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Abstract

Fibrin hydrogels are used as a model system for studying cell-ECM biophysical interactions. Bulk 

mechanical stiffness of these hydrogels has been correlated to mechanotransduction and 

downstream signaling. However, stiffness values proximal to cells can vary by orders of magnitude 

at the length scale of microns. Patterning of matrix stiffness at this spatial scale can be useful in 

studying such interactions. Here we present and evaluate a technique to selectively stiffen defined 

regions within a fibrin hydrogel. Laser scanning illumination activates ruthenium-catalyzed 

crosslinking of fibrin tyrosine residues, resulting in tunable stiffness changes spanning distances as 

small as a few microns and a localized compaction of the material. As probed by active 

microrheology, stiffness increases by as much as 25X, similar to previously observed stiffness 

changes around single cells in 3D culture. In summary, our method allows for selective 

modification of fibrin stiffness at the micron scale with the potential to create complex patterns, 

which could be valuable for the investigation of mechanotransduction in a biologically meaningful 

way.
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1. Introduction

Many cell types sense and respond to the stiffness of their surrounding extracellular matrix 

(ECM). In 2D, this has been well demonstrated with initial substrate stiffness affecting 

critical cellular processes ranging from migration [1] to differentiation [2]. Interactions 

between cells and their surrounding ECM can be studied using 3D hydrogels as a model 

system for the ECM. While these hydrogel systems are far removed from in vivo tissue, they 

can be tuned and/or functionalized in ways appropriate for testing specific hypotheses. 

Hydrogels can be composed of natural, synthetic, or composite materials with tunable 
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material stiffness [3], porosity [4], density [5], susceptibility to enzymes [6], and adhesion 

ligand concentrations [7]. For the case of naturally derived ECMs, it may be challenging to 

independently modulate subsets of these features. Our group has previously demonstrated 

concentration independent modulation of fibrin stiffness and establishment of stiffness 

gradients using strain fields instead of chemical modifications [8]. We have also used optical 

tweezers active microrheology (AMR) to map these stiffness gradients in both cell-free and 

cell-containing systems. In the case of the latter, we have shown pericellular stiffness 

distributions are dependent on cell mediated matrix remodeling and strain hardening [9]. A 

new method is needed to exogenously reproduce these distributions in situ.

While engineered synthetic materials allow for control over matrix stiffness with minimal 

influence on other ECM properties [10,11], they typically are not fibrous and thus lack a 

fundamental property of biological tissues. Further, mesh sizes are orders of magnitude 

smaller than natural tissues and essentially present themselves as a continuous barrier with 

respect to cell confinement and biotransport. Synthetic hydrogel systems incorporating light-

mediated crosslinking sites permitting stiffening by both wide field and patterned 

illumination have been described [12–14]. Such hydrogels have been utilized in the study of 

endothelial cells [15] and stem cells [16,17], showing that cells respond differently to 

hydrogels of different stiffness.

In this paper we present a technique for patterning the stiffness within a naturally derived 

fibrous matrix: fibrin. Fibrin is a naturally occurring fibrous protein that is an essential 

component of blood clots, making up a significant portion of the provisional ECM during 

wound healing [18]. In vitro fibrin hydrogels have been used as a model ECM for studying 

angiogenesis [19], stem cells [20,21], macrophages [22,23], and cancer cell lines [24]. As a 

hydrogel, fibrin forms a fibrous, viscoelastic, randomly interconnected matrix with pores on 

the length scale of one micron. Compared to cell-free systems, fibrin stiffness proximal to 

cells [8] and sprouting endothelial vessels [27] is elevated and more heterogenous, spanning 

orders-of-magnitude at the subcellular spatial scale. This phenomenon is possible because 

fibrin is permissive to cell mediated remodeling by enzymatic breakdown, deposition of new 

matrix, and other modalities of ECM modification [25,26].

Methods for increasing the stiffness of fibrin hydrogels have been described in literature, 

including chemical crosslinking via incubation in glutaraldehyde [28] or exposure to UV 

[29]. Of note, Bjork et al. demonstrated crosslinking of fibrin via ruthenium-catalyzed 

photocrosslinking (RCP), and showed RCP did not reduce cell viability [30]. For RCP, a 

light activated ruthenium compound and sodium persulfate (SPS) oxidizes tyrosine residues 

in the fibrin forming tyrosine radicals, which can react with other tyrosine residues to form 

dityrosine in the presence of persulfate [31].

Here we present and evaluate an extension of this technique, where we selectively pattern 

crosslinking within the volume of 3D fibrin hydrogels using a laser scanning confocal 

microscope and measure induced stiffness changes via AMR. With our method, we have 

achieved selective stiffening within fibrin hydrogels at scales as small as a few microns, 

which may be beneficial for future studies on cell-ECM interactions.
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2. Materials and Methods

2.1 Hydrogel Preparation

Fibrin hydrogels were prepared with 2.0 μm carboxylated silica microbeads (Bangs 

Laboratories) dispersed within the hydrogels prior to gelation. Bovine fibrinogen stock 

(Sigma) was dissolved in phosphate buffered saline (PBS, Gibco) and sterile filtered (0.22 

μm, Olympus) before use. Gelation was conducted by mixing fibrinogen/microbead/PBS 

solution with bovine thrombin (Sigma), to achieve a 1 mL hydrogel with final concentrations 

of 2.5 mg/mL fibrin, 0.8% (w/v) microbeads, and 4 U/mL thrombin (Sigma). Hydrogels 

were cast into 35 mm glass bottom dishes (MatTek), resulting in a hydrogel approximately 

500 μm thick at the center, where experiments were conducted. Hydrogels were kept in an 

incubator (37° C, 5% CO2) for 25 minutes after which they were hydrated with culture 

medium: 2 mL of DMEM (Gibco) + 10% FBS (Gibco) + 1% Penicillin-Streptomycin 

(Gibco). Fibrin hydrogels were then stored for 24 hours in the incubator before use.

2.2 Selective and Bulk Photocrosslinking

For photocrosslinking, 200 μL of culture medium was removed and substituted with 200 μL 

of a concentrated crosslinker solution, producing a solution of 0.15 mg/mL tris(2,2′-
bipyridyl) dichlororuthenium (II) hexahydrate (Sigma) and 0.24 mg/mL sodium persulfate 

(Sigma). A Fluoview 1200 laser scanning confocal microscope (Olympus) was used for 

selective-crosslinking. With the built-in functionality of the Fluoview system, the user can 

draw arbitrary ROIs to expose specific regions to controlled amounts of 488 nm laser 

illumination. In all cases presented here, the 488 nm source was used at 0.94 mW power. 

Scans were conducted at 2 μs/pixel with a total scan resolution of 1600 pixel by 1600 pixel 

over a 211.2 μm by 211.2 μm area. A 60X 1.45 NA oil immersion microscope objective 

(Olympus) was used, at a focus plane approximately 35 μm from the cover glass. For full 

construct crosslinking, dishes were held 1 cm above an array of 4 blue LEDs (460 nm, 

SparkFun). Each LED was powered at an operating current of 20 mA. Following 

crosslinking, hydrogels were washed 3 times with culture medium to prevent any further 

light-activated crosslinking.

2.3 Microstructural Assessment

Confocal reflection microscopy (CRM) was performed to assess structural differences 

within the fibrin mesh. Imaging was performed using the 559 nm laser line of the FV1200 

operating at 0.72 mW. An optical flow algorithm based on the Farneback method [32] was 

utilized to analyze successive frames of these images and capture deformation dynamics 

across the entire crosslinking process by summing deformations throughout the time series. 

Summed optical flow results were down sampled via bilinear interpolation by a factor of 80, 

resulting in nodes being spaced 10.6 μm apart. Additionally, fiber density was analyzed in 

the CRM images. Images were binarized using the Matlab built-in adaptive binarize function 

and objects smaller than 10 pixels were removed. Bright pixels were then counted in annular 

areas emanating from the center of the crosslinked region.
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2.4 Active Microrheology

AMR was conducted within the volume of the fibrin hydrogels. Our AMR instrument has 

been described previously [8,9]. Briefly, probe beads within the hydrogel are oscillated via a 

1064 nm laser trap, steered by oscillating galvanometer mirrors. The bead acts as a lens to 

deflect a second, stationary laser beam (785 nm), which is focused onto a quadrant 

photodiode. The complex-valued material response (α*) is calculated from the phase-

amplitude relationship between trapping forces and probe bead displacement [33,34]. Here 

we report 1/α’, which is the inverse of the real component of α* and can be considered a 

metric of stiffness. Beads were probed at 50 Hz and were located approximately 35 μm from 

the bottom cover glass. Potential effects of cover glass proximity on measurements were 

controlled by performing all measurements for different treatments at the same approximate 

height.

2.5 Live-Dead Assay

Normal human dermal fibroblasts (NHDF, Lonza) were cultured in culture medium 

(described above) in an incubator (37° C, 5% CO2). 2.5 mg/mL fibrinogen with 150K/mL 

NHDF cells in PBS and 4 U/mL thrombin were cast in 35 mm glass bottom dishes and 

hydrated with culture medium. After 24 hours incubation, crosslinking solution was added 

and crosslinked via 1000 scans of the 488 nm laser in a 100μm diameter circular region of 

interest, conducted using settings in Section 2.2. The crosslinking solution was washed out 

with 3 washes of culture medium and then fibrin hydrogels were placed back into the 

incubator for 4 hours. “No crosslinker controls” received the same treatment (including the 

washout) as the crosslinked samples except 200 μL PBS was added rather than crosslinker 

solution. Live (positive) controls were not treated. Finally, dead (negative) controls were 

treated with 70% ethanol to verify ethidium homodimer stain was detectable in dead cells. 

Medium was aspirated and replaced with 2 μM Calcein-AM (Invitrogen) and 4 μM ethidium 

homodimers (Invitrogen) in PBS. Cells were placed back into the incubator for 10 minutes 

before being imaged in Fluoview with a 10X 0.3 NA air objective. Calcein-AM was excited 

with 488 nm laser and 505–540 nm emission was collected. Ethidium homodimer was 

excited with 559 nm laser and 655–755 nm emission was collected. 5 by 5 tiled images were 

taken for all assays with Fluoview multiarea controller and tiled with ImageJ.

2.6 Statistical Analysis

Statistical analysis was conducted in Origin Pro. Sample sets were tested using non-

parametric statistical methods. Mann-Whitney U-tests (α = 0.05) with a Bonferroni 

correction was conducted for all statistical comparisons presented in this paper. Data in the 

manuscript are presented as mean ± standard deviation.

3. Results

3.1 Selective Crosslinking Results in Structural Changes to Fibrin Mesh

A schematic of RCP is shown in Figure 1A, along with a cartoon of two crosslinking 

modalities used in this paper; bulk (Figure 1B) and selective (Figure 1C). Figure 1C 

highlights the utility of our technique, which is to selectively crosslink fibrin near cells. The 
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crosslinking solution is comprised of a Ru compound and SPS and is activated by blue light 

(Figure 1A), forming Ru (III) and a sulfate radical [31]. The Ru compound oxidizes tyrosine 

residues already present within fibrin to form a dityrosine crosslink mediated by sulfate [35].

To demonstrate the selectivity in crosslinking, fibrin constructs were imaged before and after 

488 nm laser treatment, which is absorbed by the Ru compound to initiate the crosslinking 

reaction. Circular treatment regions having diameter of either 10 μm or 100 μm are referred 

to as T10 and T100, respectively. Larger fields of view containing a treated region were 

imaged by CRM using the 559 nm laser line. Representative fields of view are shown in 

Figure 2A and 2B in both transmitted light (i, ii, iii) and CRM imaging modalities (iv, v, vi).

Following T100 treatment, embedded microbeads within and beyond the region of treatment 

were displaced in the transverse plane by several microns (Figure 2A, i–iii). CRM images 

show elevated pixel intensities in the treated region as compared to non-treated (Figure 2A, 

iv, v). Pseudo-colored composite images of the mesh before and following treatment show 

that fibers were displaced, notably outside of the treated region (Figure 2A, vi, vii). To 

capture full frame videos of mesh dynamics during the crosslinking process, we 

implemented a CRM imaging strategy during which full field-of-view imaging at 559 nm 

was recorded in between every 100 sequential circular scans at 488 nm. Videos show a 

symmetric contraction of the mesh toward the treated area (Supplementary Videos 1 and 2). 

Optical flow analysis confirms displacements were predominantly directed radially toward 

the center of the treated area in T100 treated samples (Figure 2A, viii). Peak displacement 

was located just outside the treatment region and decreased radially in either direction. Fiber 

density increased inside the crosslinked region, with maximum change at the boundary 

(Figure S1).

We next investigated such displacements for a T10 treated region (10-micron diameter 

treatment). As compared to T100 treatment, microbeads within and beyond the treatment 

region were displaced by no more than 500 nm in the transverse plane (Figure 2B, i, ii, iii). 

CRM imagery confirms the effect on the matrix is highly localized to the region of treatment 

(Figure 2B, iv, v, vi, vii). Outside the treated area, displacement was confined to a region 

immediately proximal boundary as detected by optical flow analysis (Figure 2B, viii).

3.2 Stiffness changes in Fibrin hydrogels

Next, we quantified the increase in stiffness within treated areas. To assess the dependence 

of stiffening on duration of light exposure, AMR was conducted on the same 8 beads in a 

region subjected to sequential crosslinking treatments (Figure 3A and 3B; 100 scans per 

treatment with 488 nm, see Methods). Stiffness increased with each sequential treatment and 

after 1000 scans reached values comparable to LED crosslinking (Figure 3A; Figure 3C, 

p=0.54, Mann-Whitney Test). LED crosslinked samples appeared to have a denser mesh 

(Figure S2) similar to that observed within selectively crosslinked regions (Figure 2). To 

assess changes to the stiffness and structure that may be caused by 559 nm imaging and 

exposure to the crosslinking solution, a set of crosslinking experiments were conducted 

without 488 nm light treatment. Only minute changes in stiffness (Figure S3A) and 

displacement (Figure S3B) were observed following 10 scans of 559 nm imaging.
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Significant stiffening occurred outside T100, but not T10 treated regions (Figure 4), a result 

consistent with the displacement fields (Figure 2A). Representative stiffness maps are shown 

in Figure 4. Prior to crosslinking, stiffness is low and heterogeneous throughout the field of 

view (Figure 4A & 4D). Following treatment, stiffness is notably increased within the 

treated areas and, for the case of T100 only, outside the treatment area as well (Figure 4B & 

4E). The complete set of measurements is shown in Figure 4C and 4F. On average, increases 

in stiffness within the treated region were 11.6 ± 7.0 nN/μm and 6.5 ± 3.6 nN/μm for T100 

and T10, respectively. Outside of the treated regions, stiffness changes were substantially 

lower: 1.3 ± 1.3 nN/μm and 0.2 ± 0.4 nN/μm, for T100 and T10, respectively. For all 

treatments, stiffness increases were statistically significant (p < 0.05, Mann-Whitney test, 

with Bonferroni Correction), except for T10 Sample 1.

Changes in stiffness as a function of radial distance to the center point of the treated region 

are plotted in Figure 5. Within both T100 and T10 treatments, stiffness change was most 

prominent within the boundaries of the treated region (Figure 5A and 5B), with fold changes 

as high as 25X (Figure 5C and 5D). In T100 treatments, stiffness change extends beyond the 

treated region, decreasing with distance from the boundary for at least 50 μm. This stiffening 

lacks radial symmetry and is greater to the left and right of the crosslinked region (Figure 

4B), suggesting radial-circumferential stiffness anisotropy. To investigate potential 

anisotropy, the position of each bead was cast into a coordinate system with the origin at the 

center of the treated region, and a horizontal x-axis passing through the centroid of that 

region. The first coordinate is the distance to the origin and the second is the absolute value 

of angular deviation from the x-axis, defined here as ϴ (Figure 6A). This angular deviation 

is important because our AMR system exclusively oscillates beads in the horizontal axis (x-

axis). Thus, anisotropy would present as a dependency of stiffness on ϴ, as was observed 

(Figure 6B and Figure 6C). This trend is highlighted when data is binned by ϴ and distance, 

as shown for T100 (Figure 6D) and T10 (Figure 6E).

3.3 Cell Viability after selective crosslinking

Selective crosslinking (T100) was performed near NHDFs embedded within fibrin 

hydrogels. Cells immediately proximal to the treated region appear viable 4 hours after 

crosslinking (Figure 7A). Zoomed in views of replicate experiments (n = 6) are shown in 

Figure 7B. Figure 7C shows results for areas surrounding (1) a T100 crosslinked region, (2) 

a control T100 without crosslinker, and for (3) live and (4) dead controls.

4. Discussion and Conclusion

Here we present a method for tuning ECM stiffness within a fibrin hydrogel in select 

regions. Important to the study of mechanobiology, our method can stiffen local regions at 

the resolution and dynamic range observed around single cells and cell colonies [9,27]. In 

many cell-ECM biophysical studies, the initial stiffness of an ECM has been linked to 

phenotypical changes including stem cell fate [2,36]. However, within a permissive 

environment (such as fibrin), stiffness, architecture, and composition can be modified by 

cells over time [37–39], such that the system no longer reflects initial conditions. This holds 

true for synthetic hydrogels, engineered to be degradable or otherwise, which are also 
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subject to deposition of new matrix by cells [40,41]. These studies motivated the need for 

the tool presented in this manuscript, which can make stiffness modifications to fibrin 

systems on the same order of magnitude that cells can.

In this study we used a photocrosslinking method coupled with a laser scanning confocal 

microscope to generate patterns of crosslinked areas within a fibrin hydrogel (additional 

patterns shown in Figure S5). Crosslinking was indicated by increased pixel brightness and 

effects on local stiffness were investigated via AMR. Degree of stiffening in the treated 

region was observed to be as much as 25-fold, which may be significant in the study of roles 

for stiffness in cell-ECM physical interactions. In fact, we have previously observed cells 

stiffening their pericellular matrix by as much as 35-fold. For example, in one system, the 

stiffness proximal to a cell ranged from 16.9 ± 8.0 nN/μm as compared to its cell-free 

control 0.8 ± 0.5 nN/μm [9]. Our laser-mediated crosslinking method can produce a similar 

range of stiffness at the sub-cellular spatial scale, allowing for exogenous control of local 

stiffness in a biologically meaningful way.

Interestingly, stiffening was also observed beyond the treatment region where photo-

activated crosslinking was not conducted. We examined changes to fibrin mesh architecture 

outside the T100 treated region (Figure 5A) to understand the nature of this stiffness change. 

One possibility is that activated crosslinker diffuses beyond the treated region to generate a 

gradient of crosslinking. However, crosslinked fibrin is brighter in CRM and regions of 

increased brightness exclusively overlap the region of 488 nm illumination (Figure 2) 

indicating that the crosslinking stays confined. Our group has previously shown that fibrin 

stiffness, as assessed by AMR, increases with fibrin density, which could explain the 

stiffening [8]. Fibrin density decreased, or remained unchanged, in the stiffened area beyond 

the treated region. By contrast within the treated region, both fibrin density and stiffness 

increased near the treatment boundary (Figure S1). These results suggest other mechanisms 

are at play, notably stretch-mediated hardening which is supported by the radial inward bead 

displacement shown in Figure 2Aiii. Such a displacement could stiffen the surrounding 

material through strain hardening, an important characteristic of fibrin and other natural 

ECMs [42]. Both cell-mediated and exogenous strain have been shown to stiffen these 

matrices as measured by ourselves [8,9] and others [43,44]. In support of strain hardening, 

the stiffened region (beyond the treatment area) is co-located with the largest displacements 

of the fibrin mesh (Figure 2A, viii; Figure 5A). Also, because displacements are 

overwhelmingly radial, it would be expected that stretch-mediated stiffening should be 

anisotropic with lesser stiffening in the circumferential direction. While for each bead AMR 

was exclusively performed along the x-axis, the population of probed beads indicates 

anisotropy. Specifically, probe beads located near the x-axis are oscillated radially with 

respect to the treated region, whereas beads located at ± 90 degrees are oscillated 

circumferentially. Consistent with anisotropy, the radial oscillations reported greater stiffness 

(Figure S6) with an apparent decrease in stiffness with an angular deviation from the x-axis 

(Figure 6A). Taken together, these results imply that crosslinking a large area can induce 

stretch mediated hardening in regions not directly affected by the photo crosslinking 

chemistry, a phenomenon that may be useful in the study of cellular mechanobiology. We 

also observed matrix remodeling surrounding the treated region for T10 samples, as assessed 

by confocal imaging (Figure 2B, vii) and optical flow analysis (Figure 2B, viii). However, 
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we did not detect stretch-mediated stiffening where fiber displacement was detected, in part 

due to limitations of the AMR method. Specifically, beads were spaced too far from one 

another to provide sufficient spatial resolution to allow characterization of local changes in 

stiffness relative to the treatment spot size. In our experience, the bead density required to 

achieve bead proximity on the order of several microns alters the structural characteristics of 

a fibrin gel thus precluding stretch-hardening analysis.

Lastly, because our method is intended for use in the study of mechanobiology, we sought to 

verify the conditions used for crosslinking were not cytotoxic. We verified the exact 

conditions used in the AMR study did not appear to affect viability of NHDFs, even those 

adjacent to the treatment zone. It is important to note that methods here will likely require 

fine tuning to be extended to other cell-ECM experimental systems. There are many factors 

to consider including: hydrogel composition and density, cell type, cell-ECM ligand 

interactions and accessibility, culture media, range of stiffness, and required stiffness 

resolution. To account for these one will likely need to optimize the shape of the crosslinked 

region, crosslinker concentration, and light dose.

In summary, we report a method to selectively stiffen fibrin matrices at small spatial scales. 

Presently, we are working on extending these results to other natural matrices such as 

collagen and beginning to analyze cellular response to changes in their local pericellular 

stiffness by our method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Schematic of two crosslinking modalities: laser scanning confocal microscopy and bulk 

LED illumination. (A) Tyrosine residues are crosslinked to form dityrosine by blue light 

activated crosslinker. (B) An entire hydrogel can be crosslinked by illumination with 460 nm 

LEDs. (C) Illustration depicting the intended usage of selective photocrosslinking, where 

regions proximal to cells could be selectively stiffened by a laser scanning confocal 

microscope.
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FIGURE 2. 
Transmitted light and CRM imagery of 100 and 10 μm (referred to as T100 and T10, 

respectively) diameter treatment spot sizes within fibrin hydrogels before and after 

photoactivation by 488 nm illumination. (A) Transmitted light images of T100 treatment 

spot (i) before, (ii) after, and (iii) composite. Probe bead locations in the composite are 

marked red and green for before and after, respectively. CRM images (iv) before, (v) after, 

and (vi) composite. (vii) Zoomed inset of the composite image suggests contraction toward 

treated area, confirmed by (viii) optical flow analysis. Gray area denotes the treated region. 

Note: Arrow length was scaled for visualization, and color indicates displacement 

magnitude. (B) Corresponding images and analysis for T10 treatments. Note that the 

leftmost arrow in (v) points to an imaging artifact common to CRM while the rightmost 

points to the treated spot. Boundaries of treatment spots are marked with white dashed lines. 

Scale bars = 20 μm.
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Figure 3. 
Stiffness increases with treatment time within a fibrin hydrogel after either selective or bulk 

crosslinking. (A) Stiffness (1/ α’, nN/μm) probed by AMR using the same probe particles 

(nbeads=8) after successive laser scans of a T100 treatment. Probe particles are all located 

within the treatment region. (B) Data from (A) represented as fold change over the 

pretreatment stiffness for each bead. (C) Bulk crosslinking via LEDs shows increase in 

stiffness with light exposure (nsamples=2, per treatment time).
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Figure 4. 
Distribution of stiffness within a fibrin hydrogel probed by AMR before and after T100 and 

T10 treatments. Stiffness maps (A) before and (B) after T100 treatment. (C) Scatter plot of 

all T100 samples before and after treatment. Stiffness maps (D) before and (E) after T10 

treatment. (F) Scatter plot of all T10 samples before and after treatment. (*) denotes 

significance at 0.05 level via a Mann-Whitney U-Test. Color maps in (A, B, D, E) saturate at 

6 nN/μm. Scale bars = 20 μm.
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Figure 5. 
Stiffening decreases with radial distance from treated region center. Stiffening for (A) T100 

and (B) T10 samples as a function of distance from the treatment area center. Treatment 

region shaded in green. Fold change presented in (C) and (D) for T100 and T10, 

respectively. Dotted lines mark the outer radius of the treatment area. (nsamples= 3, per 

treatment type).
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Figure 6. 
Analysis of stiffness anisotropy. (A) The angle (ϴ) between the axis of bead oscillation and a 

radial line emanating from the treatment centroid is a function of bead position. AMR was 

conducted exclusively along the horizontal axis shown by the black arrows. Beads located at 

ϴ = 90 degrees are oscillated circumferentially, whereas beads located at ϴ= 0 degrees 

radially. Stiffness data from (B) T100 samples (nsamples = 3) and (C) T10 samples (nsamples = 

3) plotted as a function of absolute value of ϴ. Red dashed line marks the radial boundary of 
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the treatment zone. Data from (A) and (B) was binned and presented in (D) and (E), 

respectively. Figure S6A and S6B display bead count per bin.
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Figure 7. 
Live-dead assay of fibrin hydrogel containing NHDF cells 4 hours after T100 treatment. 

Calcein-AM (green) stains live cells and ethidium homodimer (red) stains dead cells. (A) 

Representative 5 by 5 field-of-view montage. (B) Zoomed in view around the crosslinked 

region for 6 replicates. (C) Areas surrounding (1) a T100 crosslinked region, (2) a control 

T100 without crosslinker, and (3) live and (4) dead controls. Note: The crosslinked region 

shows signal in the red channel even in cell-free systems with no ethidium homodimer.
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