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Abstract

Aligned collagen architecture is a characteristic feature of the tumor extracellular matrix

(ECM) and has been shown to facilitate cancer metastasis using 3D in vitro models. Addi-

tional features of the ECM, such as pore size and stiffness, have also been shown to influ-

ence cellular behavior and are implicated in cancer progression. While there are several

methods to produce aligned matrices to study the effect on cell behavior in vitro, it is unclear

how the alignment itself may alter these other important features of the matrix. In this study,

we have generated aligned collagen matrices and characterized their pore sizes and

mechanical properties at the micro- and macro-scale. Our results indicate that collagen

alignment can alter pore-size of matrices depending on the polymerization temperature of

the collagen. Furthermore, alignment does not affect the macro-scale stiffness but alters the

micro-scale stiffness in a temperature independent manner. Overall, these results describe

the manifestation of confounding variables that arise due to alignment and the importance of

fully characterizing biomaterials at both micro- and macro-scales.

Introduction

The extracellular matrix (ECM) contains chemical and physical cues that guide cellular behav-

ior [1]. During tumor progression, the tumor ECM becomes deregulated resulting in altered

chemical and physical cues [2]. These ECM transformations contribute to abnormal cell

behavior and ultimately help to drive cancer progression [2]. Thus, the ECM plays a critical

role in cancer and it is important to fully understand its properties. Recently, attention has

been drawn to the altered physical properties of the tumor ECM, as it has been an understud-

ied aspect of cancer that has proven to display increasingly more control over cellular function

[3]. Due to increased collagen deposition and cross-linking, tumors are characteristically stiffer

than healthy ECM [4,5]. This enhanced matrix stiffness has been shown to regulate cellular

proliferation [6], migration [7], and tissue morphogenesis [8] which have many implications

in tumor growth [5] and metastasis [9]. In addition to increased matrix stiffness, excess
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collagen deposition leads to reduced pore sizes in the ECM [10,11]. Reduced pore sizes have

been shown to hinder 3D cell migration [11] and may require cells to remodel the ECM via

matrix degrading enzymes such as matrix metalloproteinases (MMPs) to navigate the ECM

[12].

In addition to depositing and cross-linking matrix, cancer cells are also capable of remodel-

ing collagen in the ECM to generate regions of highly aligned collagen fibers [13,14]. This fea-

ture is often seen at the tumor periphery[13] and has been identified as a prognostic marker in

human breast cancer [15]. Aligned collagen matrices provide guidance cues for migrating can-

cer cells and promote migration direction persistence [14]. Furthermore, collagen alignment

has been shown to reduce the energy required for cancer cell migration [16] and may facilitate

intravasation in vivo during tumor progression [17]. While it is known that enhanced collagen

deposition leads to a significantly stiffer ECM with smaller pore sizes, and collagen matrices

can be stiffened via cross-linking without altering the network architecture, it is unclear how

aligning collagen matrices affects other architectural and mechanical features. Stylianopoulos

et al. computationally predict that pore sizes are larger in aligned regions while Ray et al.

reports smaller pores in matrices aligned by cells [18,19]. Because architectural features and

mechanical properties of the ECM are crucial regulating factors during tumor progression, it

is important to understand their relationship relative to alignment. Moreover, previous work

has shown that macro-scale properties, such as bulk density of collagen gels, may not accu-

rately reflect the effective property that the cells experience at the micro-scale [10]. However,

many studies report mechanical properties at either the micro- or macro-scale but not both

[7,20–22]. Thus, we measured and compared the micro- and macro-scale mechanical proper-

ties of the collagen matrices.

In this study, we investigated the architectural and micro- and macro-scale mechanical

properties between aligned and randomly oriented collagen matrices. We quantified matrix

pore size as well as micro- and macro-scale mechanical properties of aligned collagen matrices

compared to randomly oriented matrices. We used two different polymerization temperatures

to account for confounding matrix parameters such as network architecture [23] and fibril

morphology [11,24]. Our data indicate that collagen alignment significantly alters pore size in

gels polymerized at higher temperatures. Mechanical characterization reveals that macro-scale

stiffness is not affected by alignment or polymerization temperature while the micro-scale stiff-

ness decreases as polymerization temperature increases. Together these findings reveal that

collagen alignment can induce confounding architectural and mechanical differences that are

also known to affect cell behavior, and macro-scale measurements of stiffness may not be

reflective of stiffness at the micro-scale.

Materials and methods

Collagen gel preparation

Type I collagen was acid solubilized in 0.1% glacial acetic acid (Macron, V193-14) from rat tail

tendons to obtain 10 mg/ml type I collagen stock solution. Each collagen gel was mixed as a

separate solution of stock collagen diluted to 1.5 mg/ml with 0.1% glacial acetic acid, 10X

HEPES buffer, 1X PBS, and neutralized with 1N NaOH. Gels were allowed to polymerize at

37˚C for 1 hr or 25˚C for 1.5 hr prior to usage.

Collagen gels were loaded into a custom polydimethylsiloxane (PDMS) devices, as previ-

ously described [25]. To create the custom PDMS device used for collagen matrix alignment, a

15 mm x 15 mm x 5 mm PDMS square was formed, from which a 10 mm x 10 mm section was

then removed (S1 Fig). A no. 1.5 glass slide was attached to the front side of the PDMS mold

using silicon to enclose the 10 mm opening and create the fourth wall of the chamber (S1 Fig).
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The PDMS molds were then attached to large glass slides using vacuum grease to seal the bot-

tom of the chambers onto the glass slide. To achieve collagen alignment, paramagnetic polysty-

rene beads (PM-20-10; Spherotech, Lake Forest, IL) were incorporated into a collagen solution

at 1% (vol/vol). Collagen solution containing paramagnetic polystyrene beads was loaded into

the custom PMDS device and placed next to a neodymium magnet (BZX0Y0X0-N52; K&J

Magnetics, Pipersville, PA) while the collagen polymerized. Collagen gels without paramag-

netic polystyrene beads were created to serve as randomly-oriented controls.

Confocal reflectance microscopy

Collagen fiber architecture was visualized via confocal reflectance using a Zeiss Axio Exam-

iner.Z1 equipped with a LSM700 confocal module using a 405-nm laser, and a W Plan-Apoc-

hromat 20x/1.0 N.A. water immersion objective operated by Zen 2010 software. Images were

taken throughout the gels and at least 150 μm above the glass-gel interface.

Analysis of collagen microstructure

Collagen fiber orientation was analyzed in ImageJ using the Orientation J plugin to generate

pseudocolor visual representations and fiber orientation distributions. An orientation index

was generated from the orientation distribution by implementing a previously described

method as a custom Matlab script [26]. In brief, the orientation index, S, is defined by

S ¼ 2 < cos2a > � 1 ð1Þ

where α represents the angle between an individual fiber and the average fiber orientation and

<cos2α> represents the averaged square cosine of all α per image. An orientation index of 0

represents a perfectly random distribution, and an orientation index of 1 represents a perfectly

aligned distribution. To further quantify fiber alignment, a custom Matlab script was used to

assess anisotropy based of the Fourier transform of confocal reflectance images. In brief, the

2D fast Fourier transform was computed for each image and an ellipse was fit to the subse-

quent power spectrum. A measure of anisotropy was obtained by calculating the aspect ratio

of the fit ellipse from the long and short axes.

To measure pore size from confocal reflectance images, two methods were employed as cus-

tom Matlab scripts (MathWorks, R2018a). The 2D autocorrelation function in Matlab was

used to quantify the characteristic pore size in an image as previously described [10]. Images

were uploaded into Matlab and preprocessed to remove background noise using an adaptive

Weiner filter (0.625 μm filtering window) and a TopHat filter (0.94 μm strel disk diameter)

and finally converted to a binary image. The 2D autocorrelation was computed for each image

and the characteristic pore size was derived from the decay measured in the autocorrelation.

An erosion-based algorithm was also used to measure pore size, as described previously [27].

In brief, confocal images were uploaded into Matlab and preprocessed to remove background

noise as described above. Images were then converted to binary and eroded with progressively

larger disk sizes until a threshold of 50% image erosion was crossed. Clusters of adjacent pixels

with the same value were grouped together and labeled as objects. The objects containing ‘on’

pixels represented pores, while the objects containing ‘off’ pixels represented collagen fibers.

The area of each object representing a pore (objects containing ‘on’ pixels) was measured and

the average area was used to calculate an average pore diameter.

To measure fiber diameter from confocal reflectance images, we adapted a previous method

utilizing line scans [28]. In brief, line scans were computed over confocal reflectance images

and fiber diameter was determined for each image as the average peak width at half

prominence.
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Macro-Scale stiffness

Macro-scale stiffness was determined by confined compression as previously described [29].

Collagen gels were loaded onto a TA Electroforce Model 3100 (TA Instruments) that per-

formed 5% stepwise indentations and used a 250g load cell to measure the resulting forces.

The stress relaxation data was then fit to a standard linear solid model of viscoelastic behavior

via a custom Matlab script. The equilibrium modulus was then calculated from the slope of the

resulting stress-strain curve.

Micro-Scale stiffness

The micro-scale stiffness was determined by atomic force microscopy (AFM). The Young’s

modulus of each collagen gel was measured using AFM in contact mode (MFP-3D, Asylum

Research, CA). Indentations were performed at a minimum of 3 regions within each collagen

gel. Force-displacement curves were taken at 30 points within each region within a 120 by

120 μm grid (6 x 5), for a total of 90 indentations for each collagen gel. Indentations were

made at a loading rate of 1 μm/s and trigger force of 2 nN with silicon nitride cantilevers with

a nominal spring constant of 0.01 N/m and a 4.5 μm diameter spherical polystyrene bead

(Novascan, Boone, IA). AFM tips were calibrated before use and had a mean spring constant

of 0.015 ± 0.002 N/m. Force-displacement curves were fit to the Hertz model assuming a Pois-

son’s ratio of 0.5 using the Asylum curve fitting software to determine the elastic modulus.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0 (GraphPad Software, La Jolla,

CA, USA). Ordinary two-way ANOVA followed by Tukey’s multiple comparison test were

performed on all image analysis and macro-scale mechanical testing results. The non-paramet-

ric Kruskal-Wallis test followed by Dunn’s multiple comparison test was applied to the micro-

scale mechanical testing. ‘N’ represents the number of independent samples while ‘n’ repre-

sents the number of measurements taken.

Results

Temperature alters the degree of collagen alignment

Network architecture, specifically network connectivity, pore size, and fiber diameter, are

heavily influenced by polymerization temperature [24,30]. By increasing polymerization tem-

perature, others have shown an increase in network connectivity and decreases in pore size

[24,30]. To investigate matrix alignment under varied network architectures, we characterized

collagen matrices polymerized at 25˚C and 37˚C. To measure the alignment of the collagen

matrices, confocal reflectance images were analyzed via the OrientationJ plugin in ImageJ (Fig

1A and 1B). Pseudocolor images generated by OrientationJ reveal strong coherency of fiber

colors in the aligned matrices compared to the random matrices at both temperatures (Fig

1C). Furthermore, fiber orientation histograms show a robust peak around 0 degrees in the

aligned collagen matrices compared to the random matrices at both temperatures (Fig 1C).

The fiber orientation distributions were used to calculate an orientation index as described in

the methods. To further confirm the alignment and provide a quantitative measure of align-

ment in each matrix, we calculated the aspect ratio of 2D Fourier transform spectra derived

from confocal reflectance images. At both temperatures, the orientation index and aspect ratio

were significantly higher in aligned matrices compared to random matrices indicating signifi-

cant alignment occurred at both temperatures (Fig 1D). Interestingly, the aspect ratio of

aligned collagen matrices is significantly higher at 25˚C compared to aligned matrices at 37˚C,
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indicating a higher degree of anisotropy at the lower temperature. However, there is no signifi-

cant difference between the orientation indexes of aligned collagen matrices at 25˚C and 37˚C,

indicating similar percentages of aligned fibrils at both conditions. Together, these data indi-

cate that fiber alignment is possible at both temperatures but may be more perceptible at 25˚C

compared to 37˚C.

Collagen alignment alters pore size in a temperature dependent manner

Prior studies have utilized temperature to control pore size of collagen matrices independently

of collagen density [31] and have demonstrated that decreasing polymerization temperature

induces larger pore sizes [11,31]. To investigate the effects of matrix alignment under different

temperatures on collagen pore size, confocal reflectance images were captured (Fig 2A) and

analyzed using custom Matlab scripts to quantify pore size. Here, we utilized both a 2D

Fig 1. The effects of temperature on collagen alignment. (A) Representative confocal reflectance images. (B) Pseudo-

color confocal reflectance images depicting fiber orientations. The 0˚ mark indicates the direction the beads were

pulled to induce alignment. (C) Representative histograms depicting fiber orientation distributions generated from the

OrientationJ plugin in ImageJ. (D) Quantifications of the collagen alignment via 2 methods: aspect ratio and

orientation index. N = 6–7; n = 36–42. Data presented as mean ± s.d.

https://doi.org/10.1371/journal.pone.0216537.g001

Fig 2. The effects of collagen alignment at different temperatures on pore size. (A) Representative confocal

reflectance images of aligned & random collagen gels gelled at 25˚C and 37˚C. Cropped and magnified images are

included to the right of the images. Scale bars = 50 μm. Collagen pore size quantified by autocorrelation methods (B)

and erosion-based methods (C). N = 6–7; n = 36–42. Data presented as mean ± s.d. (D) Erosion-based quantification

process. Representative confocal reflectance image of collagen architecture is transformed into a skeletonized binary

image with black pixels depicting fibers. Pores are produced by erosion of the skeletonized binary image.

https://doi.org/10.1371/journal.pone.0216537.g002
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autocorrelation (Fig 2B) and erosion-based algorithm (Fig 2C and 2D) originally designed to

quantify the microarchitecture of randomly aligned collagen matrices to ensure that our find-

ings were robust as well as to mitigate any possible technical aberrations. As expected, the ran-

dom gels polymerized at 25˚C have significantly larger pores than random gels polymerized at

37˚C (Fig 2B and 2C). Interestingly, there was no difference in pore size between aligned and

random matrices at 25˚C, whereas the aligned matrices had significantly larger pore size than

the random matrices at 37˚C (Fig 2B and 2C). These findings were evident in pore size mea-

surements from both the autocorrelation and erosion-based methods.

Collagen alignment decreases stiffness at the micro-scale but not at the

macro-scale

Collagen fiber architecture plays a significant role in determining the mechanical properties of

collagen matrices [30]. Thus, to investigate the mechanical properties of the aligned collagen

matrices, we utilized confined compression testing and atomic force microscopy to measure

the micro- and macro-scale mechanical properties. Interestingly, confined compression mea-

surements show that there were no significant differences in equilibrium modulus between

aligned and randomly oriented matrices at 25˚C or 37˚C (Fig 3A). However, AFM measure-

ments revealed a significant difference in stiffness between aligned and randomly oriented

matrices at both temperatures, as well as significant differences in stiffness between matrices

polymerized at 25˚C or 37˚C (Fig 3B). Notably, 25˚C aligned and random matrices were sig-

nificantly stiffer than their 37˚C counterparts. Together, these findings reveal that macro-scale

stiffness is not affected by collagen alignment; however, at the micro-scale, alignment affects

stiffness independently of temperature.

Discussion

Tumor progression brings about profound ECM remodeling, leading to distorted chemical

and physical properties [2]. Importantly, physical properties of the tumor ECM, such as stiff-

ness, have shown to be increasingly important during cancer progression [3]. As previously

shown, physical properties of the ECM are highly dependent upon the architecture of the

matrix [30,32–34]. A perturbed collagen architecture has been observed at the tumor periphery

where cells have remodeled the ECM to form regions of highly aligned collagen fibers [15].

Furthermore, this architectural feature has been shown to have prognostic value in breast can-

cers [15] and provides guidance cues for cells escaping the primary tumor site [14]. As such,

Fig 3. Mechanical properties of aligned and random collagen matrices at different temperatures. (A) Equilibrium

modulus of gels measured by confined compression. Data presented as mean ± SEM. N = 8–16; n = 8–16. (B) Young’s

modulus of gels measured by AFM. Data presented as median ± interquartile range (box), 10th-90th percentile

(whiskers), and mean (+) with outliers represented as points. N = 4; n = 335–379.

https://doi.org/10.1371/journal.pone.0216537.g003
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there have been significant efforts to investigate the role of collagen alignment during cancer

progression and the underlying mechanisms by which aligned collagen accelerates cancer pro-

gression using 3D in vitro models [18,20,25,35]. However, the effects of collagen alignment on

other features of the matrix that have known consequences, such as pore sizes and mechanical

properties, have not been directly studied.

In this study, we used magnetic beads to align collagen matrices and assess the effects on

pore size and macro- vs micro-scale mechanical properties. Quantification of collagen align-

ment revealed significant alignment at both 25˚C and 37˚C. However, there was disagreement

between the quantification methods employed. The orientation index indicates no significant

difference between alignment at 25˚C and 37˚C. In contrast, the aspect ratio indicates a higher

degree of alignment at 25˚C. We attribute this discrepancy to the underlying features each

method uses to quantify the degree of alignment. In calculating the aspect ratio, the Fourier

transform-based method evaluates the anisotropy of an entire image, while the orientation

index is based on weighting the distribution of fiber angles. Our orientation index measure-

ments indicate that a similar portion of aligned fibers at both temperatures are created,

whereas aspect ratio measurements indicate that the aligned matrices are more anisotropic at

25˚C compared to 37˚C. This is likely due to lower polymerization temperatures inducing lon-

ger collagen fibers and thus enhancing the anisotropy of the images. These results illustrate a

critical distinction between alignment quantification methods and emphasize the importance

of understanding limitations of what can be concluded from the alignment analysis methods.

Architectural analysis revealed that collagen alignment resulted in temperature-dependent

pore size differences. Specifically, we found that aligned collagen matrices at 37˚C had signifi-

cantly larger pore sizes than random matrices at 37˚C. However, there was no significant dif-

ference in pore size between aligned and random gels at 25˚C. Additionally, collagen matrices

polymerized at 25˚C were significantly stiffer than those polymerized at 37˚C. Our results are

in agreement with computational predictions by Stylianopolous et al. but disagree with experi-

mental results from Ray et al [18]. However, the results reported by Ray et al. [18] are based on

matrices aligned by cells, and it is possible that these matrices underwent additional remodel-

ing aside from fiber alignment. Previous studies have shown that both alignment and pore size

affect cancer cell migration [11,18]. Higher alignment has been shown to promote migration

in the direction of alignment [18] and smaller pore sizes have been shown to hinder migration

[11]. Thus, it is vital to fully understand the architectural properties of any experimental model

being used to account for confounding architectural features, with our system displaying

altered pore size with collagen alignment at 37˚C.

Mechanical analysis revealed no significant differences in macro-scale stiffness but temper-

ature independent differences in micro-scale stiffness. To measure macro- and micro-scale

stiffness, we utilized confined compression and AFM, respectively. Confined compression

revealed no difference in compressive moduli between aligned and random matrices at both

temperatures (Fig 3A). This result is in agreement with Shannon et al. who used strong mag-

netic fields to align collagen matrices [35]. While they were unable achieve significant align-

ment at 37˚C, they found no differences in compressive moduli between aligned and random

gels across a range of lower temperatures [36]. It has been previously shown that macro-scale

stiffness (as measured by unconfined compression) modulates epithelial cell behavior and

induce a malignant phenotype [36]. However, macro-scale compression testing is not suffi-

cient to detect mechanical differences in our system.

Micro-scale mechanical analysis via AFM revealed that aligned collagen matrices were sig-

nificantly more compliant than their random counterparts at both temperatures (Fig 3B).

Additionally, our AFM results also showed that matrices polymerized at 37˚C were more com-

pliant than their 25˚C counterparts (Fig 3B). Strikingly, this contrasts our confined
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compression data (Fig 3A) that shows no differences between conditions. This is likely due to

how compressive measurements at the macro- and micro-scale reflect different properties of

the matrices. Macro-scale compressive testing is more dependent upon bulk architectural fea-

tures such as density [29]. Micro-scale compressive testing via AFM measurements is more

dependent upon features of individual collagen fibers or local fiber architecture. Prior studies

have reported that polymerization temperature regulates fibril diameter, with lower tempera-

tures creating larger diameter fibers and vice versa [24]. Thus, thicker fibers generated at lower

temperatures may explain why our AFM measurements indicate both random and aligned col-

lagen matrices polymerized at 25˚C are significantly stiffer than their 37˚C counterparts. Uti-

lizing line scans from confocal reflectance images, we did not detect significant differences

between fiber diameter amongst any of the conditions (S2 Fig). However, because this method

is limited by the wavelength of light used to capture the confocal reflectance images, it is

unable to accurately quantify features under 0.405 μm and prior reports indicate collagen fiber

diameters under this constraint in the range of approximately 60–220 nm measured by scan-

ning electron microscopy [24]. Nonetheless, our data is consistent with previous results indi-

cating that larger diameter fibers are formed at lower temperatures [24] and larger fiber

diameters lead to increased stiffness as measured by AFM [37].

While altered fiber diameter may explain the differences in stiffness between matrices poly-

merized at different temperatures, the change in stiffness observed between aligned and ran-

dom matrices at a given temperature may be due to another local architecture parameter.

Interconnectivity of the collagen network describes the extent of overlapping fibers in a cross-

section and is a critical determinant of a network’s mechanical integrity [38]. Our data suggests

alignment may reduce local network interconnectivity and thus explain our observed

decreased stiffness in aligned matrices compared to their random counterparts at the same

temperature [38]. While pore size was significantly larger in matrices polymerized at 25˚C

compared to their 37˚C counterpart, there was only a significant difference between aligned

and random matrices polymerized at 25˚C. Thus, pore size does not appear to correlate with

macro or micro-scale mechanics.

While it has become widely accepted that mechanical properties of the ECM drive cellular

behavior that can contribute to cancer progression [39], it is less clear how architectural and

mechanical properties at the micro- and macro-scale are related and how much each actually

contribute to these phenomena. While it has become routine to measure the mechanical prop-

erties of 3D scaffolds, they do not report both micro- or macro-scale measurements [7,20–22].

Our experiments have revealed significant differences between micro- and macro-scale

mechanical properties of aligned collagen matrices in addition to altered pore sizes. Collagen

alignment is a prominent tumor associated collagen signature [13] and its full contribution to

tumor progression is still unknown. Thus, as more aligned collagen scaffolds and tumor asso-

ciated collagen signatures are investigated, it will be important to measure and consider the

contribution of varying micro-scale mechanics and architecture and choose the scaffold condi-

tions which hold the highest number of parameters constant. In our study, for example, it

would be ideal to use collagen matrices polymerized at 25˚C as they have similar pore sizes.

These studies underscore the need to fully characterize all architectural and mechanical

parameters of 3D culture systems to correctly identify the features responsible for driving cel-

lular behavior without confounding variables.

Supporting information

S1 Fig. Collagen alignment system. (A) Fabrication of PDMS mold used to fabricate collagen

matrices. (B) Schematic depicting the alignment of collagen fibers via magnetic beads. (C) An
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image of an aligned collagen gel in a fabricated PDMS mold.

(TIFF)

S2 Fig. Collagen fiber diameters. Fiber diameter of matrices measured using line scans from

confocal reflectance images. Data presented as median ± interquartile range (box), 10th-90th

percentile (whiskers), and mean (+) with outliers represented as points. N = 6–7; n = 36–42.

(TIFF)

Acknowledgments

This work was funded by the NIH NHLBI (Award number HL127499 and GM131178) to

CAR. Francois Bordeleau provided technical assistance on this work.

Author Contributions

Conceptualization: Paul V. Taufalele, Cynthia A. Reinhart-King.

Data curation: Paul V. Taufalele.

Formal analysis: Paul V. Taufalele, Jacob A. VanderBurgh, Matthew R. Zanotelli.

Funding acquisition: Cynthia A. Reinhart-King.

Investigation: Paul V. Taufalele, Jacob A. VanderBurgh.

Methodology: Paul V. Taufalele, Jacob A. VanderBurgh, Adam Muñoz, Cynthia A. Reinhart-

King.

Project administration: Cynthia A. Reinhart-King.

Supervision: Cynthia A. Reinhart-King.

Writing – original draft: Paul V. Taufalele.

Writing – review & editing: Matthew R. Zanotelli, Cynthia A. Reinhart-King.

References
1. Hynes RO. The Extracellular Matrix: Not Just Pretty Fibrils. Science. 2009 Nov 27; 326(5957):1216–9.

https://doi.org/10.1126/science.1176009 PMID: 19965464

2. Lu P, Weaver VM, Werb Z. The extracellular matrix: A dynamic niche in cancer progression. J Cell Biol.

2012 Feb 20; 196(4):395–406. https://doi.org/10.1083/jcb.201102147 PMID: 22351925

3. Kumar S, Weaver VM. Mechanics, malignancy, and metastasis: The force journey of a tumor cell. Can-

cer Metastasis Rev. 2009 Jun; 28(1–2):113–27. https://doi.org/10.1007/s10555-008-9173-4 PMID:

19153673

4. Kharaishvili G, Simkova D, Bouchalova K, Gachechiladze M, Narsia N, Bouchal J. The role of cancer-

associated fibroblasts, solid stress and other microenvironmental factors in tumor progression and ther-

apy resistance. Cancer Cell Int. 2014; 14:41. https://doi.org/10.1186/1475-2867-14-41 PMID:

24883045

5. Levental KR, Yu H, Kass L, Lakins JN, Egeblad M, Erler JT, et al. Matrix crosslinking forces tumor pro-

gression by enhancing integrin signaling. Cell. 2009 Nov 25; 139(5):891–906. https://doi.org/10.1016/j.

cell.2009.10.027 PMID: 19931152

6. Schrader J, Gordon-Walker TT, Aucott RL, van Deemter M, Quaas A, Walsh S, et al. Matrix Stiffness

Modulates Proliferation, Chemotherapeutic Response and Dormancy in Hepatocellular Carcinoma

Cells. Hepatol Baltim Md. 2011 Apr; 53(4):1192–205.

7. Zaman MH, Trapani LM, Sieminski AL, MacKellar D, Gong H, Kamm RD, et al. Migration of tumor cells

in 3D matrices is governed by matrix stiffness along with cell-matrix adhesion and proteolysis. Proc Natl

Acad Sci. 2006 Jul 18; 103(29):10889–94. https://doi.org/10.1073/pnas.0604460103 PMID: 16832052

Fiber alignment drives changes in architectural and mechanical features in collagen matrices

PLOS ONE | https://doi.org/10.1371/journal.pone.0216537 May 15, 2019 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216537.s002
https://doi.org/10.1126/science.1176009
http://www.ncbi.nlm.nih.gov/pubmed/19965464
https://doi.org/10.1083/jcb.201102147
http://www.ncbi.nlm.nih.gov/pubmed/22351925
https://doi.org/10.1007/s10555-008-9173-4
http://www.ncbi.nlm.nih.gov/pubmed/19153673
https://doi.org/10.1186/1475-2867-14-41
http://www.ncbi.nlm.nih.gov/pubmed/24883045
https://doi.org/10.1016/j.cell.2009.10.027
https://doi.org/10.1016/j.cell.2009.10.027
http://www.ncbi.nlm.nih.gov/pubmed/19931152
https://doi.org/10.1073/pnas.0604460103
http://www.ncbi.nlm.nih.gov/pubmed/16832052
https://doi.org/10.1371/journal.pone.0216537


8. Handorf AM, Zhou Y, Halanski MA, Li W-J. Tissue Stiffness Dictates Development, Homeostasis, and

Disease Progression. Organogenesis. 2015 Jan 2; 11(1):1–15. https://doi.org/10.1080/15476278.2015.

1019687 PMID: 25915734

9. Reid SE, Kay EJ, Neilson LJ, Henze A-T, Serneels J, McGhee EJ, et al. Tumor matrix stiffness pro-

motes metastatic cancer cell interaction with the endothelium. EMBO J. 2017 Aug 15; 36(16):2373–89.

https://doi.org/10.15252/embj.201694912 PMID: 28694244

10. Carey SP, Kraning-Rush CM, Williams RM, Reinhart-King CA. Biophysical control of invasive tumor cell

behavior by extracellular matrix microarchitecture. Biomaterials. 2012 Jun 1; 33(16):4157–65. https://

doi.org/10.1016/j.biomaterials.2012.02.029 PMID: 22405848

11. Wolf K, te Lindert M, Krause M, Alexander S, te Riet J, Willis AL, et al. Physical limits of cell migration:

Control by ECM space and nuclear deformation and tuning by proteolysis and traction force. J Cell Biol.

2013 Jun 24; 201(7):1069–84. https://doi.org/10.1083/jcb.201210152 PMID: 23798731

12. Harjanto D, Maffei JS, Zaman MH. Quantitative Analysis of the Effect of Cancer Invasiveness and Col-

lagen Concentration on 3D Matrix Remodeling. PLOS ONE. 2011 Sep 27; 6(9):e24891. https://doi.org/

10.1371/journal.pone.0024891 PMID: 21980363

13. Provenzano PP, Eliceiri KW, Campbell JM, Inman DR, White JG, Keely PJ. Collagen reorganization at

the tumor-stromal interface facilitates local invasion. BMC Med. 2006 Dec 26; 4:38. https://doi.org/10.

1186/1741-7015-4-38 PMID: 17190588

14. Provenzano PP, Inman DR, Eliceiri KW, Trier SM, Keely PJ. Contact Guidance Mediated Three-Dimen-

sional Cell Migration is Regulated by Rho/ROCK-Dependent Matrix Reorganization. Biophys J. 2008

Dec 1; 95(11):5374–84. https://doi.org/10.1529/biophysj.108.133116 PMID: 18775961

15. Conklin MW, Eickhoff JC, Riching KM, Pehlke CA, Eliceiri KW, Provenzano PP, et al. Aligned Collagen

Is a Prognostic Signature for Survival in Human Breast Carcinoma. Am J Pathol. 2011 Mar; 178

(3):1221–32. https://doi.org/10.1016/j.ajpath.2010.11.076 PMID: 21356373

16. Zanotelli MR, Goldblatt ZE, Miller JP, Bordeleau F, Li J, VanderBurgh JA, et al. Regulation of ATP utili-

zation during metastatic cell migration by collagen architecture. Mol Biol Cell. 2018 Jan 1; 29(1):1–9.

https://doi.org/10.1091/mbc.E17-01-0041 PMID: 29118073

17. Han W, Chen S, Yuan W, Fan Q, Tian J, Wang X, et al. Oriented collagen fibers direct tumor cell intrava-

sation. Proc Natl Acad Sci. 2016 Oct 4; 113(40):11208–13. https://doi.org/10.1073/pnas.1610347113

PMID: 27663743

18. Ray A, Slama ZM, Morford RK, Madden SA, Provenzano PP. Enhanced Directional Migration of Cancer

Stem Cells in 3D Aligned Collagen Matrices. Biophys J. 2017 Mar 14; 112(5):1023–36. https://doi.org/

10.1016/j.bpj.2017.01.007 PMID: 28297639

19. Stylianopoulos T, Diop-Frimpong B, Munn LL, Jain RK. Diffusion Anisotropy in Collagen Gels and

Tumors: The Effect of Fiber Network Orientation. Biophys J. 2010 Nov 17; 99(10):3119–28. https://doi.

org/10.1016/j.bpj.2010.08.065 PMID: 21081058

20. Riching KM, Cox BL, Salick MR, Pehlke C, Riching AS, Ponik SM, et al. 3D Collagen Alignment Limits

Protrusions to Enhance Breast Cancer Cell Persistence. Biophys J. 2014 Dec 2; 107(11):2546–58.

https://doi.org/10.1016/j.bpj.2014.10.035 PMID: 25468334

21. Verzijl N, DeGroot J, Zaken CB, Braun-Benjamin O, Maroudas A, Bank RA, et al. Crosslinking by

advanced glycation end products increases the stiffness of the collagen network in human articular car-

tilage: A possible mechanism through which age is a risk factor for osteoarthritis. Arthritis Rheum. 2002

Jan 1; 46(1):114–23. https://doi.org/10.1002/1529-0131(200201)46:1<114::AID-ART10025>3.0.CO;2-

P PMID: 11822407

22. Branco da Cunha C, Klumpers DD, Li WA, Koshy ST, Weaver JC, Chaudhuri O, et al. Influence of the

stiffness of three-dimensional alginate/collagen-I interpenetrating networks on fibroblast biology. Bio-

materials. 2014 Oct; 35(32):8927–36. https://doi.org/10.1016/j.biomaterials.2014.06.047 PMID:

25047628

23. Jones CAR, Liang L, Lin D, Jiao Y, Sun B. The spatial-temporal characteristics of type I collagen-based

extracellular matrix. Soft Matter. 2014 Oct 23; 10(44):8855–63. https://doi.org/10.1039/c4sm01772b

PMID: 25287650

24. Raub CB, Suresh V, Krasieva T, Lyubovitsky J, Mih JD, Putnam AJ, et al. Noninvasive Assessment of

Collagen Gel Microstructure and Mechanics Using Multiphoton Microscopy. Biophys J. 2007 Mar 15; 92

(6):2212–22. https://doi.org/10.1529/biophysj.106.097998 PMID: 17172303

25. P. Carey S, E. Goldblatt Z, E. Martin K, Romero B, M. Williams R, A. Reinhart-King C. Local extracellu-

lar matrix alignment directs cellular protrusion dynamics and migration through Rac1 and FAK. Integr

Biol. 2016; 8(8):821–35.

26. Ferdman AG, Yannas IV. Scattering of Light from Histologic Sections: A New Method for the Analysis of

Connective Tissue. J Invest Dermatol. 1993 May 1; 100(5):710–6. PMID: 7684057

Fiber alignment drives changes in architectural and mechanical features in collagen matrices

PLOS ONE | https://doi.org/10.1371/journal.pone.0216537 May 15, 2019 10 / 11

https://doi.org/10.1080/15476278.2015.1019687
https://doi.org/10.1080/15476278.2015.1019687
http://www.ncbi.nlm.nih.gov/pubmed/25915734
https://doi.org/10.15252/embj.201694912
http://www.ncbi.nlm.nih.gov/pubmed/28694244
https://doi.org/10.1016/j.biomaterials.2012.02.029
https://doi.org/10.1016/j.biomaterials.2012.02.029
http://www.ncbi.nlm.nih.gov/pubmed/22405848
https://doi.org/10.1083/jcb.201210152
http://www.ncbi.nlm.nih.gov/pubmed/23798731
https://doi.org/10.1371/journal.pone.0024891
https://doi.org/10.1371/journal.pone.0024891
http://www.ncbi.nlm.nih.gov/pubmed/21980363
https://doi.org/10.1186/1741-7015-4-38
https://doi.org/10.1186/1741-7015-4-38
http://www.ncbi.nlm.nih.gov/pubmed/17190588
https://doi.org/10.1529/biophysj.108.133116
http://www.ncbi.nlm.nih.gov/pubmed/18775961
https://doi.org/10.1016/j.ajpath.2010.11.076
http://www.ncbi.nlm.nih.gov/pubmed/21356373
https://doi.org/10.1091/mbc.E17-01-0041
http://www.ncbi.nlm.nih.gov/pubmed/29118073
https://doi.org/10.1073/pnas.1610347113
http://www.ncbi.nlm.nih.gov/pubmed/27663743
https://doi.org/10.1016/j.bpj.2017.01.007
https://doi.org/10.1016/j.bpj.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28297639
https://doi.org/10.1016/j.bpj.2010.08.065
https://doi.org/10.1016/j.bpj.2010.08.065
http://www.ncbi.nlm.nih.gov/pubmed/21081058
https://doi.org/10.1016/j.bpj.2014.10.035
http://www.ncbi.nlm.nih.gov/pubmed/25468334
https://doi.org/10.1002/1529-0131(200201)46:1<114::AID-ART10025>3.0.CO;2-P
https://doi.org/10.1002/1529-0131(200201)46:1<114::AID-ART10025>3.0.CO;2-P
http://www.ncbi.nlm.nih.gov/pubmed/11822407
https://doi.org/10.1016/j.biomaterials.2014.06.047
http://www.ncbi.nlm.nih.gov/pubmed/25047628
https://doi.org/10.1039/c4sm01772b
http://www.ncbi.nlm.nih.gov/pubmed/25287650
https://doi.org/10.1529/biophysj.106.097998
http://www.ncbi.nlm.nih.gov/pubmed/17172303
http://www.ncbi.nlm.nih.gov/pubmed/7684057
https://doi.org/10.1371/journal.pone.0216537


27. Franke K, Sapudom J, Kalbitzer L, Anderegg U, Pompe T. Topologically defined composites of collagen

types I and V as in vitro cell culture scaffolds. Acta Biomater. 2014 Jun 1; 10(6):2693–702. https://doi.

org/10.1016/j.actbio.2014.02.036 PMID: 24590159

28. Cross VL, Zheng Y, Won Choi N, Verbridge SS, Sutermaster BA, Bonassar LJ, et al. Dense type I colla-

gen matrices that support cellular remodeling and microfabrication for studies of tumor angiogenesis

and vasculogenesis in vitro. Biomaterials. 2010 Nov 1; 31(33):8596–607. https://doi.org/10.1016/j.

biomaterials.2010.07.072 PMID: 20727585

29. Bordeleau F, Mason BN, Lollis EM, Mazzola M, Zanotelli MR, Somasegar S, et al. Matrix stiffening pro-

motes a tumor vasculature phenotype. Proc Natl Acad Sci. 2017 Jan 17; 114(3):492–7. https://doi.org/

10.1073/pnas.1613855114 PMID: 28034921

30. Jansen KA, Licup AJ, Sharma A, Rens R, MacKintosh FC, Koenderink GH. The Role of Network Archi-

tecture in Collagen Mechanics. Biophys J. 2018 Jun 5; 114(11):2665–78. https://doi.org/10.1016/j.bpj.

2018.04.043 PMID: 29874616

31. Yang Y, Motte S, Kaufman LJ. Pore size variable type I collagen gels and their interaction with glioma

cells. Biomaterials. 2010 Jul 1; 31(21):5678–88. https://doi.org/10.1016/j.biomaterials.2010.03.039

PMID: 20430434

32. Roeder BA, Kokini K, Sturgis JE, Robinson JP, Voytik-Harbin SL. Tensile mechanical properties of

three-dimensional type I collagen extracellular matrices with varied microstructure. J Biomech Eng.

2002 Apr; 124(2):214–22. PMID: 12002131

33. Roeder BA, Kokini K, Voytik-Harbin SL. Fibril Microstructure Affects Strain Transmission Within Colla-

gen Extracellular Matrices. J Biomech Eng. 2009 Jan 5; 131(3):031004–031004–11. https://doi.org/10.

1115/1.3005331 PMID: 19154063

34. Yang Y, Leone LM, Kaufman LJ. Elastic Moduli of Collagen Gels Can Be Predicted from Two-Dimen-

sional Confocal Microscopy. Biophys J. 2009 Oct 7; 97(7):2051–60. https://doi.org/10.1016/j.bpj.2009.

07.035 PMID: 19804737

35. Fraley SI, Wu P, He L, Feng Y, Krisnamurthy R, Longmore GD, et al. Three-dimensional matrix fiber

alignment modulates cell migration and MT1-MMP utility by spatially and temporally directing protru-

sions. Sci Rep [Internet]. 2015 Nov [cited 2018 Jul 10]; 5(1). Available from: http://www.nature.com/

articles/srep14580

36. S. Shannon G, Novak T, Mousoulis C, L. Voytik-Harbin S, P. Neu C. Temperature and concentration

dependent fibrillogenesis for improved magnetic alignment of collagen gels. RSC Adv. 2015; 5

(3):2113–21.

37. Xie J, Bao M, Bruekers SMC, Huck WTS. Collagen Gels with Different Fibrillar Microarchitectures Elicit

Different Cellular Responses. ACS Appl Mater Interfaces. 2017 Jun 14; 9(23):19630–7. https://doi.org/

10.1021/acsami.7b03883 PMID: 28537381

38. Sharma A, Licup AJ, Jansen KA, Rens R, Sheinman M, Koenderink GH, et al. Strain-controlled critical-

ity governs the nonlinear mechanics of fibre networks. Nat Phys. 2016 Jun; 12(6):584–7.

39. Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A, et al. Tensional homeostasis and

the malignant phenotype. Cancer Cell. 2005 Sep; 8(3):241–54. https://doi.org/10.1016/j.ccr.2005.08.

010 PMID: 16169468

Fiber alignment drives changes in architectural and mechanical features in collagen matrices

PLOS ONE | https://doi.org/10.1371/journal.pone.0216537 May 15, 2019 11 / 11

https://doi.org/10.1016/j.actbio.2014.02.036
https://doi.org/10.1016/j.actbio.2014.02.036
http://www.ncbi.nlm.nih.gov/pubmed/24590159
https://doi.org/10.1016/j.biomaterials.2010.07.072
https://doi.org/10.1016/j.biomaterials.2010.07.072
http://www.ncbi.nlm.nih.gov/pubmed/20727585
https://doi.org/10.1073/pnas.1613855114
https://doi.org/10.1073/pnas.1613855114
http://www.ncbi.nlm.nih.gov/pubmed/28034921
https://doi.org/10.1016/j.bpj.2018.04.043
https://doi.org/10.1016/j.bpj.2018.04.043
http://www.ncbi.nlm.nih.gov/pubmed/29874616
https://doi.org/10.1016/j.biomaterials.2010.03.039
http://www.ncbi.nlm.nih.gov/pubmed/20430434
http://www.ncbi.nlm.nih.gov/pubmed/12002131
https://doi.org/10.1115/1.3005331
https://doi.org/10.1115/1.3005331
http://www.ncbi.nlm.nih.gov/pubmed/19154063
https://doi.org/10.1016/j.bpj.2009.07.035
https://doi.org/10.1016/j.bpj.2009.07.035
http://www.ncbi.nlm.nih.gov/pubmed/19804737
http://www.nature.com/articles/srep14580
http://www.nature.com/articles/srep14580
https://doi.org/10.1021/acsami.7b03883
https://doi.org/10.1021/acsami.7b03883
http://www.ncbi.nlm.nih.gov/pubmed/28537381
https://doi.org/10.1016/j.ccr.2005.08.010
https://doi.org/10.1016/j.ccr.2005.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16169468
https://doi.org/10.1371/journal.pone.0216537

