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Abstract

Extracellular matrix microstructure and mechanics are crucial to breast cancer progression and
invasion into surrounding tissues. The peritumor collagen network is often dense and aligned,
features which in vitro models lack. Aspiration of collagen hydrogels led to densification and
alignment of microstructure surrounding embedded cancer cells. Two metastasis-derived breast
cancer cell lines, MDA-MB-231 and MCF-7, were cultured in initially 4 mg/ml collagen gels
for 3 days after aspiration, as well as in unaspirated control hydrogels. Videomicroscopy during
aspiration, and at 0, 1, and 3 days after aspiration, epifluorescence microscopy of phalloidin-
stained F-actin cytoskeleton, histological sections, and soluble metabolic byproducts from
constructs were collected to characterize effects on the embedded cell morphology, the collagen
network microstructure, and proliferation. Breast cancer cells remained viable after aspiration-
ejection, proliferating slightly less than in unaspirated gels. Furthermore, MDA-MB-231 cells
appear to partially relax the collagen network and lose alignment 3 days after aspiration.
Aspiration-ejection generated aligned, compact collagen network microstructure with immediate
cell co-orientation and higher cell number density apparently through purely physical means,
though cell-collagen contact guidance and network remodeling influence cell organization and
collagen network microstructure during subsequent culture. This study establishes a platform

to determine the effects of collagen density and alignment on cancer cell behavior, with
translational potential for anticancer drug screening in a biomimetic three-dimensional matrix
microenvironment, or implantation in preclinical models.
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11 INTRODUCTION

The tissue microenvironment plays a critical part in the progression of multiple lethal
diseases including cancer (Brabek, Mierke, Rosel, Vesely, & Fabry, 2010). The extracellular
matrix (ECM) serves as the scaffolding of the tissue microenvironment and regulates
resident cell morphology (Yeung et al., 2005), differentiation (Engler, Sen, Sweeney, &
Discher, 2006), migration (Pelham & Wang, 1997), and tissue development to its ultimate
functional form (Guo, Frey, Burnham, & Wang, 2006; Reinhart-King, Dembo, & Hammer,
2008; Shebanova & Hammer, 2012). Fibrillar collagen is a predominant component of

the ECM in many interstitial tissues that surround tumors and through which cancer cells
migrate to form distant metastases. Indeed, collagen microstructural remodeling occurs in
the tumor microenvironment and guides tumor cell intravasation (Han et al., 2016). ECM
mechanics and ligands independently influence the survival of glioblastoma cells in the
presence of toxic compounds (Zustiak et al., 2016). Evidence exists for both inhibition and
enhancement of cancer cell proliferation and transport by the surrounding collagen network
(Fang, Yuan, Peng, & Li, 2014).

The interstitial collagen network is of critical clinical importance to breast cancer. The
relationship between ECM and breast cancer risk is grounded in evidence that patients
with denser breast tissue develop a higher than the fourfold increased risk of breast

cancer (Boyd et al., 2001). Furthermore, the microstructure of collagen fibers around
tumors can be used as an independent hallmark for clinical diagnosis (Conklin et al.,
2011). Observations of collagen within and adjacent to tumors have identified certain
collagen network microstructures corresponding to disease aggressiveness, known as tumor-
associated collagen signatures (TACS; Provenzano et al., 2006). Using nonlinear laser
scanning microscopy of the second harmonic signal from collagen, Provenzano et al.
(2006) found three TACS that characterize different stages of tumorigenesis. TACS-1
indicates the presence of dense collagen near the tumor region. TACS-2 is characterized

by tangentially stretched collagen fibers adjacent to a relatively smooth tumor border that
is usually seen in benign cases. TACS-3, found in advanced stages, consists of collagen
bundles aligned normal to the tumor boundary displaying an irregular shape. TACS-3 is
believed to support malignant cell invasion of the ECM. In addition, the microstructure of
collagen is distinct inside tumors compared with juxta- and extratumoral regions (Esbona
et al., 2018). Intratumoral collagen fibers were found to be much straighter than in normal
interstitium, and are also referred to as TACS-3 (Provenzano et al., 2006). These signatures
raise questions about the effects on cancer progression of mechanobiological interactions
between cancer cells and aligned, dense collagen networks.

Dense biopolymer matrices typically have higher mechanical stiffness, denser presentation
of cell-matrix attachment sites, and smaller pores than sparse biopolymer networks.
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Substrate stiffness has been manipulated in synthetic polymer systems, yielding cancer
mechanabiological insight. For example, on stiff but not compliant two-dimensional
polyacrylamide substrates coated with Type | collagen, hepatocellular carcinoma cells
upregulate vascular endothelial growth factor dependent upon B1 integrin signaling (Dong
et al., 2014). Demonstrating the importance of the topology and biochemistry of the
extracellular microenvironment, protease inhibitors prevent migration in three-dimensional
polyethylene glycol hydrogels engineered with proteolytically degradable crosslinks, but not
in natural collagen and fibrin gels fibrin with larger and more labile pores (Raeber, Lutolf,
& Hubbell, 2005). In contrast to synthetic polymer systems, in native biopolymer hydrogels,
strategies have focused on altering mechanical properties through control of microstructure:
collagen fiber and pore dimensions (Raub et al., 2007), alignment (Vader, Kabla, Weitz,

& Mahadevan, 2009), polymer concentration (Zaman et al., 2006), and exogenously-added
crosslinks (Levental et al., 2009). More recently in biopolymer gels, local matrix stiffness
has been assessed using active microrheology (Keating, Kurup, Alvarez-Elizondo, Levine, &
Botvinick, 2017), revealing steep gradients in the mechanics of pericellular material, which
can be actively modulated through targeted and focused laser-induced ruthenium-catalyzed
photocrosslinking (Keating, Lim, Hu, & Botvinick, 2019). Assessment and control of
microstructural and mechanical properties of collagen gels are important as such properties
promote angiogenesis (Bordeleau et al., 2017), enhance persistent migration (Riching et al.,
2014) and prime epithelial-to-mesenchymal transition in cancer cells (Wei et al., 2015).

Biofabrication of in vitro collagen scaffolds controls biophysical and microstructural
features of the collagen network relevant to embedded cell behavior. Plastic compression
generates a more than 100-fold volumetric reduction of collagen hydrogels within a few
minutes, creating a platform of dense collagen (Brown, Wiseman, Chuo, Cheema, & Nazhat,
2005) that stimulates osteogenesis (Yuan et al., 2018) and nurtures corneal stem cells

(Mi, Chen, Wright, & Connon, 2010), both of which reside in collagen-dense tissues

in vivo. Reverse dialysis followed by evaporation is another method to create uniform,
dense collagen networks by inducing liquid crystallization (Knight, Nash, Hu, Haffegee,

& Ho, 1998), then allowing slow removal of the acidic component in collagen gels
(Bessea, Coulomb, Lebreton-Decoster, & Giraud-Guille, 2002). These methods were used
to generate in vitro bone scaffolds (Thula et al., 2011). An initially disorganized collagen
network microstructure limits the amount of global microstructural remodeling by corneal
fibroblasts, highlighting the general need to produce initially biomimetic microstructures in
three-dimensional in vitro cultures (Saeidi et al., 2012). Such a need requires a flexible,
controllable way to exert compressive, tensile, and shear stresses on ECM hydrogels to
control microstructure without destroying embedded cells.

Aspiration-ejection is a recently proposed method to produce aligned, dense collagen
constructs (Kamranpour, Miri, James-Bhasin, & Nazhat, 2016; Miri et al., 2016). By

this technique, aspiration of a collagen gel adherent on a filter membrane into a narrow-
gauge syringe draws the gel into a cylindrical shape, producing higher density from
compaction and alignment from elongation during aspiration. The level of compaction
depended on needle gauge, from 0.3 to 0.9 mm (Marelli, Ghezzi, James-Bhasin, & Nazhat,
2015). The alteration in the microstructure of the aspirated gel-accelerated osteoblastic
differentiation and supported neuronal transdifferentiation of embedded mesenchymal stem
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cells (Kamranpour et al., 2016; Marelli et al., 2015). The resulting cell-seeded scaffolds
were proposed to be injectable as biologic implants for tissue restoration. It remains to be
seen whether this technique can be adapted to produce dense, aligned cancer cell constructs,
and subsequent behavior of the cancer cells during postaspiration culture.

Based on previous studies of gel aspiration with noncancer cells, we hypothesized that
cancer cells seeded in aspirated collagen gels would sustain mechanical damage but retain
viability, allowing subsequent culture in a dense, aligned collagen scaffold. To test this
hypothesis, two breast cancer cell lines, MDA-MB-231 and MCF-7, with low and high
cell—cell adhesion, respectively, were embedded in aspirated gels designed for individual
floating culture, and we determined the effects of aspiration-ejection on (a) collagen network
microstructure, (b) cell morphology, and (c) cell proliferation up to 3 days after aspiration,
compared with unaspirated control gels. Results confirm immediate alignment of embedded
cancer cells with collagen network anisotropy introduced by the aspiration, some relaxation
of the collagen network and coaligned cells by 3 days of postaspiration culture, and
proliferation of embedded cancer cells when the constructs were formed by a gentle method.
These findings are significant toward determining breast cancer cell behavior in aligned,
dense collagen microenvironments.

MATERIALS AND METHODS

Cell culture

Two breast cancer cell lines MDA-MB-231 and MCF-7, a generous gift from Dr

Zaver Bhujwalla (John Hopkins School of Medicine, Baltimore, MD), were cultured in
Dulbecco's modified Eagle's media (DMEM) containing 10% fetal bovine serum (FBS) on
tissue-culture treated polystyrene dishes (VWR International, Radnor, PA). All cells were
maintained in an incubator at 37°C, 5% CO», and 100% humidity. The cells were trypsinized
when reaching 70% confluency, centrifuged at 200g and counted using a hemacytometer
before diluting into a collagen solution on the ice at 100,000 cells/ml.

Collagen hydrogel preparation

Collagen hydrogels were prepared on ice at concentrations of 4 mg/ml from high
concentrated Type | rat tail tendon collagen (Corning, NY), 10X phosphate-buffered saline
(PBS; Sigma-Aldrich, St. Louis, MO) with phenol red added at 0.159 mg/ml as a pH
indicator, and deionized (DI) water. The mixture was neutralized to pH 7.4 by adding

a small amount of 0.1 M sodium hydroxide until the color turned cherry red. Cells

were seeded into collagen at 100,000 cells/ml. The final solution was well mixed before
transferring 2 ml into a 35 mm-diameter Petri dish (Figure 1a). The gels were self-assembled
at room temperature for 45 min. Prewarmed nutrient media (1 ml of DMEM containing 10%
FBS) was added on top of the gel in the dish and moved to the incubator for 24 hr. After

this period, the cell-seeded collagen gels were subjected to micropipette aspiration-ejection
under sterile conditions (Figure 1b,c), then returned to the incubator with fresh media for

an additional 24-72 hr of culture, with an additional assessment at 0 hr, immediately after
aspiration (Figure 1d).
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Micropipette aspiration

Micropipette gel aspiration-ejection (GAE), a variant of needle-based GAE, was performed
as described below (Figure 1). Free-floating, cylindrical, cell-seeded collagen disks were
created from the cell and collagen layer in Petri dishes in two ways: (2) by pressing down
and gently rotating a 3-mm diameter dermal punch (Sklar Corporation, West Chester, PA;
Figure 1a), or alternatively, using a poly-dimethylsiloxane (PDMS) mold to form the gel
constructs and allow them to be gently extruded by a stream of media from a pipette (Figure
S2). The collagen disks were transferred directly to a micropipette aspiration set-up (Figure
1b) in a sterile biosafety hood, or by spatula to the stage of an inverted phase-contrast
microscope (CK30; Olympus Corporation of the Americas, Center Valley, PA), to record
images of the aspiration process. In the latter case, the imaging chamber consisted of a
space made by microscope slides above and below 2-mm tall spacers, in which a droplet of
PBS was held by surface cohesion to both glass surfaces. The end of a borosilicate glass
capillary tube, with inner diameter of 0.8 mm and outer diameter of 1 mm (Cole-Parmer,
Vernon Hills, IL) was aligned parallel to the gel floating in the PBS droplet, just visible

in the microscope's field of view, and was attached to a pneumatic oil aspirator/injector
(IM-6; Narishige International, Amityville, NY). The capillary tube was briefly fired in

a Bunsen burner to create smooth edges, rinsed with 70% ethanol and sterile DI water,

and dried before use. Images were captured at 11 frames per second during aspiration by

a CMOS digital microscope camera (MU300; Amscope, Irvine, CA). Defined aspiration
steps were created by marking the syringe control knob at 4.7° intervals (defined as 1

step) and attaching a rigid chamber containing a pressure sensor (BMP 180; Adafruit,

New York, NY) to the end of the capillary tube (Figure 1b). A linear calibration of ~100
Pa/step was obtained for 60 x 4.7° steps or 282° of rotation of the control knob. A high-
pressure aspiration was defined as a rapid rotation of the control knob 180°, about 38 steps,
corresponding to 3.8 kPa of applied pressure. After 30 s in the capillary tube, the gels were
ejected back into DMEM culture media in new Petri dishes. Alternatively, a low-pressure
aspiration was defined as a pressure step of ~200 Pa every 20 s, until the gel collapsed into
the capillary tube while experiencing a gradually built-up aspiration pressure.

Two sets of GAE experiments were performed. In the first experiment, MDA-MB-231
cancer cell-seeded gels were aspirated using high- and low-pressure protocols, and
varying capillary tube orientation at 10°, 60°, and 90° with respect to the plane of the
collagen gel disk (Figure S3). These gels, 7= 7-10 per group, were imaged under
brightfield microscopy using a x4 objective, and their projected area and aspect ratio
were quantified using measurements from the manual tracing of the gel outline in
ImagelJ. In the second experiment, gels were cultured seeded with MDA-MB-231 and
MCF-7 cells as described above and cultured for 0, 1, and 3 days after aspiration,

as well as unaspirated gels (Figure 1d). These gels were created by the dermal

punch method and examined by confocal microscopy and histology; or created by the
gentler PDMS mold method and evaluated for cell proliferation by 2,3-Bis(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT) assay (Kit I11; PromoCell,
Heidelberg, Germany) fixed in 10% neutral-buffered formalin at each timepoint for
microscopy and histology. The dermal punch experiment consisted of 7= 8 gels per
timepoint, or 96 constructs in total for (2 cell types [MDA-MB-231, MCF-7] x 2 levels
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of aspiration [none, high] x 3 culture time points [0, 1, and 3 days]). The PDMS mold
experiment consisted of 7= 15 gels per condition for the same treatments and time points, for
a total n= 60 gel constructs.

Immunofluorescence and reflectance confocal microscopy

Aspirated and unaspirated cell-seeded collagen gels were fixed in formalin, rinsed, and
permeabilized with 0.01% Triton-X before fluorescent staining. Alexa Fluor 568-conjugated
phalloidin (Life Technologies, Carlsbad, CA) was used to label the F-actin cytoskeleton

of cells in the constructs. Imaging was performed using a Zeiss LSM 710 confocal
microscope (Zeiss, Jena, Germany) with an argon laser that delivered 0.12 mW of 561

nm wavelength to the gel-cell constructs. The objective lenses of x10/0.3 numerical
aperture (NA) and x63/1.4NA were dry and immersion oil-coupled to the sample coverslip,
respectively. Scanning in the x—y plane was implemented using a 512 x 512 pixel window
equaling 0.26 x 0.26 pum pixel lateral dimensions and 0.69 pum in axial z-step for imaging
with the x63 objective or 1.66 x 1.66 um and 13.37 um in z-step for imaging with

the x10 objective. Images were taken using ZEN 2010 software (Zeiss) at 8-bit depth

(per pixel) simultaneously collecting a 561 nm reflectance channel with neutral density
filter and a fluorescence emission channel with a bandpass filter from 565 to 665 nm.
Reflectance signals from the collagen matrix and fluorescent signals of F-actin were
acquired simultaneously and coregistered using the ImageJ software (NIH). Confocal
micrographs containing coregistered red fluorescence and reflectance channels were stitched
together using MosaicJ (Thevenaz & Unser, 2007)

Histology

Histological sections were created from formalin-fixed, paraffin-embedded tissue constructs,
and stained with hematoxylin and eosin for visualization of cells and ECM (Histoserv,
Germantown, MD). Brightfield images were taken of the sections with an Amscope ME300
camera through the x10/0.25 NA objective of the CK30 inverted microscope and across

the sections in overlapping fields of view. Images were stitched together to form mosaics
using Photoshop (Adobe Systems, Mountain View, CA). The number of nuclei in each tissue
section were counted, and the area of the section, in mm?2, was measured using the polygonal
region-of-interest tool in ImageJ (NIH).

XTT assay

The XTT assay was performed according to the manual (PromoCell XTT Kit Ill), ina
flat-bottomed 96 well-plate (Corning). A working solution of 10 ml of XTT reagent was
mixed with 50 pl of activation reagent immediately upon thawing, and then 50 pul was added
to each well containing a tissue construct and 100 pl of freshly changed nutrient media.
After a 2 hr incubation period in standard tissue culture conditions (37°C, 5% CO,, 100%
humidity), the well-plate was removed and media transferred to a new well-plate, minus
the opaque constructs, for optical readout. Absorbance was read on a standard colorimetric
microplate reader with filters at 490 and 650 nm. The absorbances were subtracted, As9g nm
— Ags0 nm» and also corrected for a blank media well (never exposed to cells) to yield a
final absorbance. Absorbance values were normalized to the group average of unaspirated
controls containing MDA-MB-231 and MCF-7 cells.
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2.71 Image analysis

Confocal fluorescence images were background-subtracted by thresholding at a consistent
level across all images, before additional image processing. The F-actin area fraction was
obtained by dividing the number of pixels containing phalloidin stain to the total area of
the gel in a single confocal image plane, measured from overlapping confocal reflectance
images using the trace tool in ImageJ. Digital image correlation was performed using a
previously published method (Eberl, 2020; Jones, Silberstein, White, & Sottos, 2014).

Confocal image overlays were constructed by taking the maximum signal projection of the
red channel (cell phalloidin stain) overlaid on a single confocal reflectance frame to clearly
resolve the collagen network, or a sum of reflectance frames to capture the morphology of
the aspirated gel. Orientation vector fields were overlaid on these frames using OrientationJ
(Fonck et al., 2009; Rezakhaniha et al., 2012). Local collagen network anisotropy was
assessed as the standard deviation (SD) of the orientation map produced in OrientationJ, for
a local window of 20 pixels (5.3 um in confocal images acquired with a X63 objective).
Coalignment of collagen and cells was assessed from images acquired with a x10 objective
by manually tracing 38 individual cells per group in the ImageJ, extracting the long axis
orientation, and calculating the cosine of the difference angle between the two, cos(A8). This
quantity is 1 for perfect coalignment, and 0 for perpendicular collagen alignment and cell
long axis.

2.81 Statistical analysis

To assess the effects of aspiration and culture time on two breast cancer cell lines, two-
factor analysis of variance (ANOVA) was performed on phalloidin-stained area fraction
and cell density, in #/mm?2, measured from histological sections. Following two-factor
ANOVA, one-factor ANOVA on significant factors from two-factor analysis and pairwise
comparisons were performed, the latter using Tukey's posthoc test for differences between
culture times, Dunnett's test to compare to unaspirated controls at Day 0. All ANOVA

was performed after testing for normality and equal variance by Kolmogorov—Smirnov and
Levene's test, respectively, and inspection of the distribution of residuals. If these tests
failed, the nonparametric the Kruskal-Wallis test was performed. To assess the effects of
aspiration, culture time, and cell type on proliferation, collagen network anisotropy and cell
coalignment with collagen, three-factor ANOVAs were performed. For selected pairwise
group comparisons, Student's ftests were also performed. Significance for all tests was set at
p<.05.

31 RESULTS

3.11 Aspiration-ejection creates a dense tissue construct dependent upon applied
pressure

Aspiration of the collagen gel disks (Figures 2a and 2d) creates a compact, pill-shaped
construct (Figures 2c and 2f). For the low-pressure aspiration, after 24-32 steps, the gel
deformed in a delayed process leading to total aspiration into the capillary tube (Figure
2bi-iii). Manual tracking of displacement markers (Video S1) and digital image correlation
(Figure 2di-iii) demonstrated that the leading edge of the gel compacted, the side walls
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adjacent to the capillary tube experienced shear, and the trailing edge of the gel folded to
enter the capillary tube. The gel shape was stable following ejection (Figures 2¢ and 2f). For
low-pressure aspiration, the gel compaction process took 7 s. In contrast, gels aspirated with
3.8 kPa of pressure (high pressure) immediately entered the capillary tube, too fast to record
at 30 frames per second. The geometric features of the aspirated gel construct depended
upon the aspiration protocol. There was a significant effect of aspiration pressure protocol
on the gel aspect ratio (F= 6.6, p=.02) and circularity (F= 6.4, p<.05), but not projected
area (F= 1.4, p=.25; Figure S3a-c). In contrast, the effects of capillary tube angle with
respect to the disk plane at 10°, 60°, and 90° on construct projected area and aspect ratio
were not significant (Figure S3d-f). Specifically, the gel aspect ratio was 4.4 + 1.0 under
high pressure, and 3.3 + 1.0 under low-pressure aspiration protocols.

GAE alters collagen network microstructure and aligns cells

The collagen network became aligned following aspiration-ejection, visible as striations

in the reflectance signal aligned with the gel long axis (Figure 3). Transverse striations
appeared by 3 days culture, especially with MDA-MB-231 cells, which were also aligned
with the gel long axis (Figure 3a). In contrast, MCF-7 cells did not align as clearly

as MDA-MB-231 cells due to their clustered morphology (Figure 3b). Higher-resolution
confocal images, however, demonstrated both individual MDA-MB-231 cells (Figure 4a)
and MCF-7 cell clusters (Figure 4b) aligning with the collagen network (gray signal, yellow
orientation vectors) immediately following aspiration, with a partial apparent loss of the
dense, anisotropic network after 3 days culture. Compaction and alignment of the collagen
network in aspirated, (+) Asp, versus unaspirated, (=) Asp, gels was also apparent from
reflectance signal in higher resolution confocal micrographs (Figure 5a,b), characterized by
smaller pores and a finer, striated reflectance texture, again lost by Day 3 of postaspiration
culture.

Cell alignment with collagen and collagen network anisotropy were evaluated quantitatively
and were higher in aspirated than unaspirated gels (Figure 4c,d). The cell-collagen
alignment parameter, cos(A6), was affected by aspiration, culture time and cell type (F

= 9-75, p<.001 for each, n= 6-9 fields-of-view per group from N/ = 3-4 constructs).
Specifically, cos(A8) was higher at Day 0 (p < .001) and Day 1 (p < .01) than Day 3.
Collagen network anisotropy depended on aspiration status (F= 75, p < .001) and culture
time (F=8, p<.01). Specifically, aspirated gels had lower local collagen orientation SD
(and therefore higher anisotropy). This measure of microstructural anisotropy was higher
particularly at 3 days in constructs with embedded MDA-MB-231 cells (o< .01 and p< .001
versus 0 and 1 day of postaspiration culture, respectively).

Aspiration-ejection alters cancer cell morphology and distribution in dermal-

punched gel constructs

Cancer cell morphology and distribution were altered in the aspirated collagen constructs
created by dermal punch. The area fraction of the F-actin label within gels was altered
following aspiration for both cancer cell lines (Figure 6). Specifically, MCF-7 F-actin area
fraction became lower over culture time in aspirated gels (Figures 6a and 6¢), from 1.60 +
0.31%t0 1.30 £ 0.24 and 0.36 £ 0.14 at 0, 1, and 3 days after aspiration. Unaspirated gels
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had a lower F-actin area fraction initially (0.92 + 0.30%) but became similar to aspirated gel
values by 3 days (0.52 + 0.22%). Similar trends were apparent in MDA-MB-231 embedded
constructs (Figures 6b and 6d). The F-actin area fraction was 4.1 + 0.6% at O day, 4.5 +
0.3% at 1 day, and 2.1 + 0.1% at 3 days in aspirated gels. Unaspirated gels had a lower
F-actin area fraction initially at 0.9 £ 0.3% at 0 day, but became similar by 3 days (2.5 £
0.5%).

Gel aspiration affects embedded cancer cell number density in postculture of

dermal-punched gels

3.51

4

Gel aspiration affected the number density of embedded cancer cells (Figure 7). The number
density of MDA-MB-231 cells (Figure 7a,b) but not MCF-7 cells (Figure 7c,d) was higher
following aspiration than unaspirated controls (Figure 7d,e). Cell number density was higher
in aspirated gels than unaspirated gels for MDA-MB-231 cells at all three time points
(Figure 7c). The cell density was 63 + 8, 61 + 10, and 50 + 6 cells/mm? at 0, 1, and 3

days after aspiration, respectively. Cell density was only lower at 3 days versus 1 day. In
unaspirated constructs, cell number density remained lower at 28 + 5, 33 £ 5 and 36 + 4 at
0, 1, and 3 days, respectively. MCF-7 cells in aspirated gels were at 35 £ 10, 24 £ 9, and

20 + 6 cells/mm? at 0, 1, and 3 days, respectively, with each cell density at each time point
significantly lower than the previous. In unaspirated gels, the density was 22 + 3, 31 + 11,
and 18 £ 5 cells/mm? at 0, 1, and 3 days, respectively, with no significant difference in cell
density.

Cancer cells proliferated in aspirated gels created from a PDMS mold

Gel aspiration did not prevent cancer cells from proliferating during 3 days culture following
the event (Figure 8), dependent on aspiration, culture time, and cell type (F= 14-105, p
<.001). At Day 0, immediately following a high-pressure GAE, aspirated gels were 102%
and 97% of the unaspirated constructs, for MDA-MB-231 and MCF-7 cells, respectively. By
1 and 3 days after aspiration, both cell types had proliferated, 1.5- and 2-fold higher than
baseline at Day 0, but still 78% and 77% of unaspirated control gels' (Figure 8). Differences
by posthoc Tukey's test in Figure 8 are indicated by a letter and refer to the group bar below
each letter in comparison to the unlabeled bar in the time series of bars (letters &/, p < .05).
The letter g refers to differences between unaspirated versus aspirated groups of the same
cell type, across timepoints (p < .01).

Gel construct wet weight and projected area were altered during the culture of the constructs
made in the PDMS mold (Table 1). Both gel volume and wet weight were 1.9-fold less in
aspirated versus unaspirated gels at Day 0, while cell density was twofold higher in aspirated
than unaspirated gels at Day 0, counted from histology sections (Figures 7¢ and 7e).

DISCUSSION

Breast cancer cells embedded in three-dimensional collagen hydrogels survive high-pressure
aspiration-ejection with only transient deformation of the F-actin cytoskeleton, primarily

in collagen-adherent MDA-MB-231 cells. High-pressure aspiration elongates and shears

gel constructs, producing an aligned, dense collagen network. In contrast, low-pressure
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aspiration produces a less uniform gel deformation, with a compacted front edge, shear at
the gel sides, and folding of the trailing edge (Figures 2 and S3). Aspiration-ejection created
compact, pill-shaped gel constructs, leading to an immediately higher number density of
embedded cancer cells, many of which coaligned with an anisotropic collagen network in
the direction of aspiration (Figure 4). Still, viable, adherent cancer cells remained in culture
3 days after aspiration despite the seeming large stresses imposed on the collagen network
and cells. These data suggest the long-term viability of cancer cells in dense, aligned
collagen gels created by aspiration-ejection. Proliferation of both cell types occurred when
the constructs were gently extruded from a PDMS mold (Figures 8 and S2), rather than from
constructs created using a dermal punch, which produced stable or slightly decreasing cell
counts (Figure 7). Taken together, these data suggest gel aspiration produces an immediate,
purely physical remodeling effect by applying stress to the deformed gel and embedded
cells, which continue to proliferate and remodel the collagen network in subsequent culture.

The strengths and weaknesses of the present study derive from the methods used and the
study design. High collagen density and alignment of aspirated gels mimics the in vivo ECM
microstructure of some tumors, which influences cancer disease features (Barcus, Holt,
Keely, Eliceiri, & Schuler, 2015; Brisson et al., 2015; Riching et al., 2014). To characterize
this novel biofabrication approach for cancer cell constructs, gels were subjected to two
different aspiration pressures (Figure S3), and embedded with two breast cancer cell lines,
to gauge potential effects of the aspiration protocol and cell type on cancer cell proliferation
in culture and behavior at postaspiration timepoints. The trends in measurements from
these cell lines and timepoints confirm that viable cells remain embedded in the dense,
aligned collagen network for up to 72 hr of subsequent culture, while pointing to several
key differences. For example, embedded MDA-MB-231 were more elongated than MCF-7
cells, which produced an immediate alignment of individual MDA-MB-231 cells (Figure

5, Day 0) versus aligned clusters of MCF-7 cells (Figure 5, Day 0). This alignment of
elongated individual cells and clusters can be interpreted in light of the well-known greater
cell—cell connections of MCF-7 cells than MDA-MB-231 (Kudo et al., 2009), but also

in the postulated property of collagen hydrogels to deform under mechanical stress while
cushioning embedded cells that experience only a fraction of that total stress, modulated

by cell stiffness (Gyoneva et al., 2016). A weakness of the study was the use of a dermal
punch to create the tissue constructs, which appears to have damaged some cells, leading

to lower F-actin area fraction (Figure 6) and cell number density in the histology section
(Figure 7) over culture time. To address this, we conducted an additional experiment using
a PDMS gel mold that reliably creates collagen gels for aspiration, in which the gels can

be released into floating culture by the gentle flow of media from a micropipette, avoiding
mixing issues in a Petri dish that could make cell counts locally off (see Figures 8 and S2,
Table 1). This method is likely gentler than using a dermal punch to create constructs, so
the loss of wet weight and projected area, the latter only significant for unaspirated gels at
Day 3, is telling of some level of active remodeling of the collagen network by metabolically
active cells. The initial twofold difference in these volume-approximating measurements
from aspirated and unaspirated constructs corresponds to the two times increase in cell
number density in histology sections at Day 0 (Figure 7). After that, while some remodeling
is apparent in confocal micrographs of aspirated gels, especially by Day 3 (Figure 5a),
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most bulk alterations occur in unaspirated gels (Table 1). indicating reasonable stability of
the compact, aligned constructs. Many cancer cells persisted in the gels over 3 days of
subsequent culture (Figures 4-6). Future studies will attempt greater control of domains of
microstructure within the aspirated gel (e.g., see Figure S4) by varying the magnitude of
pressure steps during low-pressure aspiration and will test the constructs mechanically, for
example with nanoindentation (Kaufman & Klapperich, 2009). The high-pressure aspiration
produced a higher aspect ratio construct (Figure S3), but possibly also applied higher stress
to embedded cells, although cells were still able to proliferate in these constructs (Figure 8).

This study demonstrates that GAE has minimal damaging effects on embedded cancer cells,
supporting subsequent culture in aligned, dense collagen constructs. As such, the present
study introduces a tissue culture platform that supports recent efforts to create aligned,
denser models of tumor stroma (Rubiano et al., 2018), to better understand how such
properties regulate cancer behavior, promoting survival and progression (Case et al., 2017;
Cheon et al., 2014; Gruionu et al., 2016; Hong, Kim, Li, Jeong, & Yoon, 2017; Pointer et
al., 2017). Future work will determine whether cancer cell-embedded, aspirated gels can
feasibly be implanted into mouse models to study the effect of novel therapeutic agents or
ECM-dependent cancer behavior in a preclinical, in vivo setting. Toward this aim, longer
culture (>3 days) postaspiration is needed to evaluate whether the surviving cancer cells are
able to invade through the constructs and into adjacent tissue regions. In contrast, the present
study sought to determine the feasibility of the aspiration approach to create dense, aligned
constructs with viable cancer cells. In the tumor, tensile forces are likely derived from
contractility of tumor-associated fibroblasts (Garcia-Palmero et al., 2016), and remodeling
activity of the cancer cells themselves (Hwang, Oh, Lee, & Kuh, 2019). Alignment of dense
collagen in the stroma may also result from compressive stress from the growing tumor
(Chauhan et al., 2014; Cheng, Tse, Jain, & Munn, 2009), or may already exist, for example,
in the metastatic niche. Collagen GAE creates dense, aligned in vitro tissue constructs in
which cancer cell location and morphology can be tracked during culture, and multiple
assessments made to discern cancer responses to local microenvironments. The current
study demonstrates the feasibility of this platform, allowing its future use to determine
interactions of cancer cells with their microstructural microenvironment. Cell migration
through dense, aligned microenvironments is of particular interest (Wolf et al., 2013) as

this may be modulated by multiscale mechanics (Taufalele, VanderBurgh, Munoz, Zanotelli,
& Reinhart-King, 2019) and quite a difficult task for cells in terms of energy expenditure
(Zanotelli et al., 2018), yet is clearly important to wound healing (Dubois, Kalashnikov,

& Moraes, 2019), cancer metastasis (Ferruzzi, Zhang, Roblyer, & Zaman, 2020; Wirtz,
Konstantopoulos, & Searson, 2011), and other (patho)physiological processes (Bonnans,
Chou, & Werb, 2014).

The parallel orientation of individual cells and cell clusters with collagen microstructural
alignment indicates the role of passive cell and collagen network mechanics in determining
the initial response to aspiration stresses. Two pieces of evidence suggest the alignment
effect stemmed directly from applied forces, rather than exclusively contact guidance of
cells by the collagen network. First, gels fixed immediately after aspiration contained
aligned cells and clusters (Figures 4 and 5, Day 0). Occasionally, MDA-MB-231 cells
appeared warped into the alignment direction, as in the first panel of Figure 5a, which
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could be an effect of the relative compliance of these cells (Rudzka et al., 2019). It would
be interesting to test whether the ability of MDA-MB-231 cells to align with a collagen
network depends on the amount of applied mechanical stress, collagen network density and
topology, or focal adhesions.

In conclusion, aspiration-ejection rapidly assembles three-dimensional models of the
dense, aligned collagen network microstructure within the tumor stroma and local
microenvironment. Breast cancer prognosis is related to tissue-level collagen alterations
in animal models and humans. Therefore, the findings of the present study represent an
important step toward biofabrication of more clinically relevant in vitro models of breast
cancer. In the future, GAE may serve as a platform to study specific interactions of
cancer cells with ECM, including matrix invasion, tumor cell proliferation, and response
to chemotherapies. Parallelization and automation of aspiration-ejection could allow the
technique to be used in the future to biofabricate tumor tissue models for high throughput
drug screening. A manifold aspiration system aligned to a 96- or 386-wellplates format
could facilitate this development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Biofabrication of cancer cell-seeded collagen hydrogel constructs using gel aspiration-

ejection. (a) Collagen disks were created using a dermal punch or extruding from a

PDMS mold on gels polymerized in Petri dishes. (b) The punched disks were transferred
to a gel aspiration system, under an inverted phase-contrast microscope to observe rapid
gel deformation. (c) The aspiration pressure was calibrated to the rotation of the knob
controlling plunger position of the oil-filled syringe by connecting the capillary tube

to a second syringe with a fixed plunger, housing a pressure sensor. (d) Two breast

cancer cell lines were cultured in aspirated (+Asp) and unaspirated (—Asp) gels for

3 days, with assessments taken at the indicated timepoints. H&E, hematoxylin and

eosin; PDMS, polydimethylsiloxane; XTT, 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide salt
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FIGURE 2.
A gel constructs before, during and after aspiration-ejection. Single and mosaiced phase-

contrast images of a representative collagen gel (a) before, (bi—iii) during, and (c) after
aspiration. (d and f) Profile images of a representative gel disk before aspiration and after
subsequent ejection. (ei-iii) Intratissue displacement map overlaid on phase-contrast images
at several stages of aspiration. Scale bars are indicated
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(@ on 24h 72h

FIGURE 3.
Stitched projections of confocal micrographs of aspirated gels containing embedded (a)

MDA-MB-231, and (b) MCF-7 cancer cells, at Day 0, 0 hr (immediately after aspiration-
ejection) and after 24 and 72 hr (1 and 3 days, respectively) subsequent culture. The gray
signal is reflectance; the red signal is the fluorescence of a phalloidin conjugate. Scale bars
are indicated
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FIGURE 4.
The effects of aspiration-ejection on the collagen microstructure and cell alignment.

Confocal micrographs of F-actin signal (red) and reflectance signal primarily from collagen
(gray) in (a) MDA-MB-231 and (b) MCF-7 cells within gels with ([+] Asp) and without ([-]
Asp) aspiration-ejection, at 0, 1, and 3 days after aspiration. Scale bars are indicated. (c)
The average cosine difference angle between local collagen and cell alignment directions,
and (d) the standard deviation of local collagen orientations calculated over a scale of 20
pixels/5.3 um. The T indicator shows significant effects by analysis of variance, p< .001.
The 2P, and * indicators express pairwise differences by Tukey's tests, further indicated by
the unlabeled Day 0 for @ and Day 1 for P, respectively. Yellow vectors are overlaid local
collagen orientation
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culture (days): 0 1 3

FIGURE 5.
Zoomed-in high-resolution images of interactions between cells and collagen network in

aspirated, (+) Asp, and unaspirated, (=) Asp, gels at 0, 1, and 3 days after aspiration of
subsequent culture. Red signal is F-actin phalloidin, gray signal is confocal reflectance, and
yellow vectors are overlaid local collagen orientation. Scale bars are indicated
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FIGURE 6.

1

3

0
MDA-MB-231

culture time (days)

cell type

F-actin signal distribution in dermal-punched, aspirated gels versus culture time. F-actin
area fraction is higher initially following gel aspiration, then lower by 72 hr. Representative
confocal micrographs of confocal reflectance (gray) and F-actin (red) signal of (a) MDA-
MB-231 cells and (b) MCF-7 cells after (top row) or without (2nd row) aspiration for 0, 1,
and of subsequent culture. The bar graphs show the F-actin staining area fraction per gel

for (c) MCF-7 and (d) MDA-MB-231 cells. Data were mean * standard deviation for a total
number of five gels per group. The differences in area fraction due to aspiration and culture
time were tested by analysis of variance and posthoc Tukey tests, and were statistically
significant: *, ** and t represent p< .05, p< .01, and p < .001, respectively. Markers above
horizontal bars connect indicate statistically significant comparisons. Indicators without bars
are statistically different from the same culture timepoint, aspiration group
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Cell density is affected by aspiration. (a) Hematoxylin and eosin-stained 8 pm-thick
mosaiced histology sections of cancer cell-seeded collagen gels following gel aspiration-
ejection. Zoom-in sections of (b) MDA-MB-231 and (d) MCF-7 aspirated gels. (c and e) Bar
graphs represent cell number density at 0, 1, and 3 days after aspiration-ejection (or paired
unaspirated controls). Data were mean + standard deviation for a total number of five gels
per group. The effects of aspiration and culture time were tested by analysis of variance and
posthoc Tukey tests for both cell lines and were statistically significant for MDA-MB-231
cell lines: *, **, and T represent p< .05, p< .01, and p < .001, respectively. Markers
above horizontal bars connect indicate statistically significant comparisons. Nonparametric
the Kruskal-Wallis test was performed for MCF-7 and was significant for culture time but

not for aspiration
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FIGURE 8.
XTT dye absorbance measured from MDA-MB-231 and MCF-7 cell-embedded aspirated

gels (+) Asp, and unaspirated controls (=) Asp, at 0, 1, and 3 days after aspiration culture.
Data were mean £ SD for a total number of five gels per group. XTT signal was normalized
to the unaspirated gel at 0 hr as a baseline. Letters indicate p < .05 with respect to

the corresponding treatment and cell type-matched baseline by Tukey's test. SD, standard
deviation; XTT, 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
salt
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