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Abstract

Cells are known to constantly interact with their local extracellular matrix (ECM) and respond
to a variety of biochemical and mechanical cues received from the ECM. Nonetheless,
comprehensive understanding of cell-ECM interactions has been elusive. Many studies rely on
analysis of cell behavior on 2D substrates, which do not reflect a natural cell environment.
Further, lack of dynamic control over local stiffness anisotropies and fiber alignment hinders
progress in studies in naturally derived fibrous 3D cultures. Here, we present a cell-safe

method of patterned photocrosslinking, which can aid in studying biological hypotheses related
to mechanotransduction in 3D hydrogels. As previously described by our group, ruthenium-
catalyzed photocrosslinking (RCP) of selected ECM regions promotes localized increase in
stiffness mediated by focused blue laser light in a confocal microscope. In this study, we further
demonstrate that RCP can induce localized strain stiffening and fiber alignment outside of the
selected crosslinked region and induce stiffness anisotropy biased towards the direction of fiber
alignment. MDA-MB-231 cells are shown to respond to RCP-induced changes in local ECM
architecture and display directional bias towards the direction of fiber alignment, as compared to
control cells. Further, the effect of patterned crosslinking on a stiffness landscape is measured
using multi-axes optical tweezers active microrheology (AMR) with backscattered laser beam
illumination. AMR validates RCP as a suitable tool for creating distinct stiffness anisotropies
which promote directed migration of cells, further underscoring the usefulness of RCP in cell-
ECM studies.

Keywords

Contact guidance; durotaxis; microrheology; extracellular matrix; patterned crosslinking;
anisotropy

1. Introduction

Cells in the human body reciprocally interact with their local extracellular matrix (ECM).
Cells constantly remodel their ECM through synthesis, breakdown, organization, and
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crosslinking of ECM proteins and dynamic changes in tension of local ECM fibers [1-

3]. Reciprocally, cells also respond to a variety of biochemical and mechanical cues

from their ECM. For instance, cells can exhibit contact guidance and migrate along the
direction of topographical features on 2D substrates or along the fiber orientation in 3D
cultures [4-6]. Contact guidance has been reported to play an important role in numerous
physiological processes, including morphogenesis, wound healing and cancer metastasis
[5,7-9]. Past research indicates that cells display contact guidance by sensing anisotropy in
the organization of local ECM fibers [10]. However, cells also respond to stiffness gradients
of their local ECM and migrate towards regions of higher stiffness in a phenomenon known
as durotaxis. Durotaxis was shown to be exhibited by different cancer cell lines [11] and it
has been previously described to affect cell phenotype and promote fibrosis [12,13].

Despite the importance of cell contact guidance and durotaxis in natural cell behavior,

a comprehensive understanding of mechanotransduction and cell-ECM interactions during
these biological processes has been elusive. Many studies rely on analysis of cell behavior
on 2D substrates [8], which do not reflect a natural cell environment and may provide
misleading results as compared those observed in 3D with respect to cell-ECM interactions
[2,14]. While micropatterning strategies readily used to generate stiffness gradients in

2D systems have been adapted for synthetic hydrogels [15], they are still emerging

for naturally-derived fibrous 3D systems [16]. Approaches developed for 3D cultures
include cell-induced hydrogel contraction and fiber alignment [17,18], use of polymers
with temperature controlled mechanical properties [19], magnetic alignment of fibrin and
collagen fibers [9,10,20,21] or mechanical stretching of hydrogels [22]. All these methods
alter fiber alignment and stiffness inside the whole hydrogel, and don’t allow the study of
individual cell responses to complex changes to their stiffness landscape.

Here, we evaluate a method of patterned photocrosslinking to alter stiffness and fiber
alignment and induce directed cell migration at a single cell level. As previously described
by our group and others [23-25], the addition of a solution of a ruthenium compound

and sodium persulfate promotes fibrin crosslinking in the presence of focused blue laser
light in a confocal microscope. Crosslinking of peri-cellular fibrin via ruthenium-catalyzed
photocrosslinking (RCP) does not affect cell viability and can precisely be applied to a
specified ECM region around an individual cell [23]. Multi-axes optical tweezers active
microrheology (AMR) verifies the RCP-induced change in local fiber network stiffness
anisotropy. AMR is a non-invasive method of assessing local mechanical properties of a
hydrogel. AMR operates by applying optical forces to individual embedded microbeads, and
then extracting mechanical properties of the surrounding ECM from the resulting microbead
displacements [26]. Past research by our group has shown AMR can be used to measure
temporal and spatial changes in ECM-stiffness landscapes around individual cells [27,28]
and cell colonies [29]. The optical tweezers are programmed to serially oscillate along

six distinct axes passing through the microbead centroid. Bead position is monitored by

a detection beam and quadrant photodiode as previously described, and stiffness along

each axis is computed from bead displacement and optical force waveforms [27]. Accurate
measurements of local stiffness anisotropy with multi-axes AMR aid in describing properties
of ECM networks, which were previously shown to be obscured by bulk measurements
[27,30].

Acta Biomater. Author manuscript; available in PMC 2022 October 11.
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Past findings reported by our group showed that RCP can promote up to a 25-fold increase
in localized ECM stiffness of the crosslinked region as compared to control, with a

range of stiffness values corresponding to those naturally established by the cells [23].
Patterned crosslinking was also shown to induce stiffening outside of the crosslinked region,
potentially due to strain hardening of the fibers. We postulated that the increase in stiffness
outside of the crosslinked region was highly directional and anisotropic. Here, we verify that
hypothesis and demonstrate that RCP can be used to create distinct stiffness anisotropies
and fiber alignments both inside and outside of the crosslinked region. Furthermore, RCP
can induce change in the direction of migration of cells exhibiting contact guidance

and durotaxis. Exclusive of the microrheology application presented, this method can be
implemented by any investigator with access to a laser scanning confocal microscope.

2. Materials and Methods

2.1. Cell culture

Highly invasive and triple-negative human breast cancer cells, MDA-MB-231 (ATCC), were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with low glucose, L-glutamate,
and sodium pyruvate (Gibco) supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and
1% penicillin streptomycin (Gibco).

2.2. Hydrogel preparation

Fibrin hydrogels were prepared at 2.3 mg/ml concentration and incubated at 37 °C and 5%
COy, for 24 h prior to stiffness measurements and imaging. Bovine stock fibrinogen (Sigma,
SLBZ1967) was dissolved in phosphate buffered saline (PBS, Gibco), filtered and mixed
with 2 um carboxylated silica microbeads (0.8 mg/ml, Bangs Laboratories). For hydrogels
with cells, 15 k/ml of MDA-MB-231 cells was also added to the solution. Following the
addition of bovine thrombin (4 U/ml, Sigma), each solution was polymerized into a 1 ml
hydrogel inside of a 35 mm glass bottom dish (MatTek). Hydrogels were incubated for 30
min, and then supplemented with 2 ml of either PBS (cell-free hydrogels) or culture media
(hydrogels with cells). On the day of experiments, PBS or culture media was replaced by 2
ml of DMEM with 25 mM HEPES (Gibco), 10% of FBS and 1% penicillin streptomycin.

2.3. Selective photocrosslinking

Selective photocrosslinking was conducted as previously described [23]. Briefly, 200 pl of
culture media with HEPES was substituted with 200 pl of crosslinker solution prepared
by mixing 1.5 mg/mL tris(2,20-bipyridyl) dichlororuthenium (I1) hexahydrate (Sigma)
and 2.4 mg/mL sodium persulfate (Sigma). Photocrosslinking was conducted at least 30
min after the addition of the crosslinker solution, but no later than 6 h. The region of
interest (ROI) chosen for crosslinking was selected using built-in functionality of our
Fluoview1200 inverted laser scanning confocal microscope (Olympus) into which the
optical tweezers active microrheology optics are integrated. The photocrosslinking was
induced by illumination of the selected ROI with the 488 nm laser line (0.1 mW) focused
by a high numerical aperture microscope objective lens (60x-oil PlanApo TIRFM 1.45NA,
Olympus). A selected ROl was crosslinked at a height of 35 pm from the cover glass at

a scanning speed of 2 ps/pixel and a total scan resolution of 1600 pixels x 1600 pixels

Acta Biomater. Author manuscript; available in PMC 2022 October 11.
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across the 211.2 ym by 211.2 um field-of-view (FOV). Circular and rectangular ROIs were
crosslinked for 2000 and 500 scans, respectively.

2.4. Microstructural assessment of fibrin hydrogels

2.5. Active

Reflection confocal images obtained with the 559 nm laser line were used to quantify the
effect of selective photocrosslinking on fiber alignment and pixel brightness. Image contrast
was normalized before fiber alignment was measured using the GTFiber software [31].
Pixel brightness of fibers identified by GTFiber software was extracted in MATLAB (The
MathWorks Inc.) using custom code. Change in fiber pixel brightness and fiber alignment
were calculated in MATLAB by comparing results from images of the same field of

view before and after crosslinking. Displacement of fibrin fibers during crosslinking was
accessed as previously described [23]. Briefly, optical flow estimation using the Farneback
method was performed using the Computer Vision Toolbox™ in MATLAB with the default
recommended settings. Optical flow operated on a time series of reflection confocal images.
These images were acquired once for every 25 crosslinking scans.

microrheology

Stiffness was measured using our optical tweezers active microrheology system previously
described in JagieHo et al. [27], but optimized to measure material properties in an arbitrary
number of directions. Briefly, stiffness of the ECM is probed by oscillating individual
microbeads using optical forces applied by a continuous-wave fiber laser with an emission
at 1064 nm (YLR-5-1064-LP, IPG Photonics). Trapping beam oscillations are caused by
the movement of a pair of galvanometer mirrors (GVS012, ThorLabs), located conjugate

to the back focal plane of the microscope objective lens (60x-oil PlanApo TIRFM 1.45NA,
Olympus). A detection laser beam of wavelength 785 nm is generated by a single mode
fiber-pigtailed laser diode (LP785-SF100, ThorLabs) and co-aligned with the trapping beam
at the center of the bead. Change in bead position and trapping beam position are recorded
by two quadrant photodiodes (detQPD and trapQPD, 2901 and 2903, respectively, Newport)
and used to calculate a complex material response (a*) by the relationship X= a*F, where
Xand Fare the Fourier components of bead displacement and optical force, respectively.
a* is computed once for each oscillation direction under the assumption that a* oscillates
purely along that axis. Reported stiffness « represents the real component of inverse a*.
Each probed bead was located approximately 35 um from the cover glass and oscillated
along 6 different directions (0, 30, 60, 90, 120 and 150° with respect to the horizontal axis
of the camera image FOV). The trapping beam was oscillated with an amplitude of 60 nm
and frequency of 50 Hz, unless specified otherwise. The proportionality parameter relating
detQPD signals to bead displacements was measured /n situ per bead and per angle of
oscillation. Specifically, the sample is mounted in a stage-top nanopositioning piezoelectric
stage (P-545.XR8S Plnano® XYPiezoSystem,Pl). After centering the stage on each bead,
the stage is moved 200 nm across the bead with a constant velocity of 100 nm/s. Recorded
detQPD voltages are used to quantify the voltage-to-um conversion factor [32-34], which
is later used to calculate bead displacement during AMR measurements. Prior to AMR
measurements in fibrin hydrogels, the AMR system is calibrated in water, as previously
described [27,28].

Acta Biomater. Author manuscript; available in PMC 2022 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

JagieHo et al. Page 5

2.6. Cell tracking experiment

The effect of micropatterned photocrosslinking on migration and orientation of MDA-
MB-231 cells was assessed using a Fluoview3000 laser scanning microscope equipped
with a 10x-air 0.3 NA microscope objective lens (Olympus). Hydrogels were incubated in
a ThermoBox environmental chamber (Tokai Hit) and a stage top incubator (Tokai Hit)
with 15% oxygen and 5% CO». Photocrosslinking was initiated at least 30 min after the
addition of the crosslinking solution to allow for diffusion of the crosslinker solution evenly
throughout the hydrogel. Two 1000 um by 50 pm rectangles separated by 100 um were
selected using built-in functionality of the Fluoview3000 system and crosslinked for 2000
scans using the 488 nm laser line (0.1mW). A selected ROI was crosslinked 100 um from
the cover glass at a scanning speed of 2 ps/pixel and a total scan resolution of 4096 pixels
x 4096 pixels across a 1088 um x 1088 um FOV. Crosslinking settings were chosen to
match the total light energy used in cell-free studies and the Fluoview1200 microscope.
Importantly, net fiber displacement as measured by optical flow was shown to be similar in
cell and cell-free studies.

Afterwards, the crosslinking solution was washed out three times with fresh media. The
fibrin hydrogels were incubated at 37 °C and 5% CO, for at least 15 min between

the washes to allow for crosslinker diffusion. Next, hydrogels were hydrated with fresh
media and returned to the stage top incubator for imaging. Cells between the crosslinked
rectangles, and control cells at least 2 mm away from any crosslinked region were then
imaged every hour for up to 100 h using the Fluoview3000 with a 4x-air 0.16NA objective
lens (Olympus). Cell viability after crosslinking a single 1000 um by 50 um rectangle was
confirmed with live-dead staining, as described previously [23]. Briefly, 2uM calcein AM
(Invitrogen) excited with the 488 nm laser line was used to identify live cells and 4 pM
ethidium homodimer (Invitrogen) excited with the 561 nm laser line was used to identify
dead cells.

Analysis of cell migration was conducted by first hand-tracing cells in each FOV using Fiji
[35]. Afterwards, cell directional bias, cell speed, orientation and direction of cell migration
were quantified using a custom MATLAB script. Forward migration index (FMI) was
calculated in MATLAB as the average of the ratio of cell displacement in either horizontal
(FMIx) or vertical (FMIy) direction to total distance traveled by each cell [11].

2.7. Principal orientation direction and orientational order parameter

To describe the average orientation of cell migration and alignment, the nematic order
parameter and principle orientation were calculated for these vectors [36,37]. The principal
orientation direction (director) is calculated as the direction of the principal eigenvector of
the mean of the orientation tensors, where the orientation tensor is calculated as the tensor
product of a vector with itself. The maximum eigenvalue is rescaled between 0 and 1 and
reported as the orientation order parameter (OOP) [38,39]. The director is a measure of
the average orientation while OOP describes how well the set of orientations aligns to the
director, with 1 meaning a perfect alignment and 0 meaning random orientation.

Acta Biomater. Author manuscript; available in PMC 2022 October 11.
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2.8. Statistical analysis

Non-parametric statistical analyses at a significance level of 0.05 were conducted to
compare non-normally distributed stiffness values (p < 0.01, Kolmogorov-Smirnov test).
The Friedman test was used to compare stiffness measurements between each oscillation
axes. The Kruskal-Wallis test was performed for comparison of multiple groups. The
post-hoc Tukey—Kramer test was used to compare specific groups. Distance-dependance of
stiffness was described using Spearman’s rank correlation coefficient, while change in fiber
alignment with distance was compared using ANOVA. The Pearson correlation coefficient
was used to quantify the correlation between stiffness and frequency or amplitude of bead
oscillation and to assess the time-dependency of cell migration speed. FMI values were
compared using Student’s ftest. All statistical tests were performed in MATLAB.

3. Results

3.1. Circular RCP causes radial stiffening

The effect of RCP on stiffening local fibrin networks has been previously described by our
group and it was proposed that RCP promotes radial stiffening outside of the crosslinked
region [23]. Following enhanced capabilities of our AMR system, we can now test this
hypothesis and measure stiffness in an arbitrary number of directions. Here, stiffness (x)
of the fibrin network was measured 24 h after sample preparation by oscillating embedded
microbeads at 0°, 30°, 60°, 90°, 120° and 150° with respect to the horizontal axis of the
camera (FOV).

In the first set of experiments, a crosslinking solution of ruthenium compound and sodium
persulfate was added to 2.3 mg/ml fibrin hydrogels (Fig. 1A) and allowed to diffuse for 30
min. x within a single FOV was measured along each oscillation axes. These measurements
verified that x of the local fibrin network was isotropic (Friedman test, p = 0.22, Fig.
1B-C). Afterwards, a crosslinking reaction was initiated by exposing a 50 um diameter
circular region to the 488 nm laser light for the duration of 500 scans (Fig. 1D, Video S1).
As described previously [23-25], 488 nm light is absorbed by the ruthenium compound
and initiates the crosslinking reaction by oxidizing tyrosine residues to form a dityrosine
crosslink in the presence of sodium persulfate. The effect of crosslinking on stiffness
gradients is represented by Figures 1E~F (/lpgags = 163, /sampre = 4). In Figure 1E, xat each
bead is measured in all 6 directions and represented by a segmented circle with segments
that align with the axes of oscillation, and are color-coded for stiffness. For each bead, the
axis of largest stiffness is plotted in Figure 1F. Results indicate that after crosslinking, x
within the circular region increased by a factor of 2.11, when comparing median values
across all 6 directions. Stiffness within the circular crosslinked region was also found to be
isotropic, based on probing 15 beads (p = 0.15). Outside of the crosslinked region, x also
increased, although predominantly in the radial direction. Figures 1G—H represent measured
xas a function of distance away from the center of the crosslinked region and the angle

by which the axis of AMR oscillation deviates from the radial direction. Stiffness measured
along the radial direction is plotted at 0°, while stiffness measured along the tangential
direction is plotted at 90°. Before crosslinking, xwas found to be independent of distance
from the circle center or deviation angle (v = 0.52, Fig. 1G, Table S1). After crosslinking,

Acta Biomater. Author manuscript; available in PMC 2022 October 11.
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stiffness probed up to 30° from the radial direction and as far as 75 um from the crosslinked
region was found to be significantly higher than control stiffness (Fig. 1H). In fact, within
this £30° bin, stiffness of the crosslinked region did not differ significantly from that of
regions located up to 25 um (o = 0.55), 25-50 um (p = 0.33) or even 50-75 um (p =

0.22) away from the crosslinked region. In contrast, stiffness probed 60-90° away from the
radial direction did not differ from control stiffness (Table S1), regardless of distance away
from the crosslinked region center. While radial stiffening did depend to some extent on the
duration of crosslinking, a maximum radial stiffening effect was observed with 500 scans,
and even after 2000 scans stiffness probed 60-90° away from the radial direction did not
differ from the control stiffness (Fig. S1B-C).

During crosslinking, pixel brightness increased for up to 2000 scans (Fig. S1D),
predominantly inside the crosslinked region (Fig. 11). The displacement of fibers during
crosslinking was tracked from reflection confocal images (acquired once per 25 crosslinking
scans) using optical flow analysis as previously described [23]. During crosslinking, fibers
moved radially towards the center of the crosslinked region. The displacement of the fibers
was most prominent just outside of the crosslinked region and diminished with distance
away from the boundary of the crosslinked region (Fig. 1J,K). Crosslinking with more than
500 scans did not lead to further detectable contraction of the crosslinked region, but the
regions outside of the crosslinked region continued to contract (Fig. S2, Video S2).

3.2. Rectangular RCP creates distinct stiffness anisotropies inside and outside of the
crosslinked region

Thin rectangular crosslinked regions were also studied due to their intuitive one-dimensional
Cartesian symmetry, which was particularly useful when examining the volume between two
neighboring crosslinked regions. At first, a single 50 pum by 200 um rectangular region was
crosslinked using the same scanning duration and laser power settings as used for circular
regions (Fig. 2A, Video S3). After crosslinking, xwas probed inside and outside of the
crosslinked region (Fig. 2B, 7peags = 165, Nsampre= 4)- Control stiffness measurements were
conducted before crosslinking, but not necessarily in the same FOV. Figure 1A and first
frame of Video S3 are representative of all control conditions before crosslinking. Inside

the crosslinked region, xwas found to be higher than control stiffness in all directions,
except along the short axis of the rectangle (0°, p=0.71). Stiffness anisotropy in the
crosslinked region was observed and x probed along the long axis of the rectangle (90°) was
significantly higher than x probed along 0° (p < 0.01, Mpeags = 52, Table S2). Outside of

the crosslinked region, x measured at 0° was significantly higher than both control stiffness
(p=0.02) and stiffness probed at 90° (p < 0.01), but not different from x probed at 0°

inside the crosslinked region (p>> 0.99). Direction of the highest stiffness is visualized by
arrows in Fig. 2C, indicating diverse anisotropies both inside and outside of the crosslinked
region. While stiffness probed at 0° did not show distance-dependency, stiffness probed

at 90° decreased with the distance away from the crosslinked region (Fig. S3A; p <

0.05). These findings are corroborated by image analysis of fiber architecture before and
after crosslinking. Orientation distribution of fibers was measured by processing reflection
confocal images in GTFiber software for automated analysis of fibrillar morphologies [31].
After crosslinking, the crosslinked region showed a bias towards 90° fiber orientation (Fig.

Acta Biomater. Author manuscript; available in PMC 2022 October 11.
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2D). Change in fiber alignment was not detected outside of the crosslinked region when
considering that region as a whole, or binning it into regions located 0-50, 50-100, and
100-150 pm away from the crosslinked region (repeated measures ANOVA; p = 0.70, Fig.
S3B). Pixel brightness increased notably inside the crosslinked region, a finding consistent
with our previous work [23] (Fig. 2E). An increase in pixel brightness was also observed
outside of the crosslinked region, although to a lesser extent. Pixel brightness decreased
significantly with distance away from the crosslinked region (Spearman’s rank correlation
coefficient, rs=—-0.62, p <0.01). Fiber displacements outside of the crosslinked region
were primarily towards the crosslinked region (Fig. 2F, Video S4) and predominantly in
the horizontal direction. Similar to trends observed after crosslinking the circular region,
maximum displacement of fibers was detected at the edge of the crosslinked rectangular
region.

3.3. Pairs of rectangular crosslinked regions

In order to establish more pronounced stiffness anisotropies, two 50 pm by 200 pm
rectangles were crosslinked parallel to one another (Fig 3A, Video S3). Rectangles were
separated by either 50 pm (defined as R50) or 100 pum (defined as R100). After each
treatment, xwas significantly higher than control stiffness in all directions, both inside

and outside of the crosslinked regions (o <0.01, Table S2). Stiffness in crosslinked

regions was comparable between R50 and R100 treatments (Fig. 3B—C), as is also true

for the non-crosslinked regions. For both R50 and R100, stiffness anisotropy was biased
towards 90° inside the crosslinked regions, but towards 0° between the crosslinked regions.
Interestingly, stiffness measured along the 0° direction did not change with the horizontal
coordinate of probed beads. This holds true within and between the crosslinked regions.
This result is in agreement with that observed up to 110 um away from a single crosslinked
rectangle (Fig. 2B). However, x within each crosslinked region was higher in the case

of two crosslinked rectangles as compared to a single rectangle (with the exception of x
probed at 90°; Table S2). Similarly, when comparing regions equidistant from a crosslinked
rectangle and probed at 0°, R50 and R100 treatments resulted in higher stiffness between
the crosslinked rectangles than stiffness measured in regions adjacent to a single crosslinked
rectangle (Table S3).

An additional experiment was conducted to assess the extent by which AMR measurements
of xwere frequency or bead-displacement amplitude dependent. AMR was conducted at
different frequencies and amplitudes of bead oscillations following single rectangle, R50,

or R100 crosslinking treatment. Stiffness was not significantly correlated with oscillation
amplitudes ranging between 40 and 80 nm (Fig. S4), and was mostly independent of
oscillation frequencies between 20 and 200 Hz (Fig. S5). The Pearson correlation coefficient
rdid not exceed r=-0.19 and r= 0.15 for amplitude and frequency testing, respectively.

Fiber alignment after crosslinking either one or two rectangles was subtle and not

evident without computational image analysis. Analysis in GTFiber software indicated

that crosslinking two rectangles instead of one resulted in similar alignment inside the
crosslinked region, but more prominent horizontal alignment outside of crosslinked regions
(Fig. 3D). In all cases fiber alignment was biased towards the 90° orientation inside the

Acta Biomater. Author manuscript; available in PMC 2022 October 11.
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crosslinked region and towards the 0° orientation outside of the crosslinked region. After
both R50 and R100 treatments, pixel brightness was higher inside the crosslinked regions,
than between them (Fig. 3E). Fiber displacement during crosslinking varied in time. During
the first 50 crosslinking scans fibers moved towards the center of the crosslinked region.
With further crosslinking, fiber displacement was observed towards the center of the region
between the crosslinked rectangles (Fig. 3F-G, Video S4).

3.4. RCP induces changes in cell migration

Next, the effect of patterned photocrosslinking on direction of cell migration was evaluated
in fibrin hydrogels containing MDA-MB-231 cells. MDA-MB-231 human breast cancer
cells are known to respond to stiffness gradients in 2D and 3D cultures and were previously
shown to display positive durotaxis [11,40,41]. Here, two 1000 um x 50 yum rectangles
spaced by 100um were crosslinked for 2000 scans using the 488 nm laser line of a
Fluoview3000 microscope. Rectangles were oriented vertically with respect to the field

of view (Fig. 4A). Unlike the Fluoview1200 system used for AMR measurements, the
Fluoview3000 is equipped with a stage top incubator for multi-day studies. Cells were
observed every hour for up to 100 h following crosslinking (/1,05 = 15, Fig. 4A; e.g. Video
S5). Control cells were imaged similarly (r7.¢/5 = 25, Fig. 4A; e.g. Video S6).

Cells between the crosslinked regions were found to migrate at lower speeds than control
cells (p< 0.01, Fig. 4B). Cells located centrally between the crosslinked regions were more
likely to move in the horizontal direction (directional bias < 0, Fig. 4C) than in the vertical
direction. However, as cells moved closer to the crosslinked region, they exhibited a vertical
directional bias (directional bias > 0). Similarly, cells located in the central region exhibit
horizontal-dominant direction of cell orientation (Fig. 4D) and cell migration (Fig. 4E).
These trends transition to vertical near to the crosslinked rectangles. Forward migration
indices (FMI) did not differ from 0 for control cells in either horizontal (FMly; p=0.72,
Fig. 4G) or vertical (FMIy: p =0.26) direction. In contrast, cells between the crosslinked
regions had higher FMIx than control cells (FMIx = 0.23, p< 0.01), while FMly in the
vertical direction (FMIy = 0.12) did not differ from control FMIy (p= 0.29).

4. Discussion

In this study we verified ruthenium-catalyzed photocrosslinking (RCP) as a suitable tool for
creating distinct stiffness landscapes and anisotropies, both inside and outside of crosslinked
regions. The use of multi-axes AMR allowed us to assess relationships between fiber
alignment and stiffness anisotropy, where such properties are not accessible using surface
probe technologies, single axis AMR, or bulk measurements. Crosslinking a circular region
resulted in radial stiffening towards the center of the crosslinked region. Stiffness inside the
crosslinked region was found to be isotropic and 2.1-fold higher than before crosslinking.
Fold-increase in stiffness after RCP was comparable with the effect of magnetic alignment
of fibers [10] and with other methods of creating stiffness gradients in natural hydrogels
[42]. A more in-depth analysis of the RCP effect on fiber displacement was done in

this study as compared to our previous study [22]. The method of optical flow analysis

was used to calculate the displacement field within and surrounding crosslinked regions.

Acta Biomater. Author manuscript; available in PMC 2022 October 11.
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The direction of greatest displacement corresponded to the axis of highest stiffness.

Optical flow analysis of fiber displacement indicates that the circular crosslinked region
approached maximal contraction by 500 scans. While additional fiber displacement within
the crosslinked region was not detected beyond 500 crosslinking scans, displacement outside
of the crosslinked region was still changing after 2000 scans. This trend is in contrast

with stiffness measurements by AMR, which found no significant difference in stiffness
after 500, 1000 and 2000 crosslinking scans. Given that the stiffness values are well within
the limit of AMR measurement, we are likely observing a low-strain effect that does not
significantly contribute to further strain hardening.

In order to further investigate RCP effect on local ECM changes, different crosslinked
geometries were explored. Rectangular crosslinking promoted stiffening and fiber alignment
inside the crosslinked region biased along the long axis of the rectangle. Outside of the
crosslinked region, the reverse bias was observed up to 110 pm away from the crosslinked
rectangle, suggesting that the region is under tension and RCP may induce strain hardening.
Interestingly, stiffness measured in the horizontal direction (0°) did not change with probed
bead location indicating lack of measurable spatial gradients (Fig. S3A, S6). The lack

of distance-dependent stiffness gradients probed at 0° is consistent with strain hardening
where as seen in Figure 3G, the fiber displacement gradient along the horizontal axis is
fairly constant throughout the region, indicating constant strain level. In contrast, stiffness
gradients with respect to the horizontal axis of the image were detected when stiffness was
measured along 60°, 90° and 120° direction (Fig. S3A, S6). Optical flow analysis during
crosslinking rectangles found that the derivative of horizontal displacement with horizontal
position is positive in the non-crosslinked regions (Figs. 2G, 3G), indicating that the material
is being stretched, which is consistent with the observed increase in stiffness following
crosslinking, and suggestive of strain hardening in that region. A more comprehensive
analysis relating displacements to strain hardening requires a 3D consideration of fiber
displacements and dynamic axial focusing of the optical tweezers, which are currently being
developed by our group.

Crosslinking two rectangles instead of one resulted in higher stiffness and a greater change
in fiber alignment. Surprisingly, we found pixels in between the crosslinked regions to

be brighter for R50 as compared to R100. Such differences in pixel brightness could be
indicative of diffusion of the crosslinking radicals from the laser-scanned region. However,
crosslinking results in a detectable autofluorescence (Ex: 561 nm, Em: 570-670 nm) and
only fibers in the selected laser-scanned region had detectable signal, suggesting that
chemical alterations were highly localized (Fig. S7E).

MDA-MB-231 cells exhibited behavior consistent with contact guidance along a network
of fibers aligned by micropatterned RCP. The cells favored horizontal migration between
the crosslinked rectangles where fibers were biased towards the horizontal direction (Fig.
4C). As cells approached the crosslinked regions with fibers exhibiting more vertical
orientation, they orientated themselves accordingly. Similarly, cell orientation was shown
to correspond with the axis of the highest stiffness. Our experiments show that not only
were fibers aligned, but stiffness was anisotropic, and these ‘off-axis’ stiffness values did
exhibit gradients in the horizontal direction (Fig. S6). In consideration of biophysical cues,
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it is possible that effects of contact guidance were supplemented by these gradients, a
phenomena currently being investigated by our group.

Changes in fiber alignments introduced by RCP are quite subtle, and significantly less
prominent than changes caused by magnetic alignment of fibers [9,20,21] or mechanical
stretching of hydrogels [22]. Nonetheless, observed changes in migratory behaviour and
alignment of MDA-MB-231 cells indicate that the effect of RCP on fiber alignment and
stiffness landscape is strong enough to promote directed cell migration. Moreover, unlike
other existing methods, RCP can alter stiffness landscape and anisotropy around individual
cells embedded inside 3D fibrous hydrogels and allows for observation of a single cell’s
response to changes in local ECM physical properties. Relevant to such studies, the extent of
stiffness anisotropy and fiber alignment can be readily controlled by crosslinking duration,
delivered light dose, photoinitiator concentration or by modifying the geometry of the
crosslinked region. Further, compared to commonly used crosslinking techniques developed
for synthetic hydrogels [43,44] or riboflavin-based crosslinking of naturally-derived fibrous
hydrogels [45], RCP does not require the use of ultraviolet (UV) light. RCP can be induced
using a 488 nm laser line, which is safer for cells and readily available in most confocal laser
scanning microscopes.

5. Conclusion

In this study, multi-axes AMR and analysis of reflection confocal microscopy images were
used to assess the effect of micropatterned ruthenium-catalyzed photocrosslinking on local
ECM stiffness anisotropy, fiber alignment and displacement. We verified that RCP can be
applied to establish distinct local stiffness anisotropies in adjacent regions. Cells were shown
to respond to RCP-mediated changes and exhibited directed cell migration congruent with
fiber alignment direction, axis of greatest stiffness, and in a direction for which off-axis
stiffness values do exhibit spatial gradients. The usefulness of RCP in cell-ECM studies is
further underscored by its wide availability to most investigators and applicability to fibrous
3D hydrogels and other strain-hardening materials.
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Fig. 1.

Tt?e effect of crosslinking a circular region. (A, D) Reflection confocal images before (A)
and after (D) crosslinking a circular region marked by the yellow dashed line. Stiffness was
probed in 6 directions using multi-axes AMR before (B) and after (E) crosslinking. Stiffness
is color-coded separately for each direction of bead oscillation. Crosslinked region is marked
by a dark gray background. (C, F) Direction of the highest stiffness is represented by arrows
before (C) and after (F) crosslinking. (G, H) Change in stiffness with the distance away from
the crosslinked circle center (yellow background) and angle of deviation of probed bead
position from the radial direction before (G) and after (H) crosslinking. (1) Change in pixel
brightness with distance from the crosslinked circle center. Crosslinked region is denoted

by dashed rectangle. Median IQR. (J-K) Optical flow detects matrix deformation during
crosslinking.
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Fig. 2.

Ti?e effect of crosslinking a rectangular region. (A) Reflection confocal image after
crosslinking a region marked by the yellow dashed line. (B) Stiffness was probed in 6
directions using multi-axes AMR Stiffness is color-coded separately for each direction of
bead oscillation. Crosslinked region is marked by a dark gray background. (C) Direction

of the highest stiffness is represented by arrows. (D) Fiber alignment within (red) and
beyond (black) the crosslinked region. (E) Change in pixel brightness with distance from the
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crosslinked region (denoted by dashed rectangle). Median + IQR. (F-G) Optical flow detects
matrix deformation.
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Fig. 3.

Ti?e effect of crosslinking two rectangular regions. (A) Reflection confocal images after
crosslinking rectangles separated by 50 pm (R50) or 100 um (R100) - marked by the yellow
dashed lines. (B) Stiffness was probed in 6 directions using multi-axes AMR. Stiffness is
color-coded separately for each direction of bead oscillation. Crosslinked region is marked
by a dark gray background. (C) Direction of the highest stiffness is represented by arrows.
(D) Fiber alignment within (red) and beyond (black) the crosslinked region. (E) Change in
pixel brightness with distance from the crosslinked region (denoted by dashed rectangle).
Median * IQR. (F-G) Optical flow detects matrix deformation.
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Fig. 4.
RCP induces changes in migratory behavior of MDA-MB-231 cells. (A) Trajectories of

control cells (left) and cells between (right) the crosslinked rectangular regions (dark gray).
(B) Change in average cell speed with time after crosslinking, calculated between every 1 h
for control cells (left) and cells between the crosslinked regions (right). (C) Directional bias
defined as a difference in absolute displacement in the vertical and horizontal direction for
control cells (blue line) and cells between the crosslinked regions (white line). (D) Dominant
cell orientation and (E) dominant direction of cell migration, represented with respect to

the distance away from the crosslinked region and binned for every 10 um (F) FMI index
values for each cell in the direction perpendicular (light grey background) and parallel (dark
grey background) to the crosslinked region. Mean FMI values are denoted by red markers; *
denotes statistical significance.
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