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Abstract

The fibril orientation of type I collagen has been shown to contribute to tumor invasion and
metabolic changes. Yet, there is limited information about its impact on tumor cells’ behavior

in a restrictive growth environment. Restrictive growth environments are generated by the
inhibition of a proliferation stimulus during therapy or as an inflammatory response to suppress
tumor expansion. In this study, the impact of a type | collagen matrix orientation and fibrous
architecture on cell proliferation and response to estrogen receptor (ER) therapy were examined
using estrogen-dependent breast tumor cells (MCF-7 and T-47D) cultured in a hormone-restricted
environment. The use of hormone-free culture media, as well as pharmacological inhibitors of
ER, Tamoxifen, and Fulvestrant, were investigated as hormone restrictive conditions. Examination
of cultures at 72 h showed that tumor cell proliferation was significantly stimulated (1.8-fold)

in the absence of hormones on collagen fibrous substrates, but not on polycaprolactone fibrous
substrates of equivalent orientation. ER inhibitors did not suppress cell proliferation on collagen
fibrous substrates. The examination of reporter cells for ER signaling showed a lack of activity,
thus confirming a shift toward an ER-independent proliferation mechanism. Examination of two
selective inhibitors of @21 and alpl integrins showed that cell proliferation is suppressed in the
presence of the a21 integrin inhibitor only, thereby indicating that the observed changes in tumor
cell behavior are caused by a combination of integrin signaling and/or an intrinsic structural motif
that is uniquely present in the collagen fibrils. Adjacent coculture studies on collagen substrates
showed that tumor cells on collagen can stimulate the proliferation of cells on tissue culture
plastic through soluble factors. The magnitude of this effect correlated with the increased surface
anisotropy of the substrate. This sensing in fibril orientation was further supported by a differential
expression pattern of secreted proteins that were identified on random and aligned orientation
substrates. Overall, this study shows a new role for electrospun collagen | fibrous substrates by
supporting a shift toward an ER-independent tumor cell proliferation mechanism in ER+ breast
tumor cells.
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1. INTRODUCTION

The physical properties of the fibrous collagen matrix are an ongoing interest topic to
researchers. These have been linked to the progression of tumor cells toward a more
aggressive phenotype and a poor prognosis in patients that are diagnosed with breast
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cancer.12 Type | collagen is one of the most abundant and studied components of the
extracellular matrix (ECM), since its physical properties have been shown to play an
essential role in tumor cell proliferation, migration, metastasis, and drug response.3->
Physical properties such as stiffness, topography, and organization significantly influence
tumor cell behavior.8 However, these properties have not been fully examined in culture
models due to limitations in achieving independent control over the physical properties of
the matrix during fabrication. Identifying such contributions is important for the generation
and implementation of culture substrates supporting advanced tumor cell states. Matrix
properties that challenge the outcome of therapy assays will pave a way to identify more
robust therapeutic approaches.

The stiffness of the type I collagen matrix is one of the most studied physical parameters
of the ECM and it is known to be a clinical prognosis marker of progression in breast
tumors. High stiffness and density levels of the fibrous collagen matrix often correlate

with fibril orientation and have been shown to promote tumor progression, invasion, and
metastasis.”® Keely and collaborators examined the implications of the collagen | matrix
organization, density, and composition in breast tumor formation and progression. Three
tumor-associated collagen signatures (TACS) that correlate with an invasive status were
defined for tissue diagnosis. The examination of tissue specimens from 207 breast cancer
patients showed that collagen alignment could be used as a physical parameter for tumor
diagnosis.19 Furthermore, tumor explant samples cultured in type | collagen showed matrix
reorganization from a random orientation to an aligned orientation, facilitating cell migration
and invasion.8 Indeed, these observations have been recapitulated to some extent in vitro
using collagen as a single matrix substrate. Recent investigations have shown that breast
tumor cell migration is increased on anisotropic scaffolds when compared with isotropic
collagen substrates.1! Similarly, other studies show enhanced tumor cell invasion driven by
the matrix orientation (aligned or random) and highlighted collagen fibril orientation as a
more relevant parameter over stiffness in the observed tumor behavior.11:12

In addition to stimulating tumor cell invasion, the fibril structure and orientation of the type
I collagen matrix may influence cell proliferation and drug sensitivity. For this reason, the
examination of tumor cell-collagen matrix interactions in a growth-restrictive environment
is an expanding topic of interest. Growth-restrictive environments such as those generated
during hormone ablation therapy are of clinical interest since up to 30% of positive estrogen
receptor (ER+) breast tumors will acquire resistance to the endocrine treatment’s growth
inhibitory effect.13:14 Few cell-based studies have examined the impact of fibrous collagen |
substrates as potential contributors to drug resistance in hormone-responsive breast tumors.3
Examination of low- and high-density collagen substrates showed that matrix density

plays an important role in the sensitivity of MCF-7 and T-47D breast cancer cells to
4-hydroxytamoxifen hormone ablation therapy.1® Also, substrates with a stiffness of 0.4 kPa
were found to promote the progression of ER (+) tumor cell lines as a consequence of
estrogen cross-talk with prolactin.1® Furthermore, modulation of drug sensitivity has also
been reported on ER(-) tumor cells cultured on noncollagen-based fibrous scaffolds. Studies
using 3D silk fibroin scaffolds showed that more than 6 times the usual concentration of

the drug (doxorubicin) was needed to successfully inhibit the survival of the breast cancer
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cell line MDA-MB-231 in these substrates.18:17 Thus, these studies suggest that the fibrous
matrix architecture or tumor cell microenvironment modulates the response to drug therapy.

Besides matrix stiffness, other physical properties, such as fibrous architecture,
dimensionality, and orientation, may impact the proliferation and pharmacological response
of ER(+) tumor cells, and yet this has not been clearly examined. Previous studies did not
control the fibril orientation or diameter of the collagen matrix, without impacting substrate
stiffness. Most cell-based studies employed self-polymerizing collagen | gels, a process
that limits robust control over fibril diameter, orientation, and density on the micro- and
nanoscales.18 To enable examination of physical properties in a more independent manner,
substrates generated by 3D printing or electrospinning methods are preferred since they
enable fine-tuning over the fibrous substrates’ physical properties. Our research group has
previously reported a set of process parameters that enabled the generation of electrospun
type | collagen fibrous scaffolds of controlled alignment (30-100%), without significantly
impacting the diameter, density, and stiffness of the substrate.>1° Such fine control over
processing parameters enables the gradual and consistent modification of physical properties
for the independent measurements of the contributions of each physical property.

In this study, the surface orientation of electrospun type I collagen fibrils was manipulated
independently of stiffness and fibril diameter to examine the effect of the fibrous structure
and orientation in the proliferation and drug response of ER (+) breast tumor cells cultured
in a hormone-restrictive environment.

2. MATERIALS AND METHODS
2.1. Cell Culture.

MCF-7 and T-47D, two human ER (+) breast carcinoma cell lines were used for this

study. Both cell lines were purchased from American Type Culture Collection (ATCC).
MCF-7 cells were maintained in DMEM high glucose media with L-Glutamine (D5796,
Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (FBS; F6765,
Sigma-Aldrich) and 1% penicillin/streptomycin (P4333, Sigma-Aldrich). T-47D cells were
maintained in RPMI medium 1640 with L-Glutamine (11875-093, ThermoFisher Scientific)
supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin. RPMI and
DMEM high glucose media without L-Glutamine, sodium pyruvate and phenol red (D1145,
Sigma-Aldrich) supplemented with 10% FBS charcoal-stripped (F6765, Sigma-Aldrich)
and 1% penicillin/streptomycin (P4333, Sigma-Aldrich) were used for the experimental
conditions of MCF-7 and T-47D cells. All cells were cultured at 37 °C in a 5% CO,
humidified environment. Cultures were periodically verified and confirmed to be free of
mycoplasma. Passages were performed at 75-80% confluence using 0.5% trypsin (59418C,
Sigma-Aldrich). Cell lines were used below 20 passages. Viable cells were identified

using the Trypan Blue (T8154, Sigma-Aldrich) exclusion method and counted using a
hemocytometer.
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2.2. Fabrication of Electrospun Type | Collagen Substrates.

The collagen | used in this project was obtained from a bovine deep flexor tendon from
Integra LifeScience. This type | collagen is of a high purity, and it has been used in many
biomedical applications.29 A collagen | solution was prepared by dissolving precut collagen
I sponges (donated by Integra Lifesciences Holdings Corporations, Afiasco, PR), in 90%
v/v acetic acid (695092, Sigma-Aldrich) and distilled water to attain a final concentration
of 20% wi/v. This mixture was heated at 37 °C and magnetically stirred at 300 rpm on

a hot plate for 72 h to ensure a constant range of kinematic viscosity (201-384 mm?/s)
across the different batches. The methodology for electrospun fibrils has been previously
described in detail by Castilla-Casadiego et al.?! Briefly, the electrospinning equipment used
was custom built in our facilities and is composed of a power supply, an injection pump,

a rotation drum, a Luer-Lock syringe, and a capillary steel needle of 1.5-in. length. The
collagen solution was loaded into a 6 mL plastic syringe connected to a capillary blunt steel
needle. The syringe was placed 20 cm from the rotating and oscillating drum collector that
was covered with aluminum foil. An injection pump was used to push the solution from the
syringe with a controlled flow rate of 3 mL/h. A power supply was used to induce 47 kV,
with the positive pole connected to the steel needle and the negative pole connected to the
collector.® The velocity of the drum collector determined the orientation of the fibrils, 3000
rpm for random collagen fibrils (RCF) and 15 000 rpm for aligned collagen fibrils (ACF).
The relative humidity was kept in the 40-50% range during the electrospinning process.
Collagen fibrils were cross-linked using glutaraldehyde (GA) vapor by using a volume of 30
mL of a 25% v/v GA solution (G6257, Sigma-Aldrich) in distilled water.> Humidity levels
were kept under 60% during the cross-linking process that lasted approximately 24 h.

2.3. Physical and Chemical Characterization of Electrospun Collagen | Substrate.

Proton nuclear magnetic resonance (*H NMR) characterization was performed on three
batches of collagen | sponges to verify the biochemical composition across them. A
multinuclear 500 MHz Bruker NMR equipped with QXI and BBO probes and four
frequency channels was used to confirm chemical composition. All spectra were analyzed
using Spinworks 4.2.10 software. To confirm that the biochemical composition of collagen
was retained after the cross-linking process, Fourier transform infrared (FTIR) analysis was
used to identify the vibrational bands of different functional groups that were present in the
samples. Spectra were collected with a Spectrum Two FT-IR spectrometer by PerkinElmer
with a wavenumber range of 500-4000 using 400 scans at 1 cm™ resolution.

The structural properties of electrospun collagen I and polycaprolactone (PCL) substrates
were examined using spectroscopy and microscopy techniques. PCL substrates were
purchased with defined fiber orientation [aligned (2694614-12A; A-PCL) and random
(2694517-12EA; R-PCL)] from Sigma-Aldrich. Nevertheless, the level of orientation was
verified for each substrate before culture studies. A VK-1X-000 Keyence microscope was
used to determine the fibrils’ degree of orientation based on the surface topography value

of the Str (texture direction of the surface). Str can vary from 0 to 1, where values closer

to 1 represent isotropic surfaces whereas values closer to 0 represent anisotropic surfaces.
Specifically, values under 0.25 were considered as aligned orientation. AFM (Agilent model
5500, Keysight Technologies) was used to quantify the stiffness value of each substrate.
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Contact mode scanning was conducted using a cantilever (Arrow-cont, NanoAndMore)
reference of a force constant of 0.2 N/m, a resonance frequency of 14 kHz, and a length

of 45 nm. Topographical analysis for stiffness measurements was carried out at room
temperature. Areas with a scan size of 40 x 40 um and scanning speed of 1.96 line/s were
determined at 3—10 spots for each sample. Deflection sensitivity of 83.927 nm/V and five
sweeps per point were used on the Picoview Software to analyze mechanical properties such
as stiffness.

2.4, Culture Plate Setup of Cross-Linked Electrospun Collagen | Substrates.

The integration of electrospun fibrous substrates into microscale devices has been previously
described in detail by Stallcop et al.2! Briefly, cross-linked collagen membranes were bound
to a double-sided medical grade tape (ARCare 90106) and cut out as circles of diameters
between 6 mm and 22 mm (depending on the well plate to be used). A cutting plotter
(CE5000-40-CRP, Graphtec America, Irvine, CA, USA) equipped with a 0.9 mm diameter
and 60° angle Graphtec blade (CBO9UA) was used to generate the circles. This collagen-
tape laminate was then taped down to the bottom of culture plates or in the culture regions
of the open-well culture device.2! Culture surfaces were sterilized prior to cell seeding. The
sterilization process consisted of three sequential washes with PBS 1x, followed by two
cycles of 15 min exposition to UV light. The cell culture medium was incubated overnight to
confirm sterility before cell seeding.®

2.5. Preparation of Gelatin and Collagen | Gel Substrates.

For gelatin-coating substrate (gelatin), a volume of 50 yL of gelatin (6950, Cell biologics)
solution was added to the wells of a 96-well plate for 15 min. The excess solution was
removed before seeding cells at room temperature inside a biosafety cabinet. For collagen
gel (gel), a high concentration rat tail collagen (354249, Corning Life Sciences) was
neutralized with 1N NaOH (S318, Fisher Scientific) and 10x PBS (59331C, Sigma-Aldrich)
and then mixed with media containing the desired cell density until a final collagen
concentration of 3 mg/mL. The final solution was incubated at 37 °C for 15-20 min and
then hydrated with phenol-free culture media.??

2.6. Hormone-Free Cultures and Pharmacological Inhibition of ER.

Tumor cell studies were carried out in hormone-free culture conditions to maintain basal
cell proliferation levels below 10% in estrogen-dependent cell lines, for both MCF-7 and
T-47D. Cells cultured in T25 flasks were washed twice with 3 mL of PBS 1x followed

by incubation in 5 mL of phenol-free DMEM (D1145, Sigma-Aldrich) supplemented with
1% penicillin-streptomycin and 10% charcoal-stripped FBS (F6765, Sigma-Aldrich) for 72
h. Cells were detached with a phenol-free 1x trypsin (59418C, Sigma-Aldrich), and viable
cells were counted with a hemocytometer using the trypan blue (T8154, Sigma-Aldrich)
exclusion method. Approximately 100,000 cells/cm? were seeded in 96-well plates and
incubated at 37 °C and 5% CO,. The culture medium was replaced after 24 h with
phenol-free DMEM that was supplemented with 1% penicillin—streptomycin and 10%
charcoal-stripped FBS * 1 nM estrogen (E2758, Sigma-Aldrich) and Fulvestrant (S1191,
Selleckchem) or Tamoxifen (S1972, Selleckchem), both at a concentration of 10 nM.23
Tissue culture plastic (TCP) was used as the standard substrate control for proliferation
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and response to ER inhibitors. After an incubation period of 72 h, cell proliferation was
examined. The conditions that displayed significant cell proliferation changes were used
to evaluate integrin and soluble factor mechanisms, gene expression, and secreted soluble
factor profile in the microwell culture platform.

2.7. Proliferation Assay.

Tumor cell proliferation was monitored using the Click-iT Plus EDU Alexa Fluor 488
Flow Cytometry Assay Kit (C10420, Thermo Fisher Scientific) and Click-iT Plus EDU
Alexa Fluor 488 Imaging Assay Kit (C10337, Thermo Fisher Scientific) following the
manufacturer’s recommendations. Proliferation measurements were obtained using a BD
Accuri C6 flow cytometry while a VK-1X-000 Keyence microscope was used for the
imaging sample.

2.8. Cell Nuclear Shape.

A nuclear shape factor was used to characterize nuclear elongation with the relation between
the minor and major axis of the nucleus.2* Cell nuclei were stained with hoechst 33342
(1:1000, H3570, ThermoFisher Scientific). Prior to staining with hoechst, cells were fixed
with 4% paraformaldehyde (50-980-487, Fisher Scientific) for 20-30 min and washed three
times with PBS 1x. Images taken with fluorescent microscopy were analyzed to obtain the
value of the nucleus axis (major axis and minor axis), using ImageJ software. At least 20
nuclei were analyzed per image. Nuclear elongation values closer to 1 correspond to more
rounded nuclei, whereas values closer to 0 correspond to more elongated nuclei.

2.9. ayp Integrin Inhibition.

To evaluate the integrin signaling mechanism, the proliferation of MCF-7 cells was
evaluated in hormone-depleted media with a treatment that consisted of two integrin
inhibitors: a6, 132 nM BTT 3033 (4724, Tocris), and a1, Obtustatin 0.8 nM (4664,
Tocris). The cell seeding procedure was the same as described in section 2.6. Culture
media were replaced with fresh phenol-free DMEM (supplemented with 1% penicillin—
streptomycin and 10% charcoal-stripped FBS £ BTT 3033 or Obtustatin) 24 h after cell
seeding. After an incubation period of 72 h, cell proliferation was examined as described in
section 2.7.

2.10. Western Blot.

Cells were lysed using RIPA buffer (R0278, Sigma-Aldrich) with a 10% protease inhibitor
(K271-500, BioVision) to yield whole-cell extracts. Protein concentration was determined
using a BCA Assay kit (23225, ThermoFisher) following the manufacturer’s instructions
and was measured on a Spark Multimode plate reader (Tecan). Samples were resolved in

a Bolt 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein gel (NW04120BOX, Invitrogen) using a
mini gel tank (A25977, Invitrogen). Proteins were transferred to a nitrocellulose membrane
with iBlot 2 Transfer Stacks (1B23002, Invitrogen) in an iBlot 2 Gel Transfer Device
(1B21001, Invitrogen). Membranes were blocked using a blocking solution composed of
5% dry milk, 0.02% sodium azide (52002, Sigma-Aldrich), and 0.2% Tween 20 in PBS

1x (PBST; P9416, Sigma-Aldrich). Membranes were then incubated in the same blocking
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solution containing primary antibodies for anti-FAK (phospho; ab81298, Abcam), anti-FAK
(ab76496, Abcam), anti-ERK (phospho; ab223500, Abcam), anti-ERK (ab17942, Abcam)
or B-actin (ab8226, Abcam). After overnight incubation, blots were washed with a PBST
solution before incubation with secondary antibodies conjugated to horseradish peroxidase
(ab6789 and ab6721, Abcam) diluted in blocking solution without sodium azide for 1 h.
Expression levels of B-actin were used as a loading control to ensure an equivalent loading
of samples. Protein bands were visualized by enhanced chemiluminescence (sc-2048,

Santa Cruz Biotechnology) in a ChemiDoc XRD System (Bio-Rad). Band intensities were
quantified using Image Lab Software, Bio-Rad.

2.11. Secretome Analysis.

Conditioned media (2 mL/sample) were collected from tumor cells that were seeded at
100,000 cells/cm? and cultured for 2 days. Collected media were centrifuged at 250 rcf

for 5 min, and the supernatant was collected and stored at =80 °C. Frozen samples were
sent to RayBiotech for quantitative proteomic analysis using the 640 Human protein arrays
(QAH-CAA-640-1, RayBiotech). Data were compared across culture substrates to identify
significant changes in secreted factors. First, protein data in picograms per milliliter were
adjusted by media volume and number of cells. These adjusted measurements were used

to calculate fold changes (FC) for culture substrates, random and aligned relative to TCP
protein concentrations. Differentially expressed proteins (DEPS) were defined as proteins
with FC values that were above 4 or less than 0.25. Proteins with expression values equal to
zero (i.e., low detection limit) were discarded from this analysis. The Venn Diagram package
in R was used to generate the logical relationship diagram.2>

2.12. Statistical Analysis.

Two-way ANOVA with Tukey’s multiple comparisons analysis was used to compare
changes with respect to baseline values or treatment controls. The significance level (a)
was set to <0.05, except for the normality diagnostic test (o> 0.05). IBM SPSS (Chicago,
IL), v.23.0 for Windows and GraphPad Prism 7 (GraphPad Software, CA, USA) were used.
Wilcoxon—Mann-Whitney test was performed when the data failed to follow a normal
distribution. P values below 0.05 were considered significant as follows: *p < 0.05, **p <
0.01, ***p< 0.001, and ****p < 0.0001.

3. RESULTS

3.1. Synthesis and Characterization of Collagen Fibrils.

Collagen fibrils were generated by the electrospinning method followed by cross-linking
with glutaraldehyde to maintain their structural stability in an aqueous solution. The
biochemical composition of collagen | was examined in three independent batches using

1H NMR to discard collagen purity variations and discard its further impact on cell behavior.
The main structure of collagen results from the abundance of three primary amino acids with
the repeating motif Gly—X-Y, where X and Y positions are often proline and hydroxyproline
or any amino acid.26-28 Some chemical shifts of these amino acids are shown in the

1H NMR spectrum, representing some interactions between neighboring hydrogens and
confirming the presence of main components in the collagen | source used. Figure 1A shows
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1H NMR spectra of three batches of collagen | examined presenting the same resonance

and intensities that are attributed to the proton of amide bond a= 8.6,29 CH group b=

4.68 (hydroxyproline),30 ¢ = 3.65 (proline and glycine),3 o= 3.28 (Proline),3! and CH,
group e = 2.07 (proline and hydroxyproline).31:32 Therefore, these data confirm that the
molecular weight and purity of collagen | remain constant through the different batches used
experimentally.

FTIR spectroscopy indicates that the collagen | membranes retained their functional groups,
confirming that the biochemical structure of collagen | was not affected after the cross-
linking process. Figure 1B shows a representative spectrum of collagen fibrils for three fibril
batches of cross-linked and un-cross-linked collagen. Bands around 1630 cm~2 correspond
to strong C=0 stretching of amide | in peptides;33-34 the weak peak at 1480-1575 cm™1

is attributed to the N—H bending of amide Il and the moderate band at 1229-1301 cm™1

by the bending of N-H and CN stretching for amide 111.3%:36 The band around 3300 cm™1

is attributed to amide A, a specific band for proteins, and the band at 3080 cm™ to the
spectral feature of the amide B that arises from C-H stretching. The positions on these
amide bands did not shift in both samples, indicating that the functional groups were
maintained after cross-linking as previously reported in our studies.®

To determine the degree of anisotropy of the substrates, the surface properties of the
electrospun substrates were examined. Representative images are shown in Figure 1C

with an inset of the angle spectrum that measures the direction of the fiber’s angles.
Commercially available PCL substrates were used as reference controls for aligned and
random orientations. TCP and gelatin were used as reference controls for isotropic surfaces.
Surface images of all substrates are shown in Figure S1. The uniformity of the texture
surface (Str ratio) was used to discriminate between random, aligned, and isotropic surfaces.
Table 1 shows the average Str value for the different substrates, ranging from 0.06 to

0.7. It is important to define that values under 0.25 were considered to represent uniform
orientation (aligned), values >0.28 and <0.50 were considered of random orientation, and
values >0.50 were considered isotropic (undefined orientation).37:38 For these studies, TCP,
gelatin-coated TCP, and collagen gel were grouped as isotropic substrates and collagen and
PCL fibrous substrates were grouped as anisotropic substrates.

Stiffness often depends on the degree of polymerization (solid status) and structure of the
substrate. Hence, semisolid substrates (e.g., gels) will have a lower stiffness than more solid
or fibrous architectures. To determine each culture substrate’s stiffness, AFM images were
analyzed using Pickofview software (see Figure S1 for AFM Images). Table 1 shows the
young modulus values computed for each substrate. As expected, TCP and gelatin coating
had the highest substrate stiffness with values on the order of 106, which is comparable

to those reported in the literature.3 Collagen gel had the lowest stiffness value.0 Fibrous
collagen and PCL2%41 stiffness values were very similar and fell within the physiological
range of values reported for human tissue.#243 The stiffness and diameter values obtained
for electrospun collagen | are within the range of those reported in breast tissues (0.5-15 kPa
and 0.5-3.5 zm).44.45
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3.2. Effects of Collagen Substrates on Tumor Proliferation in a Hormone-Restricted
Microenvironment.

The proliferation of MCF-7 and T-47D cells was evaluated under hormone-restrictive culture
conditions using both electrospun and standard culture substrates. TCP and gelatin-coated
TCP were used as a 2D standard substrate and collagen I gel as a 3D for undefined
orientation. Commercial electrospun PCL substrates characterized in Table 1 were used

as a positive control for fibrils orientation. Cells were cultured on each substrate for 72

h. Estrogen was used as a positive control for cell proliferation and was added during

the last 48 h of culture. Cells in the S phase were labeled with EdU during the last 2

h of culture. As expected, preconditioning the estrogen-dependent breast tumor cells to

a hormone-depleted environment limited the proportion of cells in the S phase to levels
below 15-20% (vehicle). Reduced proliferation was observed for both cell lines in the
absence of estrogen when cultured on TCP, gelatin-coated TCP, collagen | gel, and PCL
fibrils (Figure 2A,B). As expected, cell proliferation was enhanced in the presence of an
estrogen ligand (E2). However, cells in the vehicle group that were cultured on electrospun
collagen fibrous substrates showed a significant increase in cell proliferation on both random
and aligned fibril orientations. This enhanced cell proliferation level was equivalent to or
higher than those observed in the estrogen-treated TCP group. To determine whether the
fibril diameter had an impact on the observed cell behavior, cell proliferation was compared
among collagen substrates of approximately 1 and 0.3 gm fibril diameter (see Figure S2).
Results showed no significant difference in cell proliferation indicating that an increment of
3x in fibril diameter does not affect the observed cell response. For cellular studies, collagen
fibrous substrates of an average fibril diameter of 0.3 ym were selected due to their reduced
background noise during fluorescent image acquisition.

To confirm that ER signaling was suppressed and had not been activated through an
estrogen-independent mechanism, the same culture conditions were examined using a
luciferase reporter MCF-7 cell line. The MCF-7 MVLN cell line stably expresses an
estrogen responsive element promoter—luciferase reporter gene construct that is activated in
response to ER signaling. Consequently, results shown in Figure S3 show a 3-fold increase
in luminescence only in the presence of estradiol but not in the vehicle or collagen substrate
conditions, indicating that the proliferation mechanism observed on collagen I fibrils is
independent of ER signaling.

Since differences in cell proliferation were not detected between aligned and random fibers,
cell elongation was examined as an indicator of physical changes perceived at the cell level.
Cell elongation is an indicator of the nuclear and cytoskeletal organization on anisotropic
substrates. The nuclear shape factor was quantified to identify a potential correlation
between cell proliferation and elongation. The nucleus elongation was obtained as a ratio
of the minor (green line on the zoom image of Figure 2C) and major (red line on the

zoom image of Figure 2C) axes of the nucleus (additional representative images are shown
in Figure S4). A nuclear shape factor with a value of 1 corresponds to a perfectly round
nucleus and a nuclear shape factor close to 0 corresponds to a more elongated shape. As
expected, results indicate that cells on ACF and A-PCL are more elongated (Figure 2D)
than in random and isotropic substrates confirming a positive impact of fibril alignment
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on cell elongation as reported before for cell invasive phenotypes.*6 However, because cell
elongation is a parameter associated with enhanced cell invasion, this parameter was not
indicative of the observed changes in cell proliferation.*6 Thereby, the observed enhanced
cell proliferation on collagen | is likely associated with biochemical signaling and not a
mechanical stimulus driven by the fibrous matrix.

3.3. Effect of Collagen Fibrous Substrates in Response to Endocrine Therapy.

In addition to controlling hormone availability, pharmacological inhibitors of the ER are
broadly used as the main line of therapy to suppress hormone signaling in ER+ breast
tumors.#7:48 Tamoxifen (TAM) and Fulvestrant (FULV) are two clinical pharmacological ER
inhibitors that target ER to inhibit estrogen-dependent tumor growth, working as an agonist
and antagonist, respectively.4%50 Here, TAM and FULV were used to examine the influence
of fibrous structure and orientation of collagen | substrates in the growth inhibitory effect of
ER inhibitors. Figure 3 summarizes the proliferation values of MCF-7 cells relative to the
vehicle condition on TCP. In the absence of estrogen, a marked effect on cell proliferation
was not observed in TCP, gelatin, collagen I gel, R-PCL, or A-PCL substrates (Figure
3A-C,F,G) after treatment with both TAM and FULV. As expected, in the presence of
estrogen, an inhibitory effect on cell proliferation was observed for both drugs, reaching
levels equivalent to the vehicle condition on TCP. However, the growth inhibitory activity of
both drugs was suppressed for cells cultured on collagen I fibrous substrates independently
of the fibril orientation (Figure 3D,E). These data suggest that the fibrous collagen I matrix
decreased drug sensitivity or enabled a shift in the proliferation mechanism, or both.

It has been reported that the ECM can increase chemotherapy resistance by preventing

the penetration of drugs in the cancer cells. This occurs through interactions between the
cancer cells and ECM components that can affect the apoptosis resistance.51:52 To determine
whether the observed reduced drug sensitivity was associated with a limited drug diffusion
in the matrix, the concentration of Tamoxifen was increased by 100-fold relative to the

E2 concentration (1 nM). Results shown in Figure 3H indicate a marked reduction in

the proliferation of cells on TCP substrates only. The proliferation behavior persisted on
fibrous collagen substrates treated with estrogen + tamoxifen, independently of the fibrils’
orientation. This decrease in sensitivity of ER inhibitors was also observed in the T-47D
cell line (Figure S5). The data suggest a shift toward an estrogen-independent proliferation
mechanism in which the type | collagen matrix stimulates the proliferation of tumor cells in
the absence of hormones and the presence of ER inhibitors.53

3.4. Inhibition of Collagen | Binding Integrins.

Integrins are the major group of receptors for cell adhesion to the ECM. Interactions
regulated by integrin-ECM mechanisms have been shown to trigger many intracellular
pathways to stimulate cell growth and prevent entry into the cell death cycle.54-56 Collagen

I is the main component of the ECM, and several cell integrins contain collagen I-binding
domains.>” Thus, we hypothesized that the observed proliferation stimulation in the absence
of hormones was associated with an integrin—-matrix interaction rather than the fibril
orientation of the collagen | substrates. To test this hypothesis, first cell proliferation was
examined on nonintegrin binding PCL fibrous substrates. MCF-7 cells were cultured on PCL
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substrates of random and aligned orientation for 72 h £ exogenous addition of estrogen.
Results show no significant effects on the proliferation of cells in the absence of estrogen
stimulation (Figure 4A), and as expected, exogenous estrogen (E2) significantly enhanced
cell proliferation across all substrates. The effect of estrogen on cell proliferation was
incremental as follows: aligned PCL > random PCL > TCP. These results indicate that fibril
orientation can stimulate cell proliferation in the presence of estrogen. However, cell-matrix
signals, such as integrins, are needed for proliferation stimulation in the absence of estrogen.

To examine the impact of integrin activity on the observed increase of cell proliferation

in the absence of estrogen, the activity of a18; and a,f;, two major integrins that bind

to collagen I, were targeted with pharmacological inhibitors. BTT 3033 and Obtustatin are
selective inhibitors for integrins a,B; and aq B, respectively. The drug concentrations used
were determined based on the preliminary assessment of cell viability in TCP using reported
IC50 values.?® Gelatin-coated TCP and type | collagen gel were used as nonfibrous positive
controls for a18; and a,f; activity, respectively. As expected, both drugs had no significant
inhibitory effect on cell proliferation (Figure 4B,C). Examination of the proliferation of
MCEF-7 cells on collagen fibrous substrates showed a significant reduction in groups treated
with BTT 3033-a (Figure 4D,E). Obtustatin had no significant inhibitory effects in MCF-7
cells that were cultured on collagen I fibrous substrates (Figure 4F,G). Thus, the data suggest
that a,fB; integrin signaling is involved in regulating cell proliferation in the absence of
estrogen on electrospun collagen | substrates.

Integrin downstream signaling depends on the activation of focal adhesion kinase (FAK)
and extracellular-signal-regulated kinase (ERK). This activity has been the main interest

as a therapeutic alternative for some cancers.>%-61 To confirm that the used integrin
inhibitors were targeting integrin downstream signaling, activity levels of FAK and ERK
were examined in MCF-7 cells that were cultured in TCP and collagen fibrous substrates in
a hormone-restricted culture. As expected, Figure 5 shows that the ratio of phosphorylated
FAK to total FAK is increased by approximately 3 fold on collagen substrates as compared
to TCP. Ratios of phosphorylated ERK to total ERK were not affected across the substrates.
Treatment with BTT 3033 or Obtustatin significantly reduced ERK and FAK ratios in

both aligned and random collagen substrates but not in TCP, confirming targeting of this
downstream signaling mechanism. Both inhibitors downregulate FAK signaling activity.
However, FAK activity as a main downstream target of BTT that is associated with the
observed inhibition of cell proliferation on collagen fibrils cannot be rule out. Therefore, it
is likely that other signals are involved in supporting cell proliferation downstream of a,8;
integrin activity.

3.5. Soluble Factor-Mediated Effect and Secretome Profile.

To determine whether the stimulation of cell proliferation on collagen fibrils required direct
cell contact with the collagen fibrils, tumor cells on TCP were examined after coculture
with cells on collagen substrates using a 2-microwell nested array (Figure 6A). MCF-7
cells that were seeded on TCP were cultured adjacent to MCF-7 cells that had been seeded
on TCP (vehicle), gelatin, RCF, or ACF substrates. Exogenous addition of estrogen (E2)
was used as a positive control for cell proliferation. Examination of cultures at 72 h
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showed stimulation of cell proliferation in TCP (Figure 6B). The proliferation of cells

on TCP was incremental in the following order: gelatin < RCF < ACF. Cells on aligned
substrates (ACF) were more potent than random substrates (RCF), which suggests that cells
sensed changes in fibril orientation, consequently modifying their secretome. To identify
differences across substrates at the secretome level, conditioned media were examined for
640 human factors in both MCF-7 and T47D (Table S1). The number of factors with
changes of +4 fold with respect to TCP are shown in Figure 6C. Even though differentially
secreted factors were not found in common across all conditions, totals of 67 and 19 factors
were differentially expressed in fibrous substrates relative to TCP in MCF-7 and T47D,
respectively. Moreover, three secreted factors (EDAR, PDGF-CC, TFPI) showed distinct
secretion profiles that were relative to TCP within the culture substrate of aligned orientation
regardless of the cell type. Both cell secretomes showed significant downregulation of
PDGF-CC and TFPI. Nonetheless, EDAR was highly secreted in T47D cells with aligned
culture substrates compared with TCP, while the opposite secretion pattern was observed

in MCF-7. Furthermore, 11 factors (Glypican 5, Calcitonin, Endocan, GDF-8, Insulin

R, BAMBI, Carbonic Anhydrase XII, GPR56, RBP4, Dkk-4, and OPG) were commonly
identified as differentially secreted factors among culture substrates with random orientation
relative to TCP in both MCF-7 and T47D. These secreted factors showed lower levels in
culture substrates of random orientation than in TCP except for RBP4 and Dkk-4 factors
with fold changes of 4.02 and 5.25, respectively.

4. DISCUSSION

Cell culture experiments conducted with tumor cells indicate that fibrils of type I collagen
appear to be sufficient to promote cell proliferation in the absence of hormones and to
decrease sensitivity to ER inhibitors. The same result was not observed in gelatin, collagen
gel, and PCL fibrous substrates, suggesting that this unexpected result may be caused

by a combination of integrin signaling and an intrinsic structural motif uniquely present

in the collagen fibrils. Both the electrospun collagen and the fibrils resulting from the
spontaneous exothermic polymerization in a collagen gel can exhibit a banding pattern.
However, gel’s stiffness is lower and lacks structural uniformity when compared to the
electrospun substrate. It is therefore clear that these two types of collagen substrates have
subtle structural differences that are perceived at the cellular level.

The data shown here indicate that the electrospun collagen | substrate supports a shift in
the cell proliferation mechanism from ER-dependent to ER-independent, thereby decreasing
the sensitivity of breast tumor cells to standard pharmacological ER therapy. Moreover,

the culture of the cells on collagen fibrous substrates was sufficient enough to stimulate

the proliferation of adjacent cells on TCP through secreted factors. This implies that

direct contact with the matrix is not required to significantly impact the proliferation of
surrounding cells or the bulk tumor population at the tissue level. To our knowledge, this is
the first report that sheds lights on such a collagen matrix-driven proliferation mechanism
which likely influences tumor cell survival during ER therapy at an early stage before
achieving an invasive tumor cell phenotype. Such findings are of clinical relevance because
identifying such ER-independent proliferation mechanisms may lead the development of a
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combinatorial therapy approach that might prevent these cells from surviving and becoming
invasive.

Although a significant change in cell proliferation due to the orientation of the fibrils

of the collagen I substrate was not captured, a differential potency effect and expression
pattern of soluble secreted factors were detected, indicating that cells sense changes in fibril
orientation, which can impact the bulk tumor population. This might explain the reported
correlation of matrix alignment with the progression of breast tumors, even though the
distribution of such matrix patterns is not uniform across the tumor tissue.1? One potential
target to disrupt such interaction is the ay; integrin, whose signaling activity is associated
with the fibril structure of the collagen I substrate. This highlights the importance of the
fibril condition in modulating tumor progression. However, targeting integrins are a difficult
therapeutic strategy to deliver systemically due to their ubiquitous expression and activity
in tissues. Thereby, the specific downstream mechanism still needs to be determined to
examine other therapeutic approaches that are more targetable.

Several factors were downregulated in tumor cells that were cultured in fibrous substrates
(Figure 6). From those, EDAR and TFPI have been shown to induce cell death in

breast cancer,52 while Glypican 5 and GDF8 have been linked to anchorage-independent
growth of lung cancer cells83:64 and malignant breast adenocarcinoma,®® respectively.
Thus, collectively, the collagen I fibrous matrix instructs a local microenvironment that

is more antiapoptotic and supportive of a transition toward a more invasive cell phenotype.
Whether a single factor or a combination of them are indeed implicated in the observed
tumor behavior should be further investigated to determine their collective impact in the
progression of breast tumors and identify new venues for therapy.

Given the importance of the fibrous structure of the collagen | matrix in supporting the
oncogenic activity of tumor cells,”9 the integration of such fibrous substrates should be
considered in drug potency assays. The progression toward advanced stages includes cell
invasion and earlier steps such as hormone-independent growth of ER+ tumor cells and
decreased drug sensitivity. Both steps are shown to be supported by the fibrous structure of
the collagen | matrix. Standard drug potency assays use single-cell models on flat culture
surfaces, which will not enable the identification of therapeutic compounds that are targeted
to cell-matrix interactions. In turn, these interactions are associated with the progression
of tumor cells toward advanced stages. A barrier for the integration of collagen I fibrous
substrates in drug potency assays is the lack of control over the matrix architecture and

its shelf stability, which increases the collected data’s variability across technical replicates
and, also, the reproducibility of the experimental studies. Part of the limitation is that the
self-polymerization of processes commonly used for collagen gelation often depend on the
incubation time and environmental conditions. As such, an increase in substrate stiffness is
the result of an increase in the solidification status of the matrix, due to the cross-linking
level and maturity of the structures that were formed. Since this solidification often occurs
in small volumes, when increases in temperature and humidity are not controlled, the
resulting stiffness has some variability across replicates and experiments. This variability
is caused by the microscopic structures of the matrix, which includes multiple fibril
diameters in combination with less mature structures and a nonuniform distribution. This
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forces the examination of cell behavior in single cells or small clusters aided through

high magnification microscopy to establish a correlation with a particular matrix property.
Moreover, once fabricated, these substrates have to be used immediately or they will have
a short preservation time under refrigerated conditions. The lack of stability and uniformity
of the collagen gel substrates can lead to heterogeneous tumor cell changes within the

bulk population. This can mask clinically relevant cell phenotypes, thereby limiting its

use into preclinical high-throughput preclinical assays such as drug screening and genomic
profiling. A way to address this limitation is to employ electrospun substrates of defined
structure and composition that can be easily incorporated into conventional well-based
culture platforms. Fibrous substrates with defined physical parameters can be generated
via electrospinning to achieve a more homogeneous structural arrangement and mimetic of
the native ECM tissue. The electrospun collagen | substrates used in this study preserved
their native structure for over 3 months and did not require refrigeration, providing easy
handling and transportation. Importantly, our group has incorporated these defined ECM
structures into a multiadjacent microwell platform with a user-friendly layout and interface
for fast prototyping (<10 min) in conventional laboratory settings.2> One drawback of the
electrospinning approach is that it only provides a flat surface that is incompatible with
spheroid cultures and other 3D culture methods, which are important for phenotypic cell
models such as stem cells. Strategies, such as 3D printing methods, should be explored to
fine-tune the fibril architecture in a volumetric fashion that could commence a potential
study of fibrous substrates in 3D cultures.

5. CONCLUSION

Overall, the study shows that the collagen | fibrous matrix supports tumor cell proliferation
in an ER-independent manner. This effect can be potentiated by changes in the orientation
of the collagen I fibrils. Such changes in tumor cell behavior are driven by an intrinsic
structural motif uniquely present in the collagen fibrils. Therefore, the integration of fibrous
substrates into /n vitro studies and drug assays is anticipated to lead the discovery of new
therapeutic venues.
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Figure 1.
Physical and chemical characterization of culture substrates. (A) Overlapped 1H NMR

spectra of commercial type | collagen to confirm molecular composition across three
independent batches. (B) FTIR spectra of uncross-linked and cross-linked collagen I. (C)
Representative images of the organization of random (RCF) and aligned (ACF) collagen
fibrils and random (R-PCL) and aligned (A-PCL) polycaprolactone fibers, with their
respective angle spectrum. The angle spectrum was used to calculate the Str parameter
shown in Table 1. Data in A and B represent the means of three independent batches of
substrates with n= 3.
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Collagen fibrous substrates support tumor cell proliferation in a hormone-restricted culture.
Effects of substrate composition and orientation on MCF-7 and T-47D cells. (A,B) MCF-7
and T-47D cells were cultured in hormone-depleted conditions + the estradiol (E2) ligand

(1 nM) on tissue culture plastic (TCP), gelatin coating on TCP (gelatin), collagen gel (gel),
RCF, ACF, R-PCL, and A-PCL. Proliferation data represent the average % of EdU positive
cells, as determined by flow cytometry, normalized to TCP. Data represent the average mean
+ SE of three independent experiments with /7= 3. (C) Representative fluorescent images

of nonestrogen treated MCF-7 and T-47D cells stained with Hoescht and EdU-Alexa 488
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to label the nucleus (blue) and cells in the S phase (white), respectively, using confocal
microscopy. The white scale bar represents 100 ym. (D,E) Elongation factor (nucleus
elongation) of nonestrogen treated MCF-7 and T-47D cells, represented as the ratio of the
minor (green line) and major (red line) axes of the nucleus. Data represent the average mean
+ SE of three independent experiments with 7= 4; *p< 0.05, **p < 0.01, ***p < 0.001, and
**** < 0.0001.
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Figure 3.
MCF-7 sensitivity to ER inhibitors. (A—G) Proliferation analysis of the MCF-7 cells treated

with 1 nM of E2 and 10 nM Tamoxifen and 10 nM of Fulvestrant cultured on (A) TCP, (B)
gelatin, (C) collagen I gel, (D) RCF, (E) ACF, (F) R-PCL, and (G) A-PCL substrates. (H)
Proliferation analysis of MCF-7 cells treated with 1 nM of E2 and 100 nM of Tamoxifen on
TCP, RCF, and ACF; data are relative to TCP without estrogen and with Tam100 nM. Data
represent the average of three to four independent experiments with 7= 3-4, SE, *p < 0.05,
**p<0.01, ***p<0.001, and ****p < 0.0001, presented as the fold change relative to the
TCP substrate without estrogen (vehicle) shown in graph A.
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Figure 4.

Irr?pact of a2p1 and alpl integrin signaling on collagen fibril-stimulated cell proliferation.
(A) Proliferation analysis of the MCF-7 cells on nonintegrin-binding substrates (TCP and
PCL). (B,C) Proliferation analysis of the MCF-7 cells cultured + estradiol ligand (E2) and
treated with BTT 3033 132 nM (ayp; integrin inhibitor) on TCP, gelatin and collagen

gel (B), RCF (C), and ACF (D). (E) Proliferation analysis of the MCF-7 cells cultured £
estradiol ligand (E2) and treated with 0.8 nM Obtustatin (ay8; integrin inhibitor) on TCP,
gelatin and collagen gel (A), RCF (B), and ACF (C). (E) Proliferation analysis of the MCF-7
cells cultured * estradiol ligand (E2) and treated with 0.8 nM Obtustatin (a1l integrin
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inhibitor) on TCP, gelatin and collagen gel (E), RCF (F), and ACF (G). Data represent the
mean of three to four independent experiments with 7= 3-4, SE, *p < 0.05, **p < 0.01,
***p<0.001, and ****p < 0.0001.
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FAK and ERK signaling activity. Quantification of relative expression of total focal adhesion
kinase (tFAK; 119 kDa) and phosphorylated FAK (pFAK; 119 kDa), total extracellular-
signal-regulated kinase (tERK; 42-44 kDa), and phosphorylated ERK (pERK; 42-44

kDa) in tumor cells relative to S-actin (42 kDa). Quantification of (A) pFAK in tFAK
expression and (B) pERK in tERK by image analysis of the Western blots bands. Data
represent the relative mean intensity + standard error of three independent experiments. (C)

Representative protein bands are shown for TCP and collagen fibrils (CF).
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Soluble factor-mediated effect and secretome profile. (A) Schematic of a two-microwell
array made of polystyrene was used to evaluate the effect of cell-substrate interactions

on adjacent cultures. (B) Proliferation analysis of MCF-7 cells seeded on TCP adjacent

to MCF-7 cells on gelatin, RCF, or ACF after 72 h. Data represent the mean of four
independent experiments with 7= 3-5 + SE, *p < 0.05, **p < 0.01, ***p < 0.001, and
**** 1< 0.0001. (C) Secreted proteins in conditioned media that are differentially expressed
in MCF-7 and T47D relative to TCP. Quantitative analysis of the expression levels of 640
proteins in conditioned media using the human quantitative proteomics array (RayBiotech).
MCEF-7 cells were seeded on TCP, RCF, and ACF. Conditioned media were collected at 72
h after cell seeding. The logical overlap of upregulated or downregulated secreted factors
by +4 fold across different substrates is shown in the Venn diagram. (D) Table of secreted
factors expressed by both MCF-7 and T47D but differentially expressed (marked by dotted
lines in 5C) by a 4-fold change or higher in aligned or random substrates as compared to
TCP.
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Table 1.

Physical and Mechanical Characterization of Culture Substrates

substrate fiber diameter (um) Str (ratio)al

TCP 0.543 £ 0.075
gelatin thin coating on TCP 0.651 + 0.026
collagen gel 0.551 + 0.0096
RCF 0.35+0.17 0.496 + 0.006
ACF 0.33+0.13 0.201 +0.079
R-PCL 1.001 +0.261 0.291 + 0.063
A-PCL 1.05+0.153 0.06 + 0.0051

stiffness (kPa)
3.8x10%+0.9 x 108
2.4%x10%+0.8 x 106
0.00754 + 0.0015
132+24
143+35
159+35
158+1.2

a, . . . . . .

Str values represent a texture aspect ratio. Values have an inverse correlation with the uniformity of the surface texture. Data represent the means
of three to six independent batches of substrates with 77=3-10 + SE. Substrates: Tissue culture plastic (TCP), random collagen fibrils (RCF),
aligned collagen fibrils (ACF), random polycaprolactone fibers (R-PCL), and aligned polycaprolactone fibers (A-PCL).
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