
Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), cholesterol and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] (DSPE) were obtained from Nanocs (New York, NY, USA).

3. Experimental methods
3.1. Hydrogel preparation

Collagen gel was prepared following the manufacturer's instructions.
Corning High Concentration Rat Tail collagen, Type 1 was diluted to the
desired concentration using deionised water (dI) and 10x phosphate
buffered saline (PBS). 1.0 M sodium hydroxide (NaOH) solution was
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Fig. 1. Tumor microenvironment consisting of tumor cells, tumor associated fibroblast and immune cells and ECM. Biophysical properties of the ECM include
complex modulus, viscoelasticity, pore size and diffusive permeability of molecules or particles.
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used to adjust pH to 7. The temperature of all components was main-
tained at 4 °C during the preparation process to prevent gelation. The
prepared collagen solution was then pipetted and gelated by incubation
at 37 °C, 5% CO5 and constant humidity for 1 h before use.

Matrigel was prepared using a Corning® Matrigel® matrix stock
solution according to the manufacturer's protocol. Briefly, Matrigel®
(kept at —20 °C) was thawed on ice overnight before use. Matrigel was
then diluted to desired concentrations using ice-cold 1x PBS. Then the
Matrigel solution was mixed by pipetting up and down and vortexing
gently. As the polymerisation of Matrigel is temperature dependent, it is
important to carry out all the steps at 4 °C. The solution was then
pipetted into the defined geometry, and gelated by incubating at 37 °C,
5% CO, and constant humidity for 1 h before use.

Low melting point (LMP) agarose was diluted with water to produce
the intended concentrations and was placed in a snap-cap vial to prevent
evaporation during the heating process. The mixture was heated to 75 °C
and kept at this temperature for 15 min, while being vortexed every 3
min. The solution was then pipetted into the intended geometry and set
at room temperature for 15 min before being set at 4 °C in a refrigerator
for 1 h.

3.2. Rheometry

Oscillatory rheometry was conducted to characterize the viscoelastic
properties of each hydrogel (over a range of concentrations) using a TA
Instruments ARG-G2 Rheometer (New Castle, DE). Collagen gel and
Matrigel were prepared following Manufacturer's protocol and left to
gelate within an incubator at 37 °C. Low Melting Point Agarose was left
to gelate at 24 °C for 60 min (gel forms <30 °C), before being placed into
a 37 °C incubator an hour for rheometer testing. The testing geometry
used was an 8 mm parallel plate, following an existing protocol for the
rheological characterization of hydrogels as an initial guide [20]. The
test geometry was lowered to 300 pm above the rheometer plate, and
then the testing sequence was applied to each sample at 37 °C (Table 1).
The testing sequence includes a conditioning step, a strain sweep, then a
frequency sweep followed by a time sweep. Each sample underwent the
initial conditioning step; however, a fresh sample was required for each
strain sweep; frequency sweep; and time sweep, due to hydrogel visco-
plasticity. Agarose gel, an almost purely elastic polymer gel, found a
plateau at a lower strain and higher frequency. Matrix viscoplasticity
means each testing sequence produces long-term irreversible deforma-
tion of the matrix, so multiple tests cannot be performed on one sample.
The strain (%) and frequency (rad/s) values reported for each sample in
Table 1 are within the linear viscoelastic range. Each sample was only
characterized once, with 3-5 independent samples being characterized
and averaged for each gel concentration.

The reported storage modulus (G’) and complex modulus (G*) for

Table 1
Rheometry parameter table.
Hydrogel Parameter Strain sweep Frequency Time sweep
(% strain) sweep (rad/s) (5 min)
Agarose Temperature 37 37 37
gel (°C)
Frequency 50 0.01-100 5
(rad/s)
% strain 0.1-100 0.1 0.1
Collagen Temperature 37 37 37
gel (°c)
Frequency 50 0.01-100 1
(rad/s)
% strain 0.1-100 1 1
Matrigel Temperature 37 37 37
(°C)
Frequency 50 0.1-100 1
(rad/s)
% strain 0.01-100 10 10
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each gel at each concentration were taken from the time sweep data set,
and the complex modulus calculated using Eq. 1. The loss tangent (or tan
8), a measure of the ratio of viscous (energy dissipation) to elastic (en-
ergy storage) response of a viscoelastic material when under load, was
used for simplicity as a single parameter comparator of the viscoelas-
ticity of each hydrogel and calculated using Eq. 2 from the values of G’
and G” taken from the time sweep data (Figs. S3-S5).

= torage Modulus (G#7)” + Loss Modulus i 1)
G Storage M G1)* + Loss M G

Loss Modulus (G')

tand =
a Storage Modulus (G”)

(2

3.3. Cell culture

Skov3 cells were cultured in DMEM supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin
(GIBCO, USA). Each flask was incubated at 37 °C, 5% CO; and constant
humidity. Cells were trypsinized and passaged after reaching 70-80%
confluence. Skov3 cells were selected as a model cell line which re-
sponds to the mechanical property of the ECM microenvironment [21].
To produce spheroid laden Matrigel, Skov3 tumor spheroids were
cultured using liquid overlay techniques [22]. Skov3 cells were seeded
at a density of 5 x 10° cells/well into a 96-well plate, which was pre-
coated with 50 pL of 2% agarose gel. The formation of the spheroids
was then initiated by centrifugation (1000g, 10 min). Cells were
cultured for additional 7 days within the same incubator before use.
After 7 days the spheroids were mixed with Matrigel and incubated for a
further 3 days to allow ECM remodeling.

3.4. Critical point drying

A Tousimis AUTOSAMADRI-815 Critical Point Drier (CPD) was used
to dry hydrogel samples so they could be imaged with a conventional
high vacuum Scanning Electron Microscope (SEM). Prior to critical point
drying, hydrogel samples were excised to known dimensions by scalpel
or tissue punch and placed wet (under DI water) into specimen pots of
12.5 mm in diameter with porous lids (CPDS800A Proscitech, Australia)
for dehydration. Samples were progressively dehydrated at RT using in a
series of ethanol solutions of 60, 90, and 100 wt% (minimum 3 h per
step), with a final overnight 100% ethanol step. The samples (8 samples
max) immersed in 100 wt% ethanol were then placed into the CPD
chamber and cooled to an operational temperature of —10 °C. The
chamber was then flooded with liquid CO5 and the samples were run
through a purge cycle for 45 min, held in statis mode for 1 h, purged
again for 45 min and held for a final hour in a statis mode before
complete drying of the sample. The statis mode was used to remove the
liquid CO, and leave the samples completely dry.

3.5. Scanning Electron Microscopy (SEM)

After drying, the dimensions of the samples were measured using a
light microscope to determine a CPD sample shrinkage factor. Dried
samples were stored in a vacuum desiccator until required for Scanning
Electron Microscopy (SEM). For SEM, samples were attached by sticky
carbon tabs to SEM pin-stubs, Plasma cleaned with an Evactron 25
plasma cleaner for 10 min, then sputter coated with Pt to a thickness of
10-15 nm. These samples were then imaged using a SU3500 Hitachi
SEM or JEOL 7100F SEM at 100x to 60,000x magnification. Images
were then uploaded to Adobe Photoshop and converted from RGB to
Grayscale format. The image contrast and brightness were maximized,
to show the largest variation between fiber and the space surrounding
them.
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3.6. Pore size analysis using a MATLAB program

The MATLAB program was developed to estimate the largest circle
that fits within the Critical Point Dried (CPD) fibers and the standard
deviation (necessary for heterogeneous hydrogels). The program is new,
as it allows for the accurate automated analysis of hydrogel pore size and
fiber size. The program, initially, takes the greyscale image and binar-
izes it using thresholding. This thresholding requires the initial analysis
of the contrast and light within each hydrogel structure, and it differs
dependent on magnification. The image was then be median filtered,
and a Euclidean distance transformation was performed. The Euclidean
distanced plot was then smoothed using a Gaussian (Gaussian kernel =
5) and disk filter (disk kernel = 5). The coordinates of the maximum
distance (the radius to the closest fibers) were then identified and scaled
up based on the sample shrinkage. The pore sizes were averaged for each
image using 8-12 images per sample for 2-3 samples of the same
hydrogel.

3.7. Synthesis of nanoparticles

Liposome and poly(lactic-co-glycolic acid) (PLGA) nanoparticles
were synthesized using a one-step microfluidic method [23]. Briefly,
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), cholesterol and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyeth-
ylene glycol)-2000] (DSPE) were dissolved in chloroform. The chloro-
form was then removed from the solution using a rotary evaporator,
producing a lipid film. A solution of anhydrous isopropyl alcohol (IPA)
with Dil dye was added to dissolve the lipid film. Then a flow focusing
microfluidic device was used to create liposomes by flowing the lipid
solution through the central stream while PBS was perfused into the side
streams. The liposomes were stored in a 4 °C fridge for further use.

PLGA nanoparticles were also synthesized using a one-step micro-
fluidic method. PLGA-PEG copolymer and fluorescent dye Dil were
dissolved in acetonitrile [24]. This solution was then flowed through the
central stream of the microfluidic device and squeezed by MilliQ water
that was introduced from the two side channels. All NPs prepared in the
microfluidic device were purified by dialysis using a cellulose membrane
with a size of 10 kDa and immersed in PBS. Particle size was measured
using Dynamic Light Scattering (DLS) and Transmission Electron Mi-
croscopy (TEM).

3.8. Microfluidic device fabrication

Microfluidic devices were fabricated using a standard photolithog-
raphy and soft lithography techniques [25]. AutoCAD was used to pro-
duce the pattern and printed onto a chrome mask. SU-8 dry film was
used to coat silicon wafers and baked, followed by UV exposure through
the mask. After postbaking the wafers were developed and washed,
removing excess SU-8. The wafer was salinized with trichloro
(1H,1H,2H,2H-perfluorooctyl) silane as a protective coating. To pro-
duce the PDMS microfluidic devices Sylgard 184 Silicone Elastomer
curing agent and Sylgard 184 Silicone Elastomer base were degassed and
allowed to polymerize at 80 °C on the wafer. The crosslinked PDMS was
then peeled off the wafer, hole punched and cut into single devices.
These devices and their glass slides were then oxygen plasma coated and
adhered together to produce the microfluidic device.

3.9. Measurement of hydrogel diffusive permeability coefficient

To measure particle diffusive permeability coefficient (Pg) in
hydrogels, fluorescent nanoparticles were utilized. P4 measures the flux
of a molecule (of known molecular weight/size) across a porous barrier.
A Zeiss Confocal Microscope was used to gather fluorescent intensity
images (10x magnification) over time within the Regions of Interests
(ROI). The five regions of interest were drawn using the Zen software
within the hydrogel, after the trapezoidal pillars. A 543-nm-wavelength
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laser was used to excite the dil (1,1-dioctadecyl-3,3,3’,3'-tetramethy-
lindocarbocyanine perchlorate (‘Dil’; DilCyg(3))) fluorescence, and
measurements were recorded every 2 s for a total of 2-5 min. The cor-
relation between fluorescent intensity, within each ROI, over time was
then normalized and approximated by a line of best-fit. The slope of this
line is represented as dlayg ger/dt in Eq. 3, and the Py is calculated using
the following equation,

Arol (d—’""-l’:n ')
-

Willars (Icaplllaty = llymph)[:o

3)

where Aoy is the average area of the ROL wyjas represents the width of
the area through which the articles are permeating from the channel into
the hydrogel, and Icapiniary is the initial fluorescent intensity when the
channel is filled with nanoparticles. Iijymph is defined as the initial fluo-
rescent intensity within the lymph channel with no nanoparticles pre-
sent. The difference between I apijjary and Lyymph is normalized against the
fluorescent intensity for each test. All particle transport was driven by
diffusion.

3.10. Statistical analysis

To measure p-values and standard deviation, data was input into IBM
SPSS Statistics used a two-tailed analysis. A Bivariate Correlation test
was performed based on the Pearson model, to flag significant correla-
tions of the raw data. Significant correlations were denoted by ***, ** *
represent statistically significant difference (p < 0.001, p < 0.05, and p
< 0.01). Within this test a standard deviation of each data set was
calculated.

4. Results and discussion
4.1. Hydrogel rheometry

The rheological properties of the ECM play very important roles in
regulating tumor growth and invasion [26-28]. The storage modulus
and loss modulus of the three hydrogels were measured (Fig. 2) and then
converted to the complex modulus (G*) and tan §, as a comparative
measure of viscoelasticity. The storage modulus is an indication of the
hydrogels' resistance to deformation (elasticity). The loss modulus rep-
resents the energy dissipated (viscosity). The complex modulus (Eq. 1)
considers the sum of the storage (recoverable deformation) and loss
modulus (non-recoverable deformation), representing the overall resis-
tance to deformation of a gel. The viscoelasticity of a material can be
represented in many ways, but in this work, we use tan 8, which is
calculated from the ratio of the loss modulus to the storage modulus,
with & ranging from 0° (for a purely elastic response) to 90° (for a purely
viscous response) [29]. It has been reported that changes in ECM
viscoelasticity has been associated with cancer progression [30,31].

The complex modulus G* is calculated as an indication of the overall
gel stiffness. All the three hydrogels have complex moduli dominated by
the storage moduli, and they exhibited the expected positive correlation
between protein concentration and complex modulus [20,32]. The
Collagen gel has a complex modulus of 20-70 Pa over 1.5-6.7 mg/mL
protein concentrations (1 Rad/s, 1% strain) (Fig. 2a), aligning with
those literature reports of G* from 2.2-17 Pa, at 1 rad/s, 2% strain, for
lower collagen gel concentrations (0.4-2.0 mg/mL) [33]. At a frequency
of 1-6.3 rad/s, Holder et al. reported a complex modulus of 20 Pa for 4
mg/mL collagen gel [29]. Agarose gels at the concentrations of 1-3 wt%
have complex moduli of 9000-50,000 Pa at 5 rad/s and 0.1% strain
(Fig. 2b). Deepthi et al. reported a smaller G* of 800-4000 Pa for
0.5-0.8%wt. at 1 rad/s agarose gel [34] and at 0.1-10 rad/s. Balgude
et al. reports a G* of 100-1300 Pa (1-2 wt% agarose gel) [35]. Matrigel
presents a complex modulus of 60-400 Pa, for protein concentrations of
5.7-10.8 mg/mL (Fig. 2¢). Semler et al. described a complex modulus of
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Fig. 2. Complex moduli (G*) of a) collagen gel (1 rad/s, 1% strain), b) Agarose gel (5 rad/s, 0.1% strain), ¢) Matrigel (1 rad/s, 10% strain), d) Skov3 laden collagen
gel (1 rad/s, 1% strain), and e), Skov3 laden Matrigel (1 rad/s, 10% strain), cultured for 24 h. ***, ** and * represent statistically significant difference (p < 0.001, p

< 0.05, and p < 0.01).

~34 Pa at 1 rad/s for a 100% Matrigel solution [36], and Slater et al.
reported a complex modulus of 10-100 Pa for 3-9 mg/mL Matrigel
concentrations at 3.2 rad/s and 0.25 strain. These literature results
correlate well with what we measured in this work.

Skov3 spheroid laden Matrigel and collagen gels were included to
investigate the effect of the loaded spheroids in hydrogel on their bio-
physical properties. Within in vivo conditions, the presence of tumor
cells and other stroma cells stiffens the matrix, but on the other hand
collagen gel and Matrigel could be degraded over time [1,37,38]. The
spheroid laden Matrigel was cultured for 24 h and the complex moduli
were measured to analyze whether degradation or stiffening of the
matrix occurred. Compared to the complex moduli of Matrigel (60-400
Pa), the spheroid laden Matrigel's (5.7-8.5 mg/mL) exhibited similar
complex moduli (50-150 Pa) (Fig. 2d). Spheroid laden collagen gel also
illustrated a similar complex modulus (25 and 53 Pa) to the same
collagen gel concentration without spheroid addition (26 and 50 Pa).
These findings indicate that the incorporation of spheroids (with a 24-
hour culture time) has limited impact on the complex modulus of the

hydrogel. This is probably due to the lack of stromal cells as well as the
small size and number of spheroids incorporated in our experiments, as
within in vivo conditions the cellular components (e.g. tumor cells and
stroma cells) contribute 80% to the total volume of tumor tissues
[39-41].

Based on our experimental results, it is not straightforward to
directly compare the hydrogel complex moduli (—~20-400 Pa for
collagen gel and Matrigel) we measured in this study to those in vivo
ECM results, as literatures only reports the overall tissue complex
modulus which consists of ECM and cellular components in the tissue.
Therefore, we need to remove the contributions of cells to isolate the
ECM modulus. This can be estimated by assuming, as reported in liter-
ature, that 80% or less of the tumor tissue by volume is cellular (within
breast cancer) [41]. Then we can assume that the ECM equals to 20% of
the complex modulus of tumor tissue (—5-1000 Pa) [42]. This means an
estimation of a complex moduli range between 1 and 600 Pa could be
assumed for an in vivo ECM, under the assumption that 1.) all cells and
ECM are separable contributions to mechanical properties; and 2.) the
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contribution of cells to the overall mechanical property of tissue samples
is similar to that of the ECM. As a result, the estimated 1-600 Pa exhibits
a greater stiffness range, but correlates well with the moduli of collagen
gel and Matrigel of low concentrations characterized this study [43].
Viscoelastic materials display time-dependent strain or stress re-
sponses to deformation [29,31]. At the same frequency and strain, the
lower the value of the loss tangent, the lower the relative value of the
viscous or dissipative response of a material is compared to the elastic
response, i.e. the less viscoelastic a material is. In this study, we use Tan &
to represent the quantitative viscoelasticity property of hydrogels. Tan &
values of collagen (1 rad/s), Matrigel (1 rad/s), and agarose gels (5 rad/
s) were measured over a range of concentrations (Fig. 3a—e). Collagen
gel exhibited the highest tan 8, ranging from 0.19 to 0.25 at the protein
concentrations of 2.0-6.7 mg/mL. The tan & remained constant at —0.2
for those collagen gels with concentrations over 2.0 mg/mL. Fig. 3f
depicts the tan § as a function of & angle for collagen gel with different
concentrations. Spheroid laden collagen gels (Fig. 3e) at the concen-
trations of 2.0 and 4.5 mg/mL, exhibit similar tan & (0.21 and 0.25,
respectively) as those collagen gels without spheroids (Fig. 3a). The
collagen gel had the highest tan 8 of all the hydrogels, as illustrated by
the 8 angle (Fig. 3f and j) both with and without spheroid incorporation.
In comparison, Matrigel showed relatively lower tan & of 0.1-0.2 at the
protein concentrations of 5.7-8.5 mg/mL for the gels with and without
spheroids (Fig. 3b and d). As illustrated in Fig. 3g and i, the tan & for both
Matrigel with and without spheroids was close to purely elastic. The tan
8 of agarose gels (1-3 wt%) spanned 0.03-0.11 (Fig. 3¢), representing an
almost purely elastic polymer gel (Fig. 3h). This matches the literature
reported range of tan 8 of 0.01-0.2 for 2-4% agarose gels, over a fre-
quency range 1-125 rad/s [44]. Moreover, each hydrogel demonstrated
an inverse relationship between their tan 8 and protein concentration.
We next compared the tan & results of the three gels in this study with
those in literature. Rheological analysis of lung ECM presented a loss
tangent (measured via AFM at 7.2 rad/s [45]) of 0.06, and infarcted
heart ECM (mice) had a loss tangent ranging from 0.1-0.25 (AFM
measurements at 0.35 and 72 rad/s [46]), which are similar to the range
exhibited by all the different gels in our study (except 1.5 and 2.0 mg/
mL collagen gel). This indicates that collagen gel, Matrigel and 1 wt%
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agarose concentration display similar ranges of loss tangent matching
the bounds of soft tissue with in vivo relevance, while higher concen-
trations of agarose gel fall outside of the bounds.

4.2. Pore size of hydrogels

The pore sizes of the three hydrogels were determined using a new
method which combines SEM imaging and a MATLAB image processing
program. Gelated samples were dried using the Critical Point Drying
(CPD) method [47], leaving only the fibrous “skeleton™ for imaging
[48]. The sample shrinkage was factored into pore size calculations.
Then the platinum coated “skeleton” was imaged under a SEM. 8-12
images were taken for each sample at different magnifications. Fig. 4A1,
B1 and C1 show the SEM images of 2 mg/mL collagen gel (10x
magnification), 4 mg/mL Matrigel® (5x magnification) and 2 wt%
agarose gel (60x magnification), respectively. These images were post-
processed using Photoshop (Fig. 4A2, B2 and C2), and then analyzed
using a MATLAB program which approximates circles of the largest di-
ameters between fibers (Fig. 4A3, B3 and C3), representing the pores
within the sample. Our MATLAB method was carefully validated using
literature images and their estimated pore size (Fig. S1). Reporting
similar pore sizes (using MATLAB processing) to those presented in
literature (using low resolution images) for collagen and agarose gel
[49-55]. Compared to those previously reported methods which often
manually assess pore sizes in SEM images, our automated MATLAB
technique allows much more accurate, quicker and reliable measure-
ment of pore size.

The morphologies of the three hydrogels are distinct. Collagen gel
shows fine fibers similar to those reported in literature, which can be
visualized using a confocal [53,56] and SEM microscope [57,58].
Matrigel has a fibrous and sheet structure which are visible under SEM
[59-63]. Agarose gel has a thicker fibrous and nodular structure, which
is only visible under a SEM microscope at high magnifications
[48,64,65]. Agarose gel (1-3 wt%) exhibits the smallest pore size,
ranging from 120 to 270 nm, while collagen gel (1.5-6.7 mg/mL) has a
slightly larger pore size between 690 and 1350 nm (Fig. 5.a). Matrigel
has the largest pore size ranging from 570 to 2520 nm, within the SEM
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images as indicated by its sheet and fibrous structure, this morphology
produced a large variability in pore size measurement due to batch to
batch variation. As expected, across all gels the pore size has an inverse
relationship to protein/polymer concentration [66].

Compared to those measured by Atomic Force Microscopy (AFM)
[69,70], the pore sizes we measured for Agarose ranged from 120 to 270
nm in diameter, similar to those reported by Mounir et al. (200-530 nm)
(Fig. 5b). The pore sizes reported in literature for collagen gel
(1500-11,000 nm) from 0.6-4 mg/ml were just above the bounds of our
measured pore size of 690-1350 nm for comparative concentrations
(Fig. 5¢). Our method produces an average pore size slightly smaller

than those reported previously which could be mainly due to the limited
resolution of Confocal images and limited sample size, the limitations of
manual measurement using SEM image manual analysis
[49,51-53,56,58,71,73-75], while it should be noted that in vivo ECM
has much smaller pore sizes ranging from 3 to 500 nm [66].

As Matrigel has a combination of sheet and fiber structure, it is
difficult to ascertain its pore size due to the varying pore size between
different morphologies [59-63]. Also, the ratio of sheet to fiber structure
changes with Matrigel concentration and purchase batch, a common
challenge for characterizing a naturally derived (extracellular matrix
mouse sarcoma) matrix. Nevertheless, our measured pore size of
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570-2520 nm, an average of fiber and sheet pore size, aligns with the
approximation of 2000 nm for (—~5-6 mg/ml Matrigel) reported by
Zaman et al [76].

When it comes to analysing the pore size of hydrogels, a consensus
about the best approach has yet to be achieved [66]. A particle perme-
ation method has been attempted to quantify the maximum particle size
which permeates through a hydrogel matrix. This method is limited by
possible hydrogel-particle charge interaction and particle size vari-
ability resulting in significantly reduced accuracy. Alternatively, it is
more straightforward to analyze microscopic images of a gel
morphology and estimate the pore size. Confocal microscope images
have been used extensively. However, with limited magnification the
spaces between the hydrogel matrix fibers (at 37 °C) are often invisible,
limiting its capability in pore analysis [49,51-53,56,71,73-75]. Recent
studies have focused on the analysis of SEM images obtained using
CryoSEM or CPD drying techniques (removing or solidifying water).
CryoSEM freezes the hydrogel at -200 °C and the matrix is imaged while
maintaining the freezing conditions within the SEM chamber. However,
artefacts in CryoSEM are difficult to avoid as water within the sample
crystalizes and expands the matrix.

The CPD technique we used in this study removes all water content
from the sample and is often utilized for imaging fine features (fibers).
Dried “skeleton” of the hydrogel can be imaged under typical SEM (room
temperature) conditions, and the pore size is approximated. Existing
techniques mainly use manual analysis, where a few pore diameters are
manually measured for several images and averaged, which is prone to
human error and does not fully describe the heterogeneity of a hydrogel.
We created an automated MATLAB pore finding program in conjunction
with CPD drying [73] to accurately measure the pore size of hydrogels.
Our method can improve the accuracy of hydrogel pore size measure-
ment. This is critical as the pore size acts as a key regulator of me-
chanical confinement, which affects cell phenotype and migration [31].

4.3. Diffusive permeability coefficient of hydrogels using a microfluidic
device

Hydrogel diffusive permeability is a crucial biophysical factor when
fabricating an in vitro cancer model as it affects nutrient availability and
removal, and therapeutic drug extravasation. In most in vivo conditions,
the ECM presents minimal impedance to drug delivery in contrast to the
cellular monolayers (endothelium). However, targeted therapies rely on
a leaky endothelium (the so-called enhanced permeability and retention
effect, EPR) to allow drug-laden particles (—100 nm) to enter the ECM
[77]. Therefore, the fibrous ECM to some extent presents a barrier to
therapeutic delivery [77]. By quantifying the diffusive permeability
coefficient (Pg4), the flux of a molecule across a barrier, we can determine
the speed at what drugs are able to reach target cells within the matrix
[69,78]. The Pgq is the diffusive component, without convective flow,
that drives solute permeability [79]. P4, within this research, is also
considered a relative permeability measurement [80,81].

Initial relative permeability testing was conducted using 20 kDa
dextran (6.9 nm in diameter by DLS), which can easily permeate the
ECM [82], and 70 kDa dextran (10.6 nm in diameter by DLS) mimicking
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macromolecules like albumin (68 kDa), the most abundant protein in
blood which are relatively impermeable to blood vessels [83]. Dextran is
a neutrally charged particle that has been extensively used in medical
research [84]. Also, the relative permeability of two nanoparticles
(NPs), liposome and poly(lactic-co-glycolic acid) (PLGA) NPs was also
determined for mimicking nanomedicines [85]. These two particles
namely PLGA (114 nm, —10 mV) and liposome (98.7 nni, —18 mV) have
similar particle size and charge [86]. The slightly negative charge of the
nanoparticles is favorable for drug delivery, as it prevents nonspecific
interactions between nanoparticles and the biological environment.

To measure the diffusive permeability coefficient (P4) of each
hydrogel, a three-channel microfluidic device was designed (Fig. 6b)
with the side channels to introduce fluid flow, and the middle channel to
confine a hydrogel (Fig. S2). The trapezoid-shaped pillars are able to
trap the hydrogel in the middle channel by surface tension. A fluorescent
particle-laden solution was introduced to the “capillary” channel, and
particles permeated through the hydrogel to the “lymph” channel. Using
a Confocal Microscope, Regions of Interest (ROI's) of the fluorescence
within the hydrogel could be tracked over time to calculate P4 [68]. The
ROI layout in Fig. S2 is necessary for input into the P4 calculations, and
normalization of the fluorescent fluctuations within the middle hydrogel
channel over time. The temperature (37 °C), pH (7) and dilution me-
dium (PBS) were kept constant during the studies.

The diffusive permeability coefficient of the selected NPs was
measured in collagen gel with protein concentrations of 1.5-6.7 mg/mL
(Fig. 6a). As expected, the P4 of all the nanoparticles, regardless of their
sizes, exhibited an inverse relationship with the hydrogel protein con-
centration, which agrees with literature results [51,71,75]. High protein
concentrations correlate to a smaller pore size [87,88]. As the diffusion
time (Tp) of a molecule has an inverse correlation with particle size, the
increase of particle size leads to a longer diffusion time, thus decreased
diffusive permeability [89,90].

At the same protein concentration (2.2 mg/mL), 70 kDa dextran had
a significantly (p < 0.05) smaller diffusive permeability coefficient
(2570 nm/s) than 20 kDa (3140 nm/s) in collagen, suggesting a direct
negative correlation between P4 and particle size. This negative corre-
lation is also valid for larger nanoparticles. 70 kDa dextran has a
diffusive permeability coefficient 4-fold greater than liposome NPs
(460-640 nm/s) and 20-fold greater than the PLGA NPs (40-110 nm/s).
Interestingly, the soft liposome NPs (460-640 nm/s) exhibits several-
fold greater permeability than the rigid PLGA NPs (40-110 nm/s).
Tomasetti et al. also observed an even greater 10-fold increase in P4 of
soft liposomes compared to hard PLGA NPs [88]. The enhanced
permeability of soft NPs is mainly due to their flexible structures and
deformability. Yu et al. demonstrated using molecular dynamics (MD)
simulations and super-resolution microscopy that semi-elastic spherical
NPs deformed into ellipsoids within hydrogel mesh structures, inducing
rotation-facilitated fast diffusion [91]. Latreille et al. also reported a
spontaneous shrinking of soft NPs in confined hydrogel environments
resulting in faster diffusion compared to hard non-deformable particles
[92].

The diffusive permeability coefficient in Matrigel was measured over
a range of protein concentrations (5.7-10.8 mg/mL) (Fig. 6a). Within

Fig. 6. The relative a) diffusive permeability coeffi-
cient (Py) of different molecules and nanoparticles in
hydrogels, including 20 kDa (~7 nm in diameter) and
70 kDa (~11 nm in diameter) dextran, liposome
nanoparticles (~100 nm in diameter) and PLGA
nanoparticles (~114 nm in diameter). ***, #** =
represent statistically significant difference (p <
0.001, p < 0.05, and p < 0.01). b) Schematic of a
three-channel microfluidic device designed to mea-
sure hydrogel permeability, consisting of two liquid
channels (outer channels) and loading of hydrogels in
the middle channel.
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Matrigel, 20 kDa dextran exhibited a greater P4 than 70 kDa dextran.
Specifically, 20 kDa dextran displayed a significantly greater (p < 0.05)
P4 of 1830 nm/s than that of the 70 kDa dextran (750 nm/s) in 10.8 mg/
mL Matrigel. 70 kDa dextran had a 2-fold greater P4 than the larger (100
nm) liposome NPs (100-350 nmy/s). Like collagen, particle Py's in
Matrigel also exhibits a direct negative relationship with particle size.

The P4 values of 20 kDa and 70 kDa dextran in agarose gel were
measured at concentrations of 1 and 2 wt% (Fig. 6a), showing a similar
trend that the diffusive permeability coefficient decreases with the in-
crease of agarose concentration and particle size, similar to those
described in literature [69,70]. The P4 of 20 kDa dextran (2520 nm/s) in
1 wt% agarose gel is 2-fold greater than 70 kDa dextran (1190 nm/s) (p
< 0.001) (Fig. 6a). The P4 of liposomes and PLGA nanoparticles in
agarose was too small to be determined.

Comparing the three hydrogels (collagen, Matrigel and agarose), the
agarose gel has a similar dextran P4 to collagen gel, but slightly greater
than Matrigel, despite its much smaller pore sizes (190-410 nm). The P4
values of dextran and liposome in Matrigel (100-1380 nm/s) were less
than that in collagen gel (460-3140 nm/s), despite Matrigel having a
larger pore size (2300-2900 nm) than the collagen gel (700-1500 nm).
This could be due to the sheet-fiber morphology of Matrigel, small
particles being trapped in large spaces with Brownian motion creating a
longer path length thus decreased Pg4. Electrostatic interactions might
also play some roles as all particles and Matrigel are negatively charged
[88,93]. The Pg's of dextran and NPs studied in this work have important
implications for nanoparticle drug delivery. It is apparent that the
smaller the particle, the more effectively it permeates the ECM [94]. For
both collagen gel and agarose gel, the P4 decreased with the increased
concentration of gels.

In contrast, P4 within in vivo tissue is far slower than pure ECM, as it
is comprised of 80% cells by volume (within breast cancer) which rep-
resents a significant diffusion barrier [39-41]. To estimate the isolated
impact of the ECM on Pd, Ho et al. reported the Pd of 70 kDa dextran
through fibrin gel with Human Umbilical Vein Endothelial Cells
(HUVECs) ranged between 50 and 250 nm/s [80], which was an order of
magnitude greater than Lee et al.'s uses the same P4 equation to calculate
a “permeability coefficient” of 16 nm/s using the exact same model [95].
Polacheck et al. also reported a Pg4 of 60 nm/s with only endothelial cells
with 70 kDa dextran into collagen I gel, and 180 nm/s with 10 kDa
dextran [81]. A very similar device to this research was used by Zer-
vantonakis et al. to measure the diffusive permeability coefficient of an
endothelial monolayer channel into type I collagen gel, with a P4 of 400
nm/s with 10 kDa dextran, and 70 nm/s with 70 kDa [96]. The P4 of an
endothelial layer into Matrigel, was 1.6-16 nm/s, dependent on the
endothelial cell type, with 70 kDa dextran [97]. With the literature
reporting P4 ranging from 16 to 400 nm/s when an endothelium is
incorporated, in contrast to our 40-3140 nm/s in a hydrogel, the
endothelium clearly impedes P4 70-80%.

In vivo models of the microvasculature demonstrated an even more
pronounced decrease in diffusive solute permeability. The vascular
permeability, based of diffusivity of a molecule captured through fluo-
rescent intensity within a region of interest, of liposome nanoparticles in
tumor tissues is around 0.2 nm/s, which is much lower than that of al-
bumin (the size of 70 kDa dextran) at 1.2 nm/s [98]. A similar study
reported a vascular permeability, driven by diffusion, of 0.1 nm/s for
liposomes and 6.6 nm/s for albumin in tumor tissue [99]. Yuan et al. also
measured the solute permeability of 70 kDa dextran within cerebral
microvessels at 1.5 nm/s [100]. In general, the reported diffusive solute
permeability of in vivo tissue is 92-99% slower than that within an ECM
mimicking hydrogel.

4.4. Correlation between hydrogel biophysical properties
With the complex modulus, loss tangent, pore size and permeability

(P4) measured, the interdependence between them was also explored.
The P4 of the 20 kDa dextran is independent of tan 8, complex modulus,
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and pore size because of its extremely small size. For the other three
particles with bigger sizes (70 kDa dextran, liposome and PLGA), the P4
shows a somewhat direct correlation with tan 8 though with a limited
number of data points (Fig. 7a) [31], whereas an inverse relationship
exists between P4 and the complex modulus (Fig. 7b), except the 70 kDa
dextran in Matrigel. These trends are expected, as an increase in visco-
elastic behavior should produce a decrease in matrix connectivity,
allowing more space for particle permeation. A direct relationship also
exists between pore size and complex modulus (Fig. 7¢), and tan &
(Fig. 7d). Within agarose gel these associations can be described using
network theory, where increased gel concentration induces more
crosslinking [101,102]. Collagen gel appears to follow a similar premise,
although the matrix does not “crosslink™. This increased crosslinking,
decreases the loss tangent (less potential for energy dissipation
compared to higher potential for energy storage) and pore size, which
decreases Py due to smaller distances between network junctions.
Increased network junctions mean an increase in complex modulus. As a
result, the biophysical properties of collagen gel and agarose gel can by
altered by gel concentration. An aspect outside the scope of this study is
that when gel concentration increases, the scaffold density is increased
and the biochemical potential of the ECM changes due to increased
ligand availability.

Matrigel, however, indicated no relationship between its biophysical
properties, proving a difficult matrix to quantify, which agrees with
literature reports [103,104]. Collagen gel and agarose gel are natural
polymers, whereas Matrigel is a derived tumor ECM (mouse sarcoma
extracellular matrix proteins and basement membrane proteins) and is a
mixture of many components [105].

5. Conclusions

This work systematically investigated the biophysical characteristics
of ECM-mimicking hydrogels (Matrigel, collagen gel, agarose gel),
including complex modulus, loss tangent, pore size and diffusive
permeability. The complex moduli of Matrigel with (50-430 Pa) and
without (60-400 Pa) Skov3 spheroid addition and collagen gel with (25
and 53 Pa) and without (26 and 50 Pa) Skov3 spheroid addition, fall
within the estimated range of in vivo cancer tissue ECM (~ 1-600 Pa).
The tan & of Matrigel with and without Skov3 (0.1-0.2) and collagen gel
with and without Skov3 spheroid addition (0.2-0.25) correlates well
with those in vivo reconstituted ECM and soft tissue (0.1-0.2) [31,106],
but agarose gel fell outside of this range with a tan § of 0.03-0.11.
Altering collagen and agarose gel concentration illustrated a positive
correlation with complex modulus, and an inverse correlation with the
loss tangent; these associations can be explained by network theory
[101]. The biophysical properties of collagen gel and agarose gel present
as a function of gel concentration, and thereby altering protein or
polymer concentration can be used to tune the gel's biophysical char-
acteristics [107,108].

We developed a new combined approach of CPD, SEM imaging and
MATLAB processing for the quantification of hydrogel pore size. Only
agarose gel (120-270 nm) produced a pore size within the in vivo ECM
range (3-500 nm), whereas Matrigel (570-2520 nm) and collagen gel
(690-1350 nm) had much larger pore sizes mainly due to the lack of
cellular components. collagen gel, agarose gel and Matrigel did
demonstrate the expected direct relationship between pore size and
protein concentration, making it possible to tune the gel pore size for
tumor models using protein concentration [66].

ECM diffusion driven permeability was quantified using a
microfluidic-based method. As expected, particle diffusion has an in-
verse relationship with particle size. Interestingly, the stiffness of
nanoparticles significantly affects their diffusive permeability through
the matrix. Soft liposome particle (460-640 nm/s) exhibited a far
greater diffusion driven matrix permeability then the stiffer PLGA NP
(40-110 nm/s). Nanoparticles have comparable diffusive permeability
coefficients in collagen gel (40-3140 nm/s) and agarose gel (750-2520
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Fig. 7. Diffusive permeability coefficients of 20 kDa (~7 nm in diameter), 70 kDa (~11 nm in diameter), liposome NPs (~100 nm in diameter) and PLGA NPs (~114
nm in diameter) with respect to a) viscoelasticity, tan §; b) storage modulus; ¢) pore size. d) Correlation between pore size and viscoelasticity (tan 3).

nm/s) dependent upon the protein or polymer concentration. In
contrast, they exhibited the lowest P4 in Matrigel (100-1380 nm/s) and
showed no dependence on protein concentration. Matrigel (the ECM of a
mouse sarcoma) thus, appeared to not exhibit any correlations between
range of measured biophysical properties and architectural character-
istics and proved a difficult matrix to quantify. Collagen gel and agarose
gel showed a direct proportionality between protein/biopolymer con-
centration and complex modulus, and an inverse relationship between
protein/biopolymer concentration and pore size. In summary, the bio-
physical properties of hydrogels and their interdependence are intricate,
and the new approaches developed, the systematic studies conducted,
and the data presented in this study will provide useful information for
selecting suitable hydrogel materials for mimicking in vivo extracellular
matrix.
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