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Despite the ubiquitous importance of cell contact guidance, the
signal-inducing contact guidance of mammalian cells in an aligned
fibril network has defied elucidation. This is due to multiple inter-
dependent signals that an aligned fibril network presents to cells,
including, at least, anisotropy of adhesion, porosity, and mechanical
resistance. By forming aligned fibrin gels with the same alignment
strength, but cross-linked to different extents, the anisotropic me-
chanical resistance hypothesis of contact guidance was tested for
human dermal fibroblasts. The cross-linking was shown to increase
the mechanical resistance anisotropy, without detectable change in
network microstructure and without change in cell adhesion to the
cross-linked fibrin gel. This methodology thus isolated anisotropic
mechanical resistance as a variable for fixed anisotropy of adhesion
and porosity. The mechanical resistance anisotropy |Y*|~" — |x*|~7
increased over fourfold in terms of the Fourier magnitudes of
microbead displacement |X*| and |Y*| at the drive frequency with
respect to alignment direction Y obtained by optical forces in active
microrheology. Cells were found to exhibit stronger contact guid-
ance in the cross-linked gels possessing greater mechanical resis-
tance anisotropy: the cell anisotropy index based on the tensor of
cell orientation, which has a range 0 to 1, increased by 18% with the
fourfold increase in mechanical resistance anisotropy. We also show
that modulation of adhesion via function-blocking antibodies can
modulate the guidance response, suggesting a concomitant role of
cell adhesion. These results indicate that fibroblasts can exhibit con-
tact guidance in aligned fibril networks by sensing anisotropy of
network mechanical resistance.

contact guidance | aligned fibril networks | mechanical resistance
anisotropy | fibroblasts

ontact guidance refers to the tendency of a cell to orient and
migrate bidirectionally in response to anisotropic topo-
graphical features, such as parallel grooves on a two-dimensional
(2D) substratum or aligned fibrils in a three-dimensional (3D)
collagen or fibrin gel. Contact guidance has been ascribed im-
portance in a number of physiological processes since Weiss first
identified and investigated its role in development (1). More
recently, the role of contact guidance in cancer metastasis (2) as
well as tissue engineering scaffold design (3) has been described.
Contact guidance on 2D substrata like parallel grooves or
adhesive ligand stripes has been intensively studied (recent exam-
ples include refs. 4-6) because in these experiments, the guidance
field can be precisely defined and easily manipulated. However, it is
the case of aligned fibrils that has the preponderance of physio-
logical relevance. Contact guidance is also vital to the success of
engineered connective tissues that mimic native alignment (and
thereby function) by harnessing mechanically constrained fibrin gel
compaction by fibroblasts and the associated contact guidance re-
sponse (7-9). Unfortunately, even for the case of collagen and fibrin
gels, not to mention tissues, the guidance field generally cannot be
precisely defined or controllably manipulated. This is because of the
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inherent biophysical complexities of an aligned fibril network,
resulting in multiple interdependent and simultaneous signals pre-
sented to cells. These signals include anisotropy of adhesion, po-
rosity, and mechanical resistance (a combination of elastic stiffness
and viscous friction, in general), at least. In a recent publication on
this topic (10), for example, a correlation was suggested between
protrusion activity with respect to alignment direction and contact
guidance. This study made use of varied gel concentrations (typical
for contact guidance studies), a method that confounds easy inter-
pretation because all potential anisotropies are almost certainly
altered simultaneously.

While there are phenomenological studies reporting the con-
tact guidance response of cells in aligned collagen and fibrin gels
(11-14), the signal-inducing contact guidance in aligned fibrils
has thus far defied elucidation since Dunn first proposed contact
guidance in response to these anisotropies nearly 40 y ago (15),
illustrated in Fig. 1. The main reason for the lack of progress
in distinguishing between these anisotropies is the intrinsic diffi-
culty in changing just one of them in an aligned fibril network—in
Dunn’s terms: chemical anisotropy, mechanical anisotropy, or
steric anisotropy—without changing the others. This stands in
stark contrast to almost every other form of directed cell migration
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Fig. 1.

Illustration of Dunn'’s hypotheses for the signal-inducing cell contact guidance in aligned fibrils. A cell with four pseudopods is depicted. (A) Chemical

(adhesion) anisotropy. Cell-binding sites are indicated by blue dots. (B) Mechanical (stiffness/friction) anisotropy. Fibrils presenting a high local modulus to the
pseudopod because of their coalignment are colored red, and fibrils presenting a local low modulus to the pseudopods because of their anti-alignment are
colored blue. The colored segments are also thickened for visualization. (C) Steric (porosity) anisotropy. Note this figure is not drawn to scale for clarity; as we
(59) and others (e.g., ref. 60) have shown with electron microscopy, a pseudopod is much larger than the typical pore size in the standard in vitro models
(collagen and fibrin gels) and interacts with many interconnected fibrils simultaneously, not single fibrils.

in which the signal is absolutely clear, for example, a chemotactic
factor concentration gradient in chemotaxis, an adhesion gradient
in haptotaxis, an electric potential gradient in galvanotaxis, and a
stiffness gradient in durotaxis.

Despite its ubiquitous and powerful role, the signal contained
in an aligned fibril network that induces contact guidance remains
unknown. The entire mechanism of contact guidance entails many
events beyond signal sensing, for example, mechanotransduction
pathways and spatial regulation of cell pseudopods. However,
before the entire mechanism of contact guidance in response to
aligned fibril networks can be understood, the signal(s) contained in
aligned fibrils that induce contact guidance must be identified.
Thus, in this study, we isolated anisotropic mechanical resistance as
a variable, for fixed anisotropy of adhesion and porosity. If contact
guidance is shown to depend on varied anisotropic mechanical re-
sistance, for fixed anisotropy of adhesion and porosity, anisotropic
mechanical resistance is established as a sufficient signal (not nec-
essarily the only signal or the dominant signal).

By combining key technologies—magnetic alignment of fibrin
gels during fibrillogenesis, active microrheology (AMR) for local
network mechanical resistance measurement, cell-compatible
cross-linking of fibrin via dityrosine formation, and adhesion
blocking antibodies—and ascertaining the effects of cross-linking
on fibrin network mechanical resistance anisotropy, fibrin network
microstructure, and fibroblast adhesion to fibrin, we established
isolation of mechanical resistance anisotropy as the sole variable
when cross-linking an aligned fibrin gel. In addition to quantifying
variation in mechanical resistance anisotropy with cross-linking
using AMR, absence of network microstructure changes was
concluded from morphometric analysis of 3D reconstructed con-
focal reflectance images, and absence of changes in cell adhesion
to the fibrin gel was concluded from a centrifugation assay. Al-
tered contact guidance response in the cross-linked aligned gels
was ascertained from the cell anisotropy index (AI) based on the
tensor of cell orientation, defined by the orientation of the long
axis for each cell. Finally, the same contact guidance experiment
performed with cells pretreated with a combination of antibodies
against of3 integrin and f; integrin, which are shown to sub-
stantially inhibit cell adhesion in these gels based on the centri-
fugation assay, was performed to assess whether adhesion is
contributing to the contact guidance response when mechanical
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resistance anisotropy is an operative signal; the same contact
guidance experiment was also performed in the presence of a
fibrinolysis inhibitor to assess whether fibrinolysis must be con-
sidered to interpret the findings. The data show that fibroblasts
exhibit contact guidance in a network of aligned fibrin fibrils via
sensing anisotropy of mechanical resistance, modulated by integrin-
mediated adhesion.

Results

Magnetic Alignment and Photo-Cross-Linking Create Uniformly Aligned,
Stiffened Fibrin Gel. As a first step toward isolating mechanical
resistance anisotropy as a signal for contact guidance, a uniformly
aligned guidance field was created by exposure of a fibrin-forming
solution to a high-strength magnetic field (9.4 T) during fibril-
logenesis to completion. The alignment of the fibrils is main-
tained upon removal of the gel from the magnet due to the highly
entangled network microstructure. Subsequently, the stiffness of
these aligned gels was modulated via ruthenium-based photo—cross-
linking (simply “cross-linking” hereafter), which induces dityrosine
bond formation, presumably both within and between the fibrils.
Fig. 2 A and B shows that fibrin fibrils can be magnetically aligned,
and the strength of alignment is not affected by the cross-linking
based on polarimetry. Also note the alignment field is highly uni-
form across a gel within the contact guidance chamber (Fig. 24), so
that when cells are entrapped to perform the contact guidance as-
say, their orientation responses throughout the gel can be pooled.
The large retardation values obtained for aligned gels in compari-
son to control gels that were not exposed to the magnetic field
further indicate the strength of fibril alignment (Fig. 2B). No dif-
ference in retardation existed between the aligned groups with and
without cross-linking (P = 0.775). Visual inspection of fibril mor-
phology and orientation via confocal reflectance imaging further
confirmed the overall fibril alignment along the direction of the
magnetic field with no apparent difference between the aligned gels
that were cross-linked and noncross-linked (Fig. 2C). Also, control
gels exhibited randomly oriented fibrils, consistent with a small re-
tardation and a near-isotropic state. Next, to determine whether
there is any effect on the bulk mechanical behavior of the fibrin gel
upon cross-linking as would be expected, the compressive stress—
strain response of control (nonaligned) gels was assessed (Fig. 2D).

Thrivikraman et al.
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Fig. 2. Generation of magnetically aligned and cross-linked fibrin gels for contact guidance assessment. (A) Comparison of polarimetry images of mag-
netically aligned fibrin gels formed in contact guidance chambers that were either cross-linked or not cross-linked, as indicated. Noncross-linked, nonaligned
fibrin gels served as the control. Yellow segments indicate the local average extinction angle (alignment direction) and retardation (strength of alignment),
and the background gray level indicates the retardation at each pixel (black = minimum alignment, white = maximum alignment); note the smaller gray level
range for the isotropic gel. Associated frequency distribution for local extinction angle reflecting the underlying fibril orientation distribution is shown under
each map and is very similar for aligned gels with or without cross-linking. (B) The mean retardation coefficient is no different with or without cross-linking.
Data are presented as mean + SD ****P < 0.0001 by one-way ANOVA. n = 3 guidance chambers for control; n = 4 guidance chambers for +XL groups. (C)
Confocal reflectance images showing the fibril network microstructure for isotropic and magnetically aligned fibrin gels with or without cross-linking. (Scale
bar: 1 pm.) (D) Comparison of stress—strain curves of noncross-linked and cross-linked isotropic fibrin gels, obtained from unconfined, uniaxial compression

test using a rheometer.

The stress—strain curve and the associated compressive modulus
(slope) for cross-linked gels appeared substantially different from
the noncross-linked gels prepared at the same time (P < 0.0001).
Taken together, these results demonstrate our ability to cross-link
aligned fibrin gel without any visual change in fibril morphology and
network microstructure and to stiffen fibrin gel, at least the bulk
compressive stiffness, via the cross-linking.

Contact Guidance of Fibroblasts Is Increased for Aligned Fibrin that Is
Cross-Linked. To ascertain whether cross-linking the aligned fibrin
gels altered fibroblast contact guidance, cells entrapped in control
gels and fibrin gels aligned in a 9.4 T field with or without subsequent
cross-linking were visualized under fluorescence microscope after 6 h
of culture. Fibroblasts were largely elongated, and their alignment
was pronounced in the aligned gels whereas cells were less elongated
and appeared randomly oriented in control (isotropic) gels (Fig. 34).
Importantly, the fibroblasts in aligned+cross-linked gels exhibited
a narrower orientation distribution, with 67% cells oriented
within +10° of the mean alignment direction, as opposed to 48%
in aligned gels that were not cross-linked, as seen in the pooled
data for three independent experiments in Fig. 3B. Consequently,
a greater cell Al was recorded in aligned+cross-linked gels (18%
increase, P = 0.0217, Fig. 3C), indicating a role of cross-linking in

Thrivikraman et al.
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eliciting a stronger contact guidance response. Orientation distri-
butions and Al values for the three experiments are presented in
SI Appendix, Fig. S1.

Cross-Linking Increases Local Mechanical Resistance Anisotropy of
Aligned Fibrin. AMR measurements were conducted to assess
the effect of fibril alignment and cross-linking on local anisot-
ropy in mechanical properties of the fibrin gels prepared for the
contact guidance measurements (Fig. 4). Complex shear modu-
lus (G*) of the fibril network was measured at the maximum
depth into the sample, ~35 pm above the bottom cover glass into
the ~2 mm thick gel, in orthogonal X and Y directions. The Y
direction corresponds to the axis of fibril alignment in aligned
gels. Complete AMR results for elastic (G’) and viscous (G”)
components of the shear modulus are presented in SI Appendix,
Fig. S2 4 and B and Table S1. For a set of beads, calculation of
G” yields some negative values, particularly for the cross-linked
samples. The X and Y Fourier components (X* and Y*) have
magnitudes exceeding the mean magnitude of noise at 50 Hz (S
Appendix, Fig. S3 and Table S2), showing that negative G” values
are not an artifact of signal detection limits. Importantly, G’ and
G” are derived from Fourier components of bead displacements
and a linear model of viscoelasticity (16, 17). Consequently, negative
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Fig. 3. Modulation of fibroblast contact guidance by cross-linking. (A) Representative fluorescence images of cells in control (nonaligned, noncross-linked)
gels, aligned noncross-linked (—XL), and aligned cross-linked (+XL) gels. Cells entrapped in the gels were stained for F-actin (phalloidin) at 6 h after seeding
and then imaged. The direction of fibril alignment is indicated by the red arrow. (Scale bar: 200 pm.) (B) Angular histogram showing cell orientation dis-
tribution in aligned noncross-linked versus aligned+cross-linked gels. Increased frequency of alignment at 0° can be noted in aligned+cross-linked gels,
suggesting preferential cell orientation along the direction of fibril alignment. Analysis by Kolmogorov-Smirnov test indicates a statistically significant
difference between the two angular distributions (P < 0.001). n = 669 cells for aligned—cross-linked group, and n = 751 cells for aligned+cross-linked group,
pooled from three independent experiments. Purple shading denotes the overlap distribution of cell orientation values between aligned—cross-linked and
aligned+cross-linked groups. (C) Quantification of cell Al showing stronger guidance exhibited by cells in aligned+cross-linked gels. Data are presented as
scatter plot showing the distribution of data pooled from three independent experiments that is color coded based on the experiment. Corresponding mean
calculated from each experimental repeat is denoted in triangle symbol, and the error bars represent mean + SD calculated from these three means. *P < 0.05,

**P < 0.01, one-way ANOVA with Tukey’s multiple comparisons, n = 3.

G’ and G” measurements indicate nonlinear viscoelastic rheology of
the network, which is especially induced by the cross-linking.

In order to quantify mechanical properties of the fibrin gels
without making the assumption of linearity of network visco-
elasticity, we focused on the signals of bead oscillations at 50 Hz
in the Fourier space (Fig. 44). Magnitudes of X* and Y* are
related to compliance of the system, and hence, in order to de-
scribe the mechanical resistance of the fibril network to bead
oscillations, R, we compared the inverse of magnitudes |X* ™ =
Ry and |Y*|™' = Ry at the drive frequency. Due to small dis-
crepancy (up to 11%) in optical trap stiffness along the X and Y’
directions, we scale Ry by the ratio of trap stiffnesses k;qpy/kirapx. -
Median and confidence interval (CI) for each distribution were
estimated by bootstrapping with replacement of 100 samples and
presented as median: [Cligy, Clyign]. The resulting estimated
median and 95% ClIs are listed below and in SI Appendix, Table
S3A. The results in ST Appendix, Table S3B describe population
medians and interquartile intervals of the original data (no
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bootstrapping), and these data were used for statistical testing,
which are summarized in SI Appendix, Table S3 C-E.

Gels that were not magnetically aligned are essentially isotropic
in R, while magnetically aligned gels are anisotropic in R, with
mechanical resistance higher in the direction of fibril alignment
(Ry > Ry; Fig. 4B). As compared to isotropic gels, aligned gels also
exhibit a larger ratio Ry/Rx and a larger difference Ry — Ry
(Fig. 4 C and D).

Cross-linking increased R in both isotropic and aligned gels. In
isotropic gels, Ry increased with cross-linking from 2.61: [2.20,
2.95] to 11.61: [10.79, 14.74] x 10%pm, and Ry increased from
2.32:[2.09, 3.02] to 15.94: [13.96, 20.33] x 10%/um, consistent with
Fig. 2D. In aligned gels, Ry increased with cross-linking from 1.72:
[1.50, 1.98] to 16.00: [13.69, 16.89] x 10%um, and Ry increased from
3.28: [3.12, 3.82] to 25.07: [23.39, 27.49] x 10%um (Fig. 4B). Im-
portantly, cross-linking of the fibrin gels also increased Ry — Rx in
aligned gels from 1.61: [1.12, 1.94] to 7.08: [5.71, 9.08] x 10%um
(Fig. 4D). As expected, the ratio of Ry/Rx is found to be not dif-
ferent between cross-linked and noncross-linked isotropic gels, but,
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Fig. 4. Local directional mechanical resistance in aligned fibrin gels. (A) Graphical representation of optical tweezers AMR. The focused optical tweezers
beam (red) is oscillated sinusoidally and exerts oscillatory force on a trapped bead (gray). Fibrin fibrils (green) resist the motion of the bead. Bead dis-
placement and associated shear modulus are calculated from measured laser focus and bead displacement signals. (B) The absolute value of the amplitude of
the Fourier component of bead displacement at the drive frequency is defined as ( |X*| ). We further define |X*|~" = Ry and |Y*|~" = Ry with the Y direction
corresponding to the axis of fibril alignment. (C) Directional mechanical resistance ratio, Ry/Rx. (D) Directional mechanical resistance difference, Ry — Rx. Note
in particular the increase in Ry — Ry after cross-linking (S/ Appendix, Table S3E), which establishes feasibility of testing the mechanical resistance anisotropy

hypothesis of contact guidance.

interestingly, it decreased following cross-linking of the aligned gels
(Fig. 4C). The high variance in Ry and Ry and occurrences of Ry —
Ry < 0 and Ry/Rx < 1 for some measured beads are consistent with
the heterogeneity of the fibrin microstructure evident in Fig. 2.

Cross-Linking Does Not Change Fibrin Gel Microstructure. In order to
show anisotropic mechanical resistance was isolated as a variable
using the cross-linking and conclude it is a sufficient signal for
contact guidance, it was necessary to show anisotropy of adhe-
sion and porosity were not changed by cross-linking. As evidence
that it did not change anisotropy of porosity, we sought to show it
did not change the fibril network microstructure and, therefore,
any porosity anisotropy. SI Appendix, Fig. S4 A and B shows a
reconstructed network for a single confocal reflectance micros-
copy (CRM) image for an aligned and cross-linked fibrin gel and
three representative morphometric values for samples prepared
simultaneously with those used to generate the AMR data pre-
sented in Fig. 4. Importantly, a comparison of the gels that were
aligned and aligned+cross-linked shows no detectable effect of
the cross-linking on the fibrin network microstructure (P =
0.8037). Also, there was no difference in fibrin microstructure
within a sample at 35 pm or 100 pm above the cover glass where
the AMR and contact guidance measurements are made, re-
spectively (SI Appendix, Fig. S4C). A comparison of values for
aligned and nonaligned (isotropic) gels shows the morphometric
analysis can detect microstructure differences, specifically the
fibril AI (SI Appendix, Fig. S4D).

Thrivikraman et al.
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Cross-Linking Does Not Change Adhesion of Fibroblasts to Fibrin Gel,
Mediated by Integrins. In order to show anisotropic mechanical
resistance was isolated as a variable using the cross-linking and
conclude it is a sufficient signal for contact guidance, it was also
necessary to show anisotropy of adhesion was not changed by
cross-linking. As evidence that it did not change anisotropy of
adhesion, we also sought to show it did not change the cell ad-
hesion strength and, therefore, any adhesion anisotropy. SI Ap-
pendix, Fig. S54 shows that the fraction of fibroblasts remaining
adhered to fibrin gel decreased with increasing detachment
(centrifugal) force, as expected, and, importantly, there was no
difference in fibroblast adhesion (P > 0.05) at any force for
samples that were cross-linked and not cross-linked in all three
experiments conducted.

In order to subsequently determine the role of varying cell
adhesion on contact guidance attributable to sensing of mechan-
ical resistance anisotropy, we also performed integrin-blocking
experiments. As a first step, we tested the effect of antibodies
against specific integrins for their ability to block adhesion (S
Appendix, Fig. S5B). As determined from the centrifugation assay,
inhibiting o,p; integrin, which recognizes fibrin, had a minimal
effect on cell adhesion, whereas blocking p; integrins, including
aspy that specifically binds to fibronectin associated with fibrin,
significantly reduced the percentage of cells bound to ~40% (SI
Appendix, Fig. S5C). However, the greatest decrease occurred
using the combination of a3 and B integrin-blocking antibodies,
resulting in up to 80% reduction in cell adhesion (S Appendix,
Fig. S5C). The results clearly indicate that a combination of anti-
of3 and anti-p; antibodies is effective in modulating the adhesion
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of fibroblasts to fibrin gel. Next, to verify that the treatment with
integrin-blocking antibodies does not alter cell spreading, we vi-
sualized the morphology of antibody-treated cells entrapped in
isotropic fibrin gel after 6 h in culture. Fluorescence images dis-
played in ST Appendix, Fig. S5D showed no distinct morphological
changes in the antibody-treated group compared to the untreated
control. Consistent with the fluorescence images, semiquantitative
analysis of cell circularity further confirmed that the function-
blocking integrin antibodies had no effect on 3D cell spreading
(SI Appendix, Fig. S5E).

Function-Blocking Integrin-Specific Antibodies Reduce Cell Contact
Guidance. Next, we examined the role of the global (or base-
line) level of cell adhesion in the contact guidance response of
fibroblasts entrapped in aligned fibrin gel, for which mechanical
resistance anisotropy can be concluded as operative. The same
contact guidance experimental protocol was repeated with the
same pretreatment of the fibroblasts with blocking antibodies
against a,f3 and P; integrins or a combination of both. After 6 h
of culture in the magnetically aligned fibrin gel, a moderate
decrease in the guidance response was apparent in response to
adhesion blocking irrespective of the blocking antibodies used
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(Fig. 54). The morphology and pseudopodial elongation of the
cells pretreated with the combination of the anti-a,f; and anti-f;
integrin antibodies did not seem to differ from the untreated
cells, as can be seen from the single-cell fluorescent images in
Fig. 5B. The greatest decrease occurred in cells pretreated with a
combination of the anti-o,f3 and anti-f; integrin antibodies
based on quantification of the cell Al, which revealed a 25%
decrease when treated with this antibody combination (Fig. 5C).
It can also be noted that the fibrin gel retardation coefficient, a
measure of fibrin alignment, showed no apparent difference,
indicating that the degree of fibril alignment inducing contact
guidance was the same across all the treatment groups (Fig. 5D).
All these data collectively suggest a role of integrin-mediated
adhesion in governing the guidance response in conjunction
with mechanical resistance anisotropy.

Irrespective of the mechanism, it is generally accepted that
pseudopod activity leads to sensing and subsequent cell orien-
tation along the direction of fibril alignment. Hence, we analyzed
the directional distribution and length of pseudopods. Consistent
with Fig. 54, cells exhibited pseudopods that were predominantly
oriented along the direction of the aligned fibrils, on average six
times more frequent in the fibril alignment direction than the
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Modulation of fibroblast contact guidance by integrin-blocking antibodies. (A) Representative fluorescence images of fibroblasts entrapped within

aligned fibrin gels indicating a decrease in contact guidance in response to blocking antibody treatment. (Scale bar: 200 um.) (B) High power images of
representative cells in the control and antibody combination groups for comparison of morphology. (Scale bar: 200 pm.) (C) Quantification of the cell Al,
comparing the fibroblast guidance response upon treatment using anti-o,f3 antibody or anti-f; antibody or a combination of both. The cell orientation in the
aligned fibril direction was decreased upon combined blocking of .83 and B integrins. (n = 6 per condition from two independent experiments; at least five
random 10x images of each sample were used in the analysis. *P < 0.05, **P < 0.001, ****P < 0.001, one-way ANOVA). Data are presented as median (middle
line) with boxes showing 25th to 75th percentile and whiskers showing minimum to maximum values. (D) Average retardation coefficient shows no dif-
ference in fibril alignment strength among all the groups tested. Data are presented as mean + SD. n = 6 from two independent experiments.
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orthogonal direction; interestingly, the combination of o,f3; and
B integrin antibodies did not affect pseudopod length and ori-
entation (SI Appendix, Fig. S6).

Fibrinolysis Inhibition Does Not Alter Cell Contact Guidance. In par-
allel with adhesion inhibition, we also tested the effect of fibrinolysis
inhibition on fibroblast spreading in isotropic fibrin gels and contact
guidance response in aligned fibrin gels. To explore potential ef-
fects, these samples were cultured in medium supplemented with
2 mg/mL e-aminocaproic acid (ACA), a known fibrinolysis inhibi-
tor. Although there was a 16% reduction of pseudopod length of
fibroblasts cultured in nonaligned (isotropic) fibrin gels with ACA
supplementation, there was no effect on contact guidance response
in aligned gels with the same ACA treatment (SI Appendix, Fig. S7).

Discussion

Taken together, these data indicate that fibroblasts can sense
aligned fibrils via mechanical resistance anisotropy of the fibril
network. The data presented indicate that the cross-linking used
does not affect fibroblast adhesion to fibrin or fibrin gel micro-
structure. Furthermore, Fig. 4 shows increased mechanical resis-
tance anisotropy (Ry — Ry) with cross-linking, and Fig. 3 shows
stronger contact guidance (cell AI) with cross-linking. This is a
definitive demonstration of a biophysical signal that is being sensed
by fibroblasts cultured within aligned fibrils; it is not confounded by
simultaneous changes in adhesion and porosity anisotropy. Given
the experimental design, the results do not exclude the possibility
that the fibroblasts also sense aligned fibrils via adhesion and/or
porosity anisotropy as hypothesized by Dunn (15).

However, we also show that modulation of the baseline level
of adhesion via function-blocking antibodies can modulate the
guidance response when sensing mechanical resistance anisot-
ropy is operative. One interpretation is that adhesion is required
to sense the mechanical resistance anisotropy so that modulating
the baseline level of adhesion alters the mechanical resistance
(and its anisotropy) that is sensed. This most obviously applies if
the resistance is sensed by retracting pseudopods adherent to the
fibrils via integrins (the types being blocked); this is consistent
with the ability of the fibroblasts entrapped in the aligned fibrin
to spread with normal morphology when pretreated with integrin
antibodies that nearly eliminate adhesion to a fibrin gel surface
(i.e., pseudopod extension is adhesion independent, and so, the
reduction of contact guidance with the antibody treatment impli-
cates mechanical resistance during retraction of adherent pseudo-
pods). Another interpretation is that the blocking antibodies are
altering adhesion anisotropy (numbers of bound integrins on
pseudopods projected along and against the direction of fibril
alignment), which is not measurable at present. Thus, while sensing
mechanical resistance anisotropy is sufficient to induce contact
guidance, it may not be dominant, or even necessary, for contact
guidance, and it is modulated by the baseline level of adhesion due
to intrinsic coupling of pseudopod adhesion and network fibrils in
sensing mechanical resistance.

Moreover, the AMR data indicate the cells sense mechanical
resistance anisotropy as a directional difference (Ry — Rx), not a
directional ratio (Ry/Ry), that is, the cells are performing sub-
traction rather than division, at least for the case of aligned gels
with increased mechanical resistance anisotropy resulting from
the cross-linking. Consideration of a directional ratio was moti-
vated by the classic finding that neutrophils sense the relative
concentration difference of the chemotactic peptide fMLP
across the cell dimension (AC/C) and not the absolute difference
(AC) owing to optimal gradient sensing when C~Kp, where Kp, is
the equilibrium dissociation constant for binding of the chemo-
tactic factor to the cell surface receptor (18). The analogies of
AC: Ry — Ry and AC/C: Ry/Rx —1 are noted. Exactly how this
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finding of directional difference sensing of mechanical resistance
is reconciled with biophysical theories of 3D cell motility and
migration (19) remains to be determined, but previous studies
have shown that the actomyosin system is necessary for fibroblast
migration in a 3D matrix (20) such as the fibrin gel used in this study.
Thus, the possibility that cells sense mechanical resistance anisotropy
when traction develops upon pseudopod retraction as a directional
difference—the traction resultant in a “tug-of-war”—as Dunn origi-
nally hypothesized (Fig. 1) seems entirely reasonable. Moreover,
Ry/Rx decreased with cross-linking, whereas Ry — Ry increased
and contact guidance was stronger with cross-linking, consistent
with sensing a directional difference of mechanical resistance.

Recent work by our group uses this multi-axis AMR system to
measure collagen network stiffness heterogeneity and anisotropy
surrounding dermal fibroblast and MDA-MB-231 malignant
mammary epithelial cells cultured within collagen gel (21). This
study used two-axis AMR for the measurement of material
property anisotropy in the fibrillar network of a fibrin gel. In
related experiments to those presented here, albeit at a lower fi-
brin concentration, we found that AMR of these 2-pm-diameter
beads induced in-phase fiber fluctuations at the drive frequency
for a subset of fibrils spanning at least several pore structures away
from the bead (22). In other words, fibrils under tension were
detected along “force highways” well beyond the pore of the bead.
We further found that changing the axis of bead oscillation
resulted in a different set of fibrils carrying the tension. Cells exert
as much as a 100-fold larger force magnitude than a laser-trapped
bead. Thus, we can extrapolate that a contracting pseudopod will
engage the local network beyond its attachment point and that a
different set of fibrils are engaged depending on pseudopod ori-
entation. It is understandable how these processes can result in the
detection of mechanical resistance anisotropy by the cell.

Other hypotheses subsequent to those proposed by Dunn
could be proposed, for example, anisotropic proteolysis resulting
from diffusion anisotropy of secreted proteases. All these derive
from anisotropy of a biophysical signal intrinsic to an aligned fibril
network. They are all distinct from anisotropies of cell responses
to aligned fibrils, for example, cell traction anisotropy, which is
suggested by the finding that collagen fibrils in tension are more
resistant to proteolysis (23). However, our results showing no ef-
fect on contact guidance with fibrinolysis inhibition indicate that
diffusion anisotropy of plasminogen activators is not the bio-
physical signal intrinsic to an aligned network of fibrin fibrils for
fibroblasts.

Interpretation of the AMR results is complicated by the oc-
currence of nonlinear viscoelastic behavior in the cross-linked
gels, notably fitted values of G” < 0. However, linear behavior
(G’ and G” > 0) occurred for almost all beads for the noncross-
linked gels, both isotropic and aligned, allowing for interpreta-
tion of the relative contributions of elastic and viscous properties
of the network response. In this case, we observed G”/G’ ~0.1, in
agreement with our prior studies of noncross-linked fibrin gels
(16). For a linear viscoelastic fluid, which describes the fibril
network of a fibrin gel at low strains and strain rates, in oscil-
lation with frequency o, the friction anisotropy experienced by an
extending/retracting pseudopod with network strain amplitude
Yo and strain rate ~ wyy in terms of Gy — G”x would thus only
be ~10% of the stiffness anisotropy G’y — G’y. Notwithstanding
the possibility of a stronger signal amplification of friction an-
isotropy, the data suggest stiffness anisotropy would be dominant
over friction anisotropy. The occurrences of fits with G” < 0 in-
dicates that the response of the system cannot be interpreted as
being linear in the applied force. The presence of these nonlin-
ear rheological effects of the intra- and interfibrillar cross-linking
despite no detectable change in microstructure is consistent with

PNAS | 7 of 11
https://doi.org/10.1073/pnas.2024942118

APPLIED BIOLOGICAL

SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024942118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024942118/-/DCSupplemental
https://doi.org/10.1073/pnas.2024942118

nonlinear response of nematically aligned fiber networks (24)
and will be a basis for further investigation.

The substantially higher Al value for the fibroblasts relative to
the fibrils is striking, suggesting the cells are highly sensitive to
the signal presented by the aligned fibrils. A comparison can be
made to our previous study of fibroblast alignment in response to
collagen fibril alignment when applying an unconfined compres-
sion to a collagen gel with entrapped fibroblasts (25). In that study,
a functional relationship between the cell and fibril orientation
tensors determined by a contact guidance sensitivity parameter, k
defined in a continuum theory of cell-gel mechanical behavior was
tested. k = 1 indicates the cells align with the same strength as the
fibrils, and k of increasing value above 1 indicates increasing
contact guidance sensitivity for a given fibril alignment. Those data
were fitted to estimate k = 5.1. Estimation of k using the data
presented here for fibroblasts in magnetically aligned fibrin gel
yields x = 5.7 (Appendix), a remarkable agreement indicating that
the network microstructure is dominant over the molecular com-
position information contained therein. Calculating a sensitivity
for the dependence of fibroblast contact guidance on mechanical
resistance anisotropy associated with the aligned fibrils would re-
quire measuring Al on gels of varied Ry — Ry, which could be
generated by varied cross-linking conditions that do not change
the cell adhesion or network microstructure.

The origin of the increase of Ry — Ry with cross-linking is
unknown, but not necessary knowledge for the purpose of this
study. The relatively high content of tyrosine in fibrinogen and
complex topology of the fibrin network, which is associated with
fibronectin from the serum or produced by the fibroblasts, makes
both intra- and interfibrillar cross-linking likely. Nonetheless, it
will be of interest to ascertain whether microstructural models
(26, 27) can predict this behavior and provide insight into the
origin for this rheological behavior.

Once the dominant signal for contact guidance intrinsic to
aligned fibrils is identified, future studies can then relate the signal
transduction/motility response pathways (28-30) to this signal, in-
cluding 1) the deposition of aligned collagen by fibroblasts cultured
over long periods in aligned fibrin gel that is central to our engi-
neering of heart valves (9, 31) and arteries (8, 32) possessing physi-
ological anisotropic stiffness and 2) the alignment of cardiomyocytes
and forming microvessels in our engineered myocardium (33, 34) and
microvascular networks (35, 36), respectively, that can confer func-
tional efficiency. Clearly it will be of interest to compare other cell
types to these findings for fibroblasts and to compare single cells and
multicellular assemblies, such as endothelial cells and self-assembling
endothelial tubules (microvessels) in this system.

Using aligned fibrin gel for this study is not to say contact
guidance in aligned collagen gel is not important, as it has ob-
vious relevance to connective tissue homeostasis. In fact, the
same general framework used here can be attempted in the
collagen system since there are multiple methods to cross-link
collagen, but whether any one of them isolates mechanical re-
sistance anisotropy would have to be ascertained. A recent study
using mechanically aligned collagen gel reported reduced contact
guidance of MDA-MB-231 (mesenchymal) cancer cells when the
collagen was cross-linked via glycation (37), which is known to
stiffen collagen gel aligned via cell compaction (38), is such an
example. The aforementioned agreement in the estimates of k
suggest that the signal that dominates contact guidance in an
aligned fibrin gel is the same as for aligned collagen gel. We have
shown fibrin gel is superior to collagen gel for tissue engineering of
connective tissues (39), which led to our use of fibrin as a sacri-
ficial scaffold in our cardiovascular engineering applications
summarized above and explains why we chose it for this study.
Contact guidance in aligned fibrin likely plays a role in many
processes related to wound repair, healing, and regeneration that
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involve a blood clot, which is essentially a fibrin gel as used in this
study containing blood cells. Tension within these clots can lead to
their alignment and induction of contact guidance, a hallmark of
peripheral nerve regeneration (40).

There are potential limitations to our experimentation leading
to the conclusion that fibroblasts can sense anisotropic me-
chanical resistance intrinsic to aligned fibrin fibrils. While the
size of a typical pseudopod is larger than 2-pm dimension and
clearly leads to the interaction with multiple fibrils simulta-
neously (i.e., the fibril network), it is not clear what bead di-
ameter used in AMR best emulates the pseudopod size and the
force it exerts on the local network. Other microbead diameters
besides 2 pm could be used to establish stiffness anisotropy over
a range of pseudopod-network interaction length scales. Diam-
eters of 4.7 and 10 pm have been shown to faithfully probe fibrin
network viscoelasticity with AMR, that is, exhibit constrained
Brownian motion in 2.5 to 10 mg/mL fibrin gels (41). There are
inherent limitations to using the CRM images to demonstrate an
absence of microstructure changes from the cross-linking, spe-
cifically spatial resolution limitation and 3D reconstruction
accuracy. However, alternatives present their own peculiar lim-
itations, for example, the preparation artifacts and limited spatial
domain with electron microscopy. Concerning limitations related
to the cell adhesion studies, there are various methods to assess
cell adhesion, but we are not aware of any method that can
quantify adhesion force for cells embedded within a fibrin gel (as
measured in our contact guidance experiments, which were in-
tentionally 3D to maximize physiological and tissue engineering
relevance). Conversely, there are many methods to quantify
adhesion force of cells spread on a fibrin gel (42) and indirectly
assess cell adhesion, such as through focal adhesion formation
(43). The relatively short 6-h duration of the contact guidance
assay was intended to maximize cell adhesion via integrin binding
versus focal adhesions, consistent with the efficacy of the
blocking antibodies directed against integrin-binding domains on
fibrin and fibrin-associated fibronectin. While we are confident
that the centrifugation assay used can measure changes in cell
adhesion force, it has limited resolution like any measurement,
and cell adhesion force may not be relevant to pseudopod-fibril
adhesive interactions, for example, as compared to sub-failure
strain of bound integrins. However, findings reported for a very
similar system of primary fibroblasts seeded on fibrin gel and
(separately) entrapped in fibrin gel showed that the cell-matrix
adhesion structure area per cell and structure morphology based
on immunostaining of $; integrins via a label-activating antibody
were the same for fibroblasts entrapped in fibrin gel (“3D”) as
seeded on a fibrin gel layer (“2D”) (44), the latter being analo-
gous to the configuration used for our centrifugation assay. Thus,
it is reasonable to expect that the integrin blocking by the anti-
bodies we used and demonstrated to reduce cell adhesion with
the centrifugation assay would be similarly efficacious in reduc-
ing adhesion for the cells we entrapped in fibrin for the guidance
assay. The short duration, along with a very low cell concentration,
was also used to maximize the likelihood that our measurement of
contact guidance was for isolated cells responding to the initial
contact guidance field of magnetically aligned fibrin as they ini-
tially spread; the consequences of local fibril restructuring by the
cells and potential guidance field amplification occurring over
time were minimized. Even though this amplification can occur by
the pseudopodial activity of single cells (e.g., figure 7 of ref. 11),
they still respond to the macroscopic alignment field in a graded
fashion (i.e., the strength of fibroblast contact guidance response
increases with strength of fibril alignment in collagen gels aligned
with magnetic fields of increasing strength).

Despite these potential limitations, the data collectively sup-
port the hypothesis of Dunn that fibroblasts can exhibit contact
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guidance in aligned fibrils via sensing of mechanical resistance
anisotropy of the aligned fibril network, a definitive test of this
hypothesis. Whether or not this is the dominant signal among
other potential anisotropies presented by the network, such as
adhesion or porosity, will require further experimentation that
can also isolate these variables.

Materials and Methods

Cell Culture. Human dermal fibroblasts (Lonza) were maintained in a 50/50
mixture of Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F-12 cell
culture medium (DMEM/F12, Cellgro) supplemented with 15% fetal bovine
serum (FBS, Thermo Fisher Scientific), 100 U/mL penicillin, and 100 U/mL
streptomycin (Gibco) at 37 °C. Cells expanded to passage 5 to 7 were used as
described.

Fibrin Gel Formation. Fibrin gels were formed by adding bovine thrombin
(Sigma) reconstituted in 1x Dulbecco’s phosphate-buffered saline with cal-
cium and magnesium (DPBS**; Gibco) to a suspension of cells in bovine fi-
brinogen (Sigma) solution similarly reconstituted in 1x DPBS**. For acellular
gels, no cells were premixed into the fibrinogen solution. The final compo-
nent concentrations of the cell suspension were as follows: 4 mg/mL fibrin-
ogen, 0.2 U/mL thrombin (Sigma), and 20,000 cells/mL. The gel-forming cell
suspension was maintained on ice, mixed gently, and pipetted into a rect-
angular insert (10 mm x 12 mm x 2 mm) made of gray resin (PlasGRAY V2,
Asiga), firmly adhered to a 35-mm glass bottomed culture dish (FluoroDish,
World Precision Instruments) as described below according to the experi-
ment. Subsequently after gelation for 30 min at room temperature, cell-
containing samples were cultured in DMEM/F12 medium supplemented
with 15% FBS (HyClone), 100 U/mL penicillin, and 100 pg/mL streptomycin
(Gibco) in the incubator at 37 °C for the duration of the experiment. Acel-
lular samples were maintained in 1x PBS (Gibco).

Magnetic Alignment. Immediately after pipetting the gel-forming solution/
cell suspension into the rectangular insert, the sample was placed in the bore
of a horizontal bore electromagnet for 30 min while undergoing fibrillo-
genesis. The field strength in all experiments was 9.4 T. Fibrin fibril align-
ment in the direction of the magnetic field occurs due to the positive
diamagnetic anisotropy of growing fibrin fibrils, and the alignment becomes
set due to ensuing entanglements of the fibrin fibrils so that it is preserved
after removing the container from the magnet (45, 46).

Cross-Linking. As previously reported (47, 48), ruthenium trisbipyridyl chlo-
ride [Ru(ll)(bpy)3]2* solution (henceforth identified as Ru for simplicity) was
made at 10x (20 mM) concentration by dissolving it in distilled H,O. Sodium
persulfate (SPS) solution was prepared at 20x (200 mM) concentration by
dissolving in distilled H,O. Solutions were sterile filtered with a 2-pm filter
(Millipore). Solutions were protected from light until used and made fresh
for each cross-linking experiment. Prior to cross-linking, the solutions were
diluted in sterile DPBS, and the gels were incubated in a mixed solution of Ru
and SPS pipetted onto their surface at room temperature for 10 min under
gentle shaking. At the end of the incubation, the culture dish containing the
gel was placed over a custom-built light-emitting diode array powered at an
operating current of 25 mA to emit blue light (wavelength 465 + 5 nm) at
fluence of 3820 Lux for 10 s to initiate the cross-linking reaction. The re-
agents were removed via repeated immersions of the cross-linked gel in
sterile DPBS. Gels with entrapped cells were then cultured in DMEM/F12
medium with the supplements described earlier. Controls were kept in
normal culture medium and not exposed to blue light but otherwise sub-
jected to the same culture conditions.

Polarimetric Imaging. Polarimetry was used to assess the sample’s retardation
pattern and infer fibril alignment (49, 50). In this method, extinction angle
and retardation are computed on a pixel-wise basis in the region of interest,
assuming the fibrin fibrils are strong linear retarders and dominate the
change in polarization state of the transmitted light. Polarimetric images are
created by averaging local values to create segments with direction corre-
sponding to the local average extinction angle and length proportional to
the local average retardation on a background gray level mapped to the
pixel-wise retardation.
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Unconfined Compression Testing. The bulk mechanical properties of acellular
isotropic fibrin gels with or without cross-linking were measured by un-
confined compression test using a rheometer (RSA-G2 Solids Analyzer, TA
Instruments) at room temperature. A parallel plate fixture of 8-mm diameter
was employed, and the fibrin sample was placed in between the upper and
lower plate with a gap of 2.5 mm (sample height). The upper plate was
moved vertically at a constant displacement rate of 1.2 um/s to generate the
uniaxial compression, and the test was run until the strain reached 30%.
Experiments were performed on at least four samples and representative
stress—strain curves are shown subsequently.

AMR. Measurements of fibrin resistance to deformation were conducted in
acellular fibrin gels using an optical tweezers AMR system previously de-
scribed (51) but modified to measure material properties along multiple axes
(52), in which bead position is detected from backscattered laser beam il-
lumination. For AMR measurements, fibrin gels were prepared at University
of Minnesota using the same reagents as used for the cell related experi-
ments. Gel precursor solutions were supplemented with 2-um-diameter
carboxylated silica beads (Bangs Laboratories) at a final bead concentration
of 0.8 mg/mL. Gels were prepared, optionally aligned, and optionally cross-
linked as described above, and then PBS was added to completely fill the
wells of the culture dish, removing all air bubbles. The dish was sealed with
parafilm and shipped overnight at room temperature to University of Cal-
ifornia, Irvine. At the time of measurement, samples were incubated on the
microscope stage at 37 °C using a dish incubator and objective lens heater
(Warner Instruments). The microscope objective lens is a 60x-oil PlanApo
Total Internal Reflection Fluorescence Microscopy (TIRFM) 1.45 NA lens
(Olympus) selected to generate a strong optical trap with trap stiffness 30 to
35 pN/um. During AMR measurements, an oscillatory force is applied to a
bead by an oscillating optical trap generated with a 1,064-nm laser (IPG
Photonics). Bead position is probed by a focused low-power 785-nm laser
diode (Thorlabs). The position of the bead is determined by deflection of the
probe beam, which changes linearly with bead displacement. Instantaneous
position of the optical trap and the bead are recorded by two quadrant
photodiodes (Newport) respectively. Displacement and force vectors are
related by the stiffness tensor according to

X=[x]""F 11

where off-diagonal elements are assumed to be equal to 0.

All probed beads were located ~35 um from the bottom cover glass and at
least 3 mm from the sidewalls. Beads were oscillated at 50 Hz first in the X
and then in the Y direction with respect to the camera field of view. Y di-
rection corresponded to the axis of fibril alignment in aligned samples. The
Fourier transform values X* and Y* are calculated from the signals recorded
by the quadrant photodiode describing the motion of the bead during bead
oscillations in X and Y directions, respectively. [X*|~" and |Y*|~" at the os-
cillation frequency of 50 Hz describe bead motion under optical tweezers
forces, which can be interpreted as the fibrin network resistance, R, to an
applied force. Thus, [X*|~" = Rx and |Y*|~" = Ry. Ry values are corrected by
the ratio of trap stiffnesses during oscillations in X and Y direction. The ratio
Kitrapy/Kirapx for the tested samples ranged from 0.98 to 1.11. Elastic (G’) and
viscous (G”) shear moduli were calculated from optical trap and bead posi-
tion signals, as described previously (16, 17).

In order to quantify noise present in our system, AMR measurements were
conducted when the optical trap was focused 35 pm from the bottom cover
glass but was not in proximity of a bead. Mean noise of |X*| and |Y*| at
50 Hz was found to be equal to (2.88 + 3.78) x 108 um in the X direction and
(2.71 + 1.40) x 1078 pm in the Y direction (n = 7). Beads for which either | X*|
or |Y*| were below the mean magnitude of noise measurements at 50 Hz
were removed from analysis.

Confocal Reflectance Imaging. The structure of fibrin gels was imaged via CRM
using ATRMP multiphoton upright microscopy system (Nikon), using a 25x
water-immersion objective lens (Apo LWD, numerical aperture = 1.1, Nikon)
and a 488-nm laser line. Z-stacks were collected in Galvano scanner mode
with a step size of 1 um, field of view of 512 x 512, and a lateral resolution of
0.11 pm per pixel.

Contact Guidance Measurement. Magnetically aligned fibrin gels (three to
four replicate samples per experiment) containing entrapped fibroblasts
were prepared in rectangular inserts attached on a glass-bottom culture dish.
The fibrin-forming cell suspension was injected directly into the center of the
insert to form a rectangular-shaped gel adherent to the bottom of the
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culture dish of size 10 mm x 12 mm and 2 mm thick. Directly after removal
from the magnet, the samples were cross-linked and then cultured in
DMEM/F12 at 37 °C, 5% CO, for 6 h. Cells were then fixed with 4% para-
formaldehyde for 30 min, followed by permeabilization using 0.1% Triton X-
100 in DPBS for 10 min and blocking using 1.5% bovine serum albumin in
DPBS for 30 min. Cells were subsequently stained with Alexa Fluor 488 phal-
loidin for 30 min, prior to imaging. Z-stack imaging was carried out using an
EVOS FL Auto 2 microscope with a step size of 5 pm, at a magnification of
either 10x or 20x, with a 470/22 excitation filter and a 510/42 emission filter.
All Z-stack images were collected ~100 pm from the bottom cover glass to
ensure no effects of cells settled to and influenced by the cover glass. The
images used for analysis were created by combining the stacks of images via
rendering using maximum intensity projections. Cell orientation was manually
defined by drawing a segment coinciding with the long axis of each cell as
projected into the optical plane based on the best fit ellipse determined by
Image) Particle Analyzer tool for ~100 cells per sample and then processed
using the ImageJ plugin FibrilTool (53) to determine the cell Al for each
sample. Al is defined as the difference of the major and minor eigenvalues for
the cell orientation tensor and varies from 0 for isotropic orientation to 1 for
uniaxial orientation. The steps involved in cell Al measurement using FibrilTool
plugin (ImageJ software) are illustrated in S Appendlix, Fig. S8. The experiment
was conducted three times (n = 3).

Cell Adhesion Measurement. A centrifugation assay of cell adhesion (54) was
adapted to measure cell adhesion to fibrin gel. Staggered wells in a 96-well
culture plate were coated with 50 pL of the fibrin gel-forming solution,
sufficient to completely cover the bottom. A total of 5,000 fibroblasts in
DMEM complete medium were added to each well and incubated for 24 h.
Samples (n = 4 to 10 wells per condition) were either cross-linked or not and
incubated for 8 h. The wells were then filled with culture medium and were
sealed airtight to avoid medium loss and air bubbles. Hoechst 33342 was
then added (2 pg/mL). Sealed plates were inverted and subjected to centri-
fugation for 5 min at 50, 250, and 500 x g for the first two experiments and
50, 200, 400, and 500 x g for experiment three in a swinging bucket rotor
with plate holder. Hoechst fluorescence was used to quantify the number of
cells in a 10x field in plates restored to upright position after removing all
free liquid, following ref. 54. An identical plate not centrifuged was used to
quantify standard number of cells per 10x field; this was used to calculate
the fraction of cells still adherent. The experiment was conducted three
times (n = 3).

Cell Adhesion Inhibition. In order to modulate integrin-mediated cell adhe-
sion to fibrin gel, the cells were pretreated with function-blocking mono-
clonal antibodies against o,fs integrin (15 pg/mL) (clone LM609, MAB1976Z,
Millipore), B, integrin (15 pg/mL) (clone P5D2, MAB1959Z, Millipore), or a
combination of both in serum-free cell culture medium. After incubation for
30 min, the cells were rinsed in 1x DPBS and seeded onto a 96-well plate
precoated with 50 pL of 4 mg/mL fibrin gel. The cells were then allowed to
attach for 6 h at 37 °C in 5% CO,. Subsequently, cell adhesion strength was
measured using the centrifugation assay as described above using 500 x g,
after labeling with live nuclear stain, Hoechst 33342. Automated cell
counting of the fluorescence images (Invitrogen EVOS FL Auto 2 Cell Im-
aging System) was performed with ImageJ using the “Cell Counter” plugin.

Next, to determine whether the integrin-blocking antibodies affect cell
spreading within fibrin gel, the cells identically pretreated with the afore-
mentioned antibodies were entrapped in fibrin gel at a concentration of
10,000 cells/mL and were allowed to spread for 6 h at 37 °C in 5% CO,.
Subsequently, the samples were fixed in 4% paraformaldehyde for 30 min,
followed by staining with Alexa 488-phalloidin for F-actin. The morphology
of cells was then observed under a fluorescence microscope (Olympus 1X70)
and cell circularity (defined as 4r x [areal/ [perimeter]z) was calculated with
Image) after segmenting the cells. A circularity value of 1 indicates a circular
cell, whereas a value decreasing to 0 indicates an increasingly elongated cell.

Fibrinolysis Inhibition. In a separate set of experiments, fibroblasts entrapped
in nonaligned and aligned fibrin gels were cultured for 6 h in DMEM/F12
medium supplemented with 2 mg/mL of ACA (Sigma) to inhibit fibrinolysis
based on our prior studies (39, 55).

Fibrin Fibril Network Reconstruction and Morphometric Analysis. CRM was
used to visualize fibrin fibrils in 4 mg/mL fibrin gels, allowing for network
reconstruction and analysis of network morphology (56). Individual image
slices of the fibrin networks obtained at 1-um depth intervals obtained from
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these confocal stacks were first deconvolved using the Huygens software
(Scientific Volume Imaging), then reconstructed using fiber extraction (FIRE)
algorithm of Stein et al. (57) From each reconstructed 2D image slice, net-
work morphometric parameters of average fibril length and average con-
nectivity were extracted as previously performed (56). Similar to the cell Al, a
fibril Al was computed for each gel based on the major and minor eigen-
values for the associated fibril orientation tensor. Al varies from 0 for iso-
tropic orientation to 1 for uniaxial orientation.

Cell Pseudopod Detection and Quantitation. For the automated image analysis
of pseudopods, high-magnification fluorescent images (40x) of single cells
were processed in Imagel to convert the grayscale image into binary image. The
locations of the cell centroids, perimeter, and protrusion endpoints were
identified using a code in MATLAB (The MathWorks, Inc.) developed by
Riching et al. (10) The output generated from the Riching code was then
used as an input to determine the start of the pseudopod, length, and ori-
entation using a custom code implemented in LabVIEW (National Instru-
ments). An example of steps involved in pseudopod detection and analysis
for a single cell in aligned fibrin gel is illustrated in SI Appendix, Fig. S9 A-K.
The actin-labeled single-cell images (S/ Appendix, Fig. S9A) were preprocessed
in imageJ software by converting to binary image, followed by thresholding,
and applying the smoothing function (S/ Appendix, Fig. S9B). The algorithm
then begins drawing increasing concentric circles about the centroid starting
with a small radius, until these circles leave the boundary of the cell on both
sides (S/ Appendix, Fig. S9 D-K). When the circle leaves the cell boundary on
both sides, then the distance between these points is calculated (S/ Appendix,
Fig. S9K). Once the start locations of all pseudopods are determined, the
lengths and orientation are subsequently computed.

Statistical Analysis. All the cell and fibrin assay data were analyzed using a
two-tailed unpaired t test or the Mann-Whitney U test (for data not nor-
mally distributed based on Shapiro—Wilk test) when comparing between
two groups and ANOVA when comparing between multiple groups. Cell/
pseudopod orientation distributions were compared using Kolmogorov-
Smirnov test. Analyses were done by GraphPad Prism 8.4 software. Statistical
analysis of AMR data were conducted in MATLAB. Data were found not to be
normally distributed, and so nonparametric tests were employed. Mann-
Whitney U tests were used for comparison between sample types, and Wil-
coxon tests were utilized for comparison of correlated measurements in the X
and Y directions within the same sample type. Data are presented as mean +
SD or median + SD, as indicated in the figure legends. Values of P < 0.05 were
considered as statistically significant, yielding differences with 95% confidence
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Appendix Estimation of the contact guidance sensitivity parameter.

In the anisotropic biphasic theory of tissue-equivalent mechanics (7), the
contact guidance sensitivity parameter, «, is defined to functionally relate
the cell and fibril orientation tensors, Q. and Qs
_ X
Tty 21
Given the definitions of Q. (53) and Qs (58) used here, both tensors have
traces equal to 1.

Assuming coalignment Q. and Q¢ with the chamber axes (off-diagonal
elements are zero) for orientation as measured in the 2D plane, Eq. 1
becomes simply

Qc

K

e 131

f.yy + Qf,xx

where y is the direction of alignment and x is the orthogonal direction. With

the cell Al = Qyy — Qcxx ~0.70 from Fig. 3Cand Qcyy + Q xx = 1 = Q,y ~0.85.
Also, using the FIRE results for fibril Al ~0.16 — Qg,, ~0.58 and Qg ,x ~0.42,

which yields k ~5.7 from Eq. 2.

Qcyy =

Data Availability. All study data are included in the article and/or S/ Appendlix.
The MATLAB code used for automated detection of pseudopods are avail-
able in Zenodo at https://doi.org/10.5281/zenodo.4533281.
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