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Abstract

Measures of structural protein alignment within biological and engineered tissues
are needed for improved understanding of their mechanical behavior and func-
tionality. We advance our method of measuring protein alignment using polarized
Raman spectroscopy (PRS). It provides a promising alternative to conventional
microscopy-based methods as it is non-destructive and allows analysis of extracel-
lular components without additional protein labeling. Previously, we used a machine
learning-based alignment metric to compare the extent of alignment between various
soft tissues. This study demonstrates that PRS can be successfully used to provide
a sensitive measure of alignment in engineered tissues despite the challenges of
water-dominated spectra, which have limited prior efforts. A framework for capturing
spatial variation of the amplitude and angle of bulk protein alignment was devel-
oped. Engineered tissue constructs were generated using collagen type-I| solutions
seeded with mouse myoblast (C2C12) cells. Tissue alignment was introduced as
samples contracted over 12 days of culture. PRS measures of alignment within three
selected regions captured a 32% change in extent of alignment and a 30° change in
angle between center and corner regions. A computational model was used to bridge
between discrete fiber measures of alignment determined with standard immunofluo-
rescence microscopy and our PRS technique. The model applied contraction strains
within a hyperelastic continuum to model cell contraction, and model-derived align-
ment measures showed good agreement between microscopy and PRS measures.
Overall, our study provides additional analysis tools for quantifying alignment with
PRS and showed the high potential of this PRS technique to non-invasively measure
spatial variation within engineered tissues. Such measurement tools are needed to
engineer regional alignments aimed at capturing specific mechanical and functional
capabilities.
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Introduction

Tissue engineering holds the promise of replacing damaged organs or missing tis-
sues. However, the field faces a number of challenges that impede implementation,
including manufacture of native hierarchical structures and matching mechanical
and failure properties [1]. To overcome these barriers, a better understanding of the
relationship between microscopic structure and macroscopic mechanical behavior is
needed. New structural characterization tools would aid in successful design, imple-
mentation and assessment of novel biomaterials with complex structure [2,3].

A key structural component in many load-bearing soft tissues is collagen, which
plays a dominant role in determining tissue mechanics and function [4]. Collagen’s
hierarchical organization—ranging from molecules to fibrils to fibers—is tailored for
specific functional needs in tissues such as tendon, cornea, and skin. These tissues
exhibit distinct collagen alignments depending on their physiological roles [4]. For
example, the parallel alignment of collagen fibers in tendon enhances longitudinal
strength [5], the random layered organization in the skin maximizes compliance,
while the precise layered organization in the cornea facilitates both strength and
transparency [6]. In structures with more complex loading patterns, alignment also
varies with position within the tissue, e.g., lamellae in annulus. In engineered tis-
sues, the goal is often to recapitulate or engineer collagen structures to mimic such
structural organization. Consequently, tools that allow quantification of direction and
extent of tissue alignment are useful [5]. Previous studies have shown that alignment
changes can be induced by cell-mediated contraction, which alters fiber organization
over time. Several groups have quantified these effects using imaging techniques
such as fluorescence microscopy, particularly under varying levels of contraction
[2,7-21]. For instance, O’Rourke et al. quantified fiber alignment at different locations
in tissue using fluorescence images for different levels of contraction [2,18].

Various imaging techniques have been employed to characterize structural align-
ment of protein structures in tissues and engineered tissue constructs. Light-based
imaging methods suffer from limited penetration depths, e.g., 100-300 ym for second
harmonic generation [22]. Polarized light microscopy is specifically suited for exam-
ining bundle fibers in collagen-rich tissues [23,24]. Techniques such as fluorescence
microscopy and Fdrster resonance energy transfer also require the introduction of
fluorescent labels. Scanning electron microscopy (SEM) while providing high resolu-
tion data, lacks the ability to study samples in their native physiological environment
and provides only limited information about internal structure. Fourier transform
infrared spectroscopy (FTIR) has also been employed for alignment studies, how-
ever its incompatibility with water presents a limitation [25,26]. Raman spectroscopy
(RS) is a non-invasive approach that has been developed to characterize the bond
composition of molecules. By harnessing the inelastic scattering of light, RS identifies
molecular vibrational modes. This method provides advantages such as label-free
preparation, high spatial resolution (less than 1 pm), high molecular specificity and
hydrated testing which is ideal for measurement of cell-laden scaffolds under normal
physiological conditions. The introduction of a polarized filter further allows us to
determine directional dependence of molecular vibrations at each measured location,
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providing a basis for measuring alignment of fibers since they exhibit a highly organized hierarchical structure. At the mac-
roscopic level, individual collagen fibers are composed of bundles of collagen fibrils, which are assembled from collections
of collagen molecules which in turn consist of three peptide chains that aggregate both laterally and longitudinally. Using
polarized Raman spectroscopy (PRS), we utilize the arrangement of these peptide chains to determine the alignment

of fibers. Thus, a PRS-based method provides an attractive means of non-contact, real-time alignment measurements.
Corresponding Raman spectra that are collected also allow for more detailed examination of extracellular matrix (ECM)
component distributions [27].

To date, this PRS technique has been mainly used by our group and others to characterize the extent of matrix organi-
zation in native soft tissues [28—32]. In our previous studies, a loading coefficient was developed by employing a machine
learning algorithm, specifically principal component analysis (PCA), and utilizing highly aligned muscle tissue spectra as
a normalized reference for comparing alignment in different tissues. By using this loading function, the specific influence
of the C=0 bond, which is indicative of protein alignment, can be captured while other irrelevant chemical bonds are
eliminated from consideration. We have used this combination of PRS with data science methods to determine collective
alignment within native tissues, such as dermis and hypodermis [28,29]. It is less clear if a master loading function derived
from aligned tissue can be used to characterize engineered tissue constructs. For example, while Bergholt et al. suc-
cessfully used PRS to characterize collagen orientation in articular cartilage, they were unable to measure alignment in
engineered cartilage tissues due to a dominant water signal using a similar PRS method [31].

In this study, our PRS-based method is further developed for engineered tissue constructs with high collagen concen-
tration (4 mg/ml), known structural alignments, and PCA that included weighting for different chemical bonds over a range
of wavelengths (1400-1800cm™). Controlled tissue engineering conditions are ideal for testing, and myoblast cells seeded
in collagen matrices were used to generate contracted tissues with well characterized alignment. We provide improved
assessment of spatial variation in alignment, by providing a framework for establishing alignment angles and introducing
computational models that relate PRS measures to discrete fiber measures of alignment using standard immunofluores-
cence microscopy. This computational mechanics model provides a more complete spatial map of alignment. Also,
models can be used as a promising tool to relate the dependency between structural alignment and mechanical character-
istics such as stress and stiffness. By integrating spectral, imaging, and modeling data, we introduce a robust, label-free
platform for non-destructive, real-time monitoring of collagen organization in engineered constructs. This approach offers
valuable insight into structural changes over time and supports quality control during tissue fabrication.

Methods

Myoblast cells cultured in collagen matrices generated contractile forces that deformed and induced tissue alignment

in dog bone-shaped engineered tissue constructs. First, each sample underwent PRS testing, then each sample was
labeled, and fiber images were captured in the same regions using immunofluorescence microscopy. Further analysis and
computational modeling quantified directions and extent of alignment. Detailed methods are provided below.

Engineered tissue construct

Cell culture. C2C12 myoblasts which have the ability to mature into functional muscle cells were chosen to offer
a relevant model for studying in vivo-like cell behavior. An undifferentiated mouse myogenic C2C12 cell line (ATCC,
No. CRL-1772) at passage 5—10 was maintained in basal Dubelcco’s modified Eagle’s medium (DMEM, Gibco Life
Technologies) supplemented with 10% v/v fetal bovine serum (FBS, Gibco Life Technologies) and 1% v/v penicillin-
streptomycin (Pen/Strep, HyClone SV30010) at 37°C under 5% CO,,. The growth medium was replaced every 2 days, and
the C2C12 myoblasts were passaged upon reaching 70% confluency.

Preparation and functionalizing PDMS mold constructs. Once seeded into dog bone-shaped tissue molds,
myoblasts generate contractile forces that result in sculpted tissues. These engineered tissues were fabricated as

PLOS One | https://doi.org/10.1371/journal.pone.0324704 May 30, 2025 3/19




PLO\Sﬁ\\.- One

described in Mondrinos et al. [7] with certain geometrical modifications. Briefly, 1-mm thick polymer molds were fabricated
using polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) at a weight ratio of 10:1. A degassed PDMS mixture
was poured into a Petri dish and cured at 64°C for 4 hrs. Two rectangular regions (2 mmx 10 mm) were cut out to create
anchorage regions spaced at a distance of 10 mm apart. Selectively functionalizing the surface of the two anchorage
wings provided heterobifunctional cross-links that increase the adhesion strength between the hydrogel and the PDMS
mold. The PDMS mold was washed, sterilized within a biosafety hood, and dried before adding a Sulfo-SANPAH solution
(1 mg/mL, Thermo Scientific) to each wing. The mold and solution were immediately exposed to light using a cure system
(ELC-500 UV Cure Unit, UVitron company) set to 15 mW/cm? (50% lamp intensity) for 300 seconds. The system was
configured to emit light at a wavelength of 485nm to initiate photoreaction under controlled intensity conditions. The sulfo-
SANPAH solution was then aspirated, and this process was repeated four times to increase adhesion. PDMS adhesion
wings were rinsed with 1X phosphate buffered saline [PBS, 155.17 mM NaCl (9000 mg/L), 1.54 mM KH,PO, (210 mg/L),
2.71mM Na,HPO,-7H,0 (726 mg/L) with pH adjusted to 7.4] three times, dried, and placed on a Parafilm substrate to
prevent the adhesion of collagen solution to the tissue culture plastic. PDMS from the central region (4 mm x 10 mm) was
cut out between the two functionalized adhesion wings to generate the final dog-bone test shape. Within the dog-bone
mold, PDMS adhesion wings provided fixed boundaries which supported the tension stress generated after the addition of
collagen hydrogel and cells (7). The central region was not fixed and free to deform, see Fig 1.

Cell seeding and engineered tissue fabrication. Tissues precursor solution was prepared by mixing a high-
concentration of rat tail collagen type-l (Corning) with 0.2% acetic acid (Glacial, Fisher Scientific), Matrigel (Corning),
10X DMEM (Sigma), HEPES (Gibco) solution, and PBS. Physiological pH and osmolarity were controlled using sodium
bicarbonate (Fisher Bioreagents). The precursor solution contained a 4 mg/ml final concentration of collagen | and 10%
v/v of Matrigel. C2C12 myoblasts were gently admixed to the precursor solution at a density of 5 x 10° cells/ml. In parallel,
to obtain a precursor solution with equivalent concentration but without cells, the same protocol was followed with the
addition of PBS as a substitute for the additional volume of cells. The precursor solution without cells was loaded to
the top and bottom anchorage chambers and allowed to start the thermogel process for 5min at 37°C. Then, precursor
solution containing cells was loaded into the central region. Samples were incubated for 1 hr. at 37°C for gelation. The
process was timed to ensure that construct seeding occurred within 5min of completing surface functionalization. After
gelation, cultures were immersed in a standard cell culture medium and incubated for 24 hrs. at 37°C and 5% CO,,.
After 24 hrs, underlying Parafilm was peeled away and the media was replaced with a differentiation medium composed
of DMEM supplemented with 2% v/v horse serum (Gibco, 26-050-088), 1% v/v Psen/Strep, and 0.01% v/v insulin-
transferrin-selenium (ITS, Gibco 41-400-045). The addition of ITS to myoblast has been previously shown to increase the
differentiation rate by preventing glucose-mediated inhibition of myogenesis [33]. The differentiation media was partially

Fig 1. Engineered tissue construct. (A) Fabricated PDMS dog-bone shaped mold; (B) Precursor collagen was poured into adhesion wings (2
mm x 10mm), then precursor collagen mixed with C2C12 cells was poured into the central region (4 mm x 10 mm). Differentiation media was added. (C)
Deformed engineered tissue construct after 2 days of incubation.

https://doi.org/10.1371/journal.pone.0324704.9001
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changed every 3 days for a total of 12 days in cell culture. Several Engineered tissue samples incubated under identical
conditions underwent fluorescence imaging and PRS testing.

Immunofluorescence staining protocol. For immunofluorescence staining of actin filaments, samples were kept
attached to the PDMS mold constructs to minimize damage and track selected locations. All engineered tissue samples
were rinsed 3 times with 1X PBS and fixed with 4% paraformaldehyde (PFA) overnight at 4 °C. Next, samples were rinsed
with PBS, permeabilized with 0.1% Triton X-100 (Sigma Aldrich), and blocked with 5% bovine serum albumin (BSA)
overnight at 4 °C. To visualize myotube formation, samples were incubated with MF20 primary antibody (DSHB, 1:200)
diluted in 5% BSA. The following day, the samples were rinsed three times with 1X PBS and incubated with the secondary
antibody (ab150113, Thermo Scientific, 1:200), and phalloidin for 3 hrs. to ensure antibodies penetrated into the tissues.
Finally, samples were rinsed 3 times with 1X PBS, carefully detached from the PDMS construct using surgical tools,
and mounted on thin coverslips to allow visualization of the cytoskeletal and myotube alignment. Tissue samples were
imaged using a Keyence microscope (Keyence BZ-X810; Keyence Corporation, ltasca, IL, USA) through a 40X objective
(NA=0.6, S Plan Fluor ELWD ADM 40XC, Nikon, El Segundo, CA, USA) with a 400X total magnification and an image
resolution of 0.1887 um per pixel. Z-stacks were acquired at a step size of 1 ym. Multiple images were collected, and one
representative central slice was selected from each sample for imaging analysis.

Tissue alignment from immunofluorescent images. The fiber tracking and extraction (FIRE) method developed
by Wu et al. [34,35] and Stein et al. [36] has been previously used to extract fiber-level information from images of
matrices. This method enables analysis of critical fiber-level parameters including fiber lengths, numbers, and curvatures
to make orientation histograms and calculate alignment indices [34—36]. Adding appropriate pre- and post-image
processing significantly improves image fiber extraction [37]. Actin fiber directions and numbers were calculated from
immunofluorescence images using the open-source software CT-FIRE (V3.0 Beta, UW-Madison) which uses a curvelet-
denoising filter followed by FIRE (see Fig 2). Compiled with custom MATLAB subroutines that read in image files, the CT-
FIRE program quantified fiber angles, length, straightness, and widths. Measurements were applied on 100 umx 100 ym
regions of interest (ROI) at select locations at the corner edge (CE), middle edge (ME), and middle center (MC) within the
test sample. The number and direction of fibers within each ROl were used to make orientation histograms.

(B) ©)

Fig 2. Immunofluorescence labeled engineered tissue. (A) Three selected locations, at the corner edge (CE), middle edge (ME), and middle center
(MC) were chosen to measure protein fiber alignment. (B) Immunofluoresence (IF) image of labeled fibers in 100 um x 100 xm ROI at the corner edge at
day 12 of incubation. (C) Corresponding CT-FIRE segmented fibers shown as colored lines overlaid on a gray scale IF image.

https://doi.org/10.1371/journal.pone.0324704.9002
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We calculated an alignment index (S) to provide a scalar measure of alignment for the ROI population of discrete fibers
with varying directions (38) by defining,

S=2(cos?f)-1 (1)

where the 6 is the angle between each fiber and the mean fiber axis, which serves as a reference direction. Mean fiber
axis is calculated by finding the major axis of an ellipse which is fitted to all the fibers (39). This axis is calculated easily if
all the fibers distribute symmetry around a random axis [38]. The <cos2 9) in Eq. 1 denotes the quantity averaged over all
fibers given by

29\ __ > N(6)cos? 0
(cos®0) = =g — @

where N(0) is the number of fibers oriented at angle 6. For a distribution of randomly- and perfectly- aligned fibers, S will
vary between 0 and 1, respectively [38—40]. Together, S and 6 were used to compare variation of alignment magnitude
and the angle of alignment, respectively, at different locations in labeled images of tissue constructs. Lastly, standard devi-
ation (SD) variation was calculated for distributed fiber angles in each ROI as a standard method to evaluate the degree
of alignment and misalignment of fibers. SD provides a measure of how much the fiber angles deviate from the mean
angle with each ROI.

Tissue alignment from polarized Raman spectroscopy (PRS)

PRS was performed using a Renishaw InVia spectrometer with a 532nm argon-ion laser at 50 mW power capacity, with
approximately 5 mW reaching the sample surface (10% of output). The incident laser was initially polarized horizontally. A
linear polarizer was placed behind the Rayleigh filter in the scattered beam to select the parallel scattered light component
with respect to the polarization of incident light. Spectra were collected using an 1800 lines/mm VIS grating, providing high
spectral resolution across the range of interest. Single crystal silicon was used to calibrate the spectrometer for Raman
shifts (peak position at 520.5cm™). Linearity of the Raman calibration was measured with an internal neon calibration
source showing precision and accuracy of Raman wavenumbers better than 0.4 cm™ after correcting for off-axis and
chromatic aberration. Spectra were acquired using a charge-coupled device camera (Andor EMCCD) and collected using
WIRE®4.4 workstation software (Renishaw plc, England) in extensive modes ranging from 1400 to 1800cm".

Within each sample, PRS measurements were taken in three different select locations (CE, ME, and MC). Within each
location, two ROI were selected (ROl 1 and ROI 2). For each ROI, PRS was measured at 11 points equally spaced along
a 10 ym-line. 12 replicates were obtained at each point (measurement repeated 12 times). 264 spectra were collected
at 22 different points in each CE, ME, and MC location, see Fig 3. PRS measurements were performed on fixed sam-
ples (4% paraformaldehyde) submerged in PBS to further preserve hydration at the measurement surface and at room
temperature, neglecting thermal effects. A 20X water-immersion objective was for use in PBS. With the linear polarizer
in place, each location within each sample was measured at different polarization angles between the laser polarization
direction and the sample alignment axis. A 10s acquisition time was used for each measurement. Samples were rotated
between 0° to 180° in 30° increments (see Fig 1 in [29]). Rotated measurements were used to capture the angle of align-
ment. Rotation was restricted to 150° based on the natural periodicity of protein fiber distributions. To confirm accurate
angle placement at each rotation step, a mechanical stage with an angle-marked ruler was used. Additionally, reference
images of each region of interest (ROI) were taken at 0° and visually compared after each rotation. These images were
also digitally rotated and overlaid to quantitatively assess angular differences. This process confirmed angular accuracy
within £5°, and only measurements with consistent morphology and position were accepted. After collecting spectra of the
tissue constructs, PBS background was subtracted in WIRE®4.4 workstation software using an eleventh-order polynomial
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Fig 3. Selected ROIs. Two ROIs (ROI 1 and ROI 2) were selected within the middle center (MC) location. For each ROI, PRS was measured at 11
points equally spaced along a 10-micron line. 12 replicates were obtained at each point (measurement repeated 12 times). 264 spectra were collected at
22 different points in MC.

https://doi.org/10.1371/journal.pone.0324704.9003

fit. Aluminum foil was used as a tissue sample sublayer to remove the underlying layer effect on tissue spectra. In MAT-
LAB, a Savitzky-Golay finite impulse response (FIR) smoothing filter with a third-order polynomial and a frame length of
11 was used to smooth the spectra. A standard normal variate (SNV) analysis was performed to normalize the spectra.

Afterwards, PCA was applied to reduce the dimensionality of complex Raman spectra into a new set of orthogonal vari-
ables (principal components) that capture the most variance in the data.

In soft tissues, collagen comprises different chemical bonds with wavelengths in the range 1400-1800cm™, including
CH2, lipids, phenylalanine, and amide | bands correspond to 1445, 1465, 1605, 1630—-1656cm™" and 1665—-1685cm™,
respectively, see Fig 4. The C=0 bond within peptide chains is directed at 90° to the collagen fibrils which are aligned
with the collagen fibers. Our PRS methodology determines orientation of protein chains using differences in Raman band
intensities under varying polarization angles based on significant increases in peak intensity at certain angles due to
alignment of C=0 bonds. We were able to infer the alignment of protein fibers within native tissue and tissue constructs
[41-45]. As engineered tissue constructs contain varying matrix components, PRS coupled with multivariate PCA was
used to decompose the Raman spectrum into a single variable. PCA was applied to provide the primary principal compo-
nent (PC1) for a tissue construct using a loading coefficient that was based on the reference sample for every normalized
intensity at a given wavenumber (see Fig 4) [46]. The percentage of variance explained by each principal component was
calculated separately for the corner edge, middle edge, and middle center regions. PC1 consistently accounted for the
majority of variance in all regions, followed by decreasing contributions from PC2 and PC3. Cumulative variance plots
were used to justify the use of PC1 alone as the dominant descriptor of alignment-related spectral variation.

Highly aligned muscle tissue spectra were used as the normalized reference for comparing tissue alignment. Spectral
range was limited to 1400-1800cm-* since the loading coefficient was calculated in the same range. The glass substrate
background has a strong contribution in the wavelength 700-1200cm™, hence wavelengths from 600—-1300cm™" were cut
from analysis of the loading coefficient to avoid conflation of the signal with the glass background. Spectra in wavelengths
from 1400-1800cm™' can be easily subtracted from glass substrates without compromising spectral features of cells and
proteins [29]. Overall, PCA converted the normalized spectra of different polarized angles into a single score (PC1) as a
function of polarized angle that can be quantified and related to the degree of matrix alignment. The score for each spec-
trum represents its position along the principal component axes, effectively reducing the dimensionality of the data while
preserving the most significant variance. As in our previous studies [28—30], alignment in a region was estimated by fitting
a sine function to this output,

PC1 = PCl, + Asin (Z(&-22)) 3)
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Fig 4. Polarized Raman spectroscopy. (A) Raman Spectra of native muscle tissue, and engineered tissue construct in the 1400-1800cm™ range.
Both samples showed similar Raman peaks indicating same chemical bands such as CH2 bending band, CH2/CH3 deformation, C=C stretching,

C=0 stretching that were assigned to lipids and carbohydrates, collagen and lipids, amino acids (e.g., tryptophan, phenyl- alanine, etc.) and proteins,
respectively. (B) Principal component loading curve (master loading function) for primary principal component (PC1) was derived based on highly aligned
muscle layer spectra (110 spectra total). Bands in the loading curve correspond to CH2, lipids, phenylalanine, and Amide | vibration modes, respectively,
which are known to be present in both native soft tissue and engineered tissue construct (29). (C) Flow diagram of steps used to determine protein fiber
alignment via polarized Raman spectroscopy (PCA=principal component analysis).

https://doi.org/10.1371/journal.pone.0324704.9004

where PC1 is a PC1 offset for the sine function. The amplitude of the sine fit, A, is the amplitude alignment metric which
provides a measure of extent of alignment. ¢ is the Raman polarization angle (in degrees) and ¢ is the phase shift. The
polarization angle corresponding to the maximum principal score value, i.e., maximum PC1, was used to provide a PRS-
based alignment angle, B, that describes the dominant direction of protein fibers (8prs = ¢, + 45°). Together, A and
Bprs quantify PRS alignment magnitude and direction at different spatial locations in the tissue constructs. The alignment
magnitude is based on the PRS spectra only.

Statistical significance was determined in JMP statistical software (Pro 16.1.0, SAS, NC), using a one-way ANOVA fol-
lowed by Tukey-Kramer’s post-hoc test to determine the difference of alignment between different regions in the same tissue
construct. To quantify the uncertainty in the alignment metrics, 95% confidence intervals (Cls) were calculated for each tissue
region. The CI for each region was computed using C/ = mean + tcr,-t.s—\/%, where the mean represents the average alignment
metric (A), SD is the standard deviation across measurements, n is the number of spectra collected each region (n=22), and
t.ri is the critical value from the Student’s t-distribution. For a two-tailed test at a significance level of a=0.05 and 21 degrees
of freedom (n — 1), the critical t-value was 2.080. This approach provides a 95% confidence range around the mean, reflect-
ing the interval in which the true population value is expected to lie. Confidence intervals were used to report precision in
alignment parameters. In order to compare with fluorescence imaging and computational modeling alignment metrics, we
also introduced an alignment aspect ratio, ~+ = ﬁ where A__ is the maximum A measured inside the sample.

)
ax
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Fig 5. Computational model. In the computational model, alignment of engineered tissue was determined based on predicted deformation of an
embedded circle (r=0.05mm) at a material point. (A) FE model used to predict deformation of sample when a shrinkage strain was applied. Red

lines =free boundaries; black lines =fixed boundaries. (B) Predicted shape and magnitude of displacement contour (s = 0.6, E = 700 Pa and v = 0.4)
after 12 days incubation; (C) Process to calculate stretch (U) and rotation (R) of each circle with embedded “fibers.” a and b are the minor and major
ellipse axes. (E-F) Equivalent alignment index, S, was determined by introducing discrete, embedded “fibers” to each material point circle; (E) before and
(F) after deformation. The predicted redistribution of embedded fibers was used to calculate and S and 6, the angle between each fiber and the axis of
symmetry (6=0).

https://doi.org/10.1371/journal.pone.0324704.9005

Model of cell-induced tissue deformation and alignment

Cell-induced deformation of the engineered tissue (Fig 1) was modeled computationally to match measured tissue defor-
mations and predict bulk changes in tissue alignment at different spatial locations. A plane stress finite element (FE) model
was developed using the commercial software package Abaqus (Dassault System Simulia Corp., 2019) and tested to show
mesh independence (100 umx 100 ym elements). A plane stress condition was considered since thickness of samples was
approximately 0.1 times the sample length. The geometry and boundary conditions matched those of the engineered tissue
sample before incubation, see Fig 5A. Collagen fibers, which are the major structural component of engineered tissue
constructs, were considered to be at high enough concentration to act as a continuum phase. To capture deformation due
to cell contraction, the cell-laden region of the engineered tissue was subjected to a linear shrinkage strain 5. To simulate
tissue shrinkage in Abaqus, thermal loading (coupled temperature-displacement) was utilized where a thermal strain was
applied to generate equivalent shrinkage strain (¢s). Thermal strain (s = ;) was assigned a constant value that resulted in
different levels of tissue shrinkage. No other temperature-dependent relations were applied. Engineered tissue was mod-
eled as a compressible, hyperelastic, and neo-Hookean material defined by strain energy (v) as,
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The elastic volume ratio (J* = J—Js) relates the total volume ratio (J) and the shrinkage volume ratio (J° = (1 + 53)3). I, is
the first strain invariant. Mechanical properties, elastic modulus (E = 700 Pa) and Poisson’s ratio (v = 0.4) were assigned
based on measured values for collagen tissue [47]. FE models simulated deformation of samples for increasing values of
es up to 0.6 (in increments of 0.1 or smaller). Best fit 5 at day 12 incubation was determined by minimizing the difference
between predicted areas of tissue shrinkage and measured areas from sample images, see Fig 5B.

Once the deformed tissue shape was predicted (after fitting to shrinkage), a geometrical treatment was used to under-
stand local deformation in the neighborhood of a point [48] and predict fiber alignment. Collagen fibers were assumed to
be perfectly embedded and to align with the continuum phase. Before deformation, material points in the model domain
were mapped to uniform, isotropic circles. After deformation, circles became deformed quadratic ellipses [48] whose
shape and orientation angle were used to predict amplitude and angles of embedded protein fiber alignment. The stretch
tensor (U = vFTFwhere F is the deformation gradient) was used to calculate the major and minor axes of the ellipse, a
and b. We introduced a local alignment factor, o = g, that varied between 1 < « < o for istotropic and perfectly aligned
tissues, respectively. The rotation tensor (R = FU™) was used to calculate the major axis angle (principal axis) of each
ellipse, representing the angle of fiber alignment, 8 (see Fig 5C-D). Together, a and B__ ., were used to quantify align-
ment magnitude and direction of embedded collagen fibers predicted by the computational model, respectively. The local
alignment factor was only based on tissue deformation predictions. To compare with PRS metrics, we also introduced an
alignment aspect ratio, v = T, where a__ is the maximum « predicted inside the sample.

Additional analysis used custom MATLAB subroutines to compare model predictions with discrete immunofluorescent
imaging measures of S (Eq. 1). At each material point (each circle before deformation), we introduced a distribution of
“fibers” that were perfectly embedded and had the same mechanical properties as the surrounding continuum, see Fig
5E-F. The number of fibers was set equal to the estimated number of fibers extracted from immunofluorescence images
(N=150) and were distributed uniformly in a radial circular pattern. After deformation into an ellipsoid, angles between
fibers and the major axis of symmetry of the fibers were estimated using the same analysis as described in above to
determine equivalent measures of S and 6.

Results
Tissue alignment from immunofluorescent images

Engineered tissue samples exhibited cell-induced shrinkage with corresponding changes in shape and tissue alignment,
see Fig 6A-B. After 12 days incubation, area shrinkage in the central region was measured to be ~60%. Polar histograms
show fiber density and orientation of labeled F-actin fibers within three select locations: corner edge, middle edge, and
middle center regions (~150 fibers in 100 ym x 100 um fields of view), see Fig 6C—H. Corresponding alignment indices for
these locations were calculated to be S=0.74 (CE), 0.46 (ME), and 0.50 (MC). Within select regions, mean and standard
deviation of the angle of distributed fibers in each ROl were determined to be 6=129.1°+25° (CE), 6=89.2°+38° (ME),
and 6=96.8°+37.8° (MC). Mainly, the corner edge region showed a distinctly higher extent of alignment of the protein
fibers, mostly aligned between 6=120-150°. In middle regions, fibers were found to vertically align (6 ~ 90°).

Tissue alignment from PRS

Raman spectra for the engineered tissue showed spectra peaks that were closely aligned with that of the reference
muscle tissue (see Fig 4). Alignment of maximum peaks underscores the ability of engineered tissue to replicate major
structural protein characteristics found in native tissues. The percentage of total variance explained by each principal
component was calculated separately for each region. PC1 consistently accounted for the largest proportion of variance
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Fig 6. Tissue alignment from immunofluorescent images. (A) Engineered tissue construct after 12 days incubation (4 mg/ml collagen I, 5x 10° cells/
ml C2C12 myoblast cells, 5-10 passages) exhibiting cell-induced deformation and fiber alignment. (B) Immunofluorescent image of engineered tissue
construct, showing F-actin in cytoskeleton fibers stained with phalloidin; Enlargement of (C) corner edge, (D) middle edge, and (E) middle center regions;
(F-H) Polar histograms and calculated S determined from CT-FIRE at (F) corner edge (6=129.1°+£25°), (G) middle edge (6=89.2°+38°), and (H) middle
center (6 = 96.8°+37.8°) locations (100 pm x 100 um regions).

https://doi.org/10.1371/journal.pone.0324704.9006

across all three tissue regions, supporting its role as the dominant descriptor of alignment-related spectral features. Spe-
cifically, PC1 explained 74.3% of the total variance in the corner edge, 60.6% in the middle edge, and 62.0% in the middle
center. These results indicate that the main alignment signal is strongly captured by the first component. Over 80% of the
total spectral variance is captured within the first three components in all regions, while PC2 and PC3 accounted for an
additional 7% to 23% of the variance. PC2 and PC3 were not systematically associated with alignment-related spectral
features, based on spectral loadings and polarization angle trends. Therefore, PC1 as it captured the largest proportion of
variance, was used for all further PRS analysis of alignment.

Within select regions, collected PRS (Fig 7) was processed to determine PC1 scores at each polarized angle, see Fig.
8A-C. Sine wave fits provided measures of the amplitude alignment metric within similar regions: A=0.83+0.05 (95% CI:
0.81-0.85) for CE, 0.37+0.06 (95% CI: 0.34-0.40) for ME, and 0.40+0.07 (95% CI: 0.37-0.43) for MC. The correspond-
ing alignment aspect ratio were: v =1 (CE), 0.43 (ME), and 0.48 (MC). Metrics for 22 points at each select location were
compared in Fig 8D and show PRS was able to determine a greater extent of alignment at the corner edge compared
to middle regions (p-value <0.0001), which is consistent with results from fluorescent imaging of labeled protein fibers.
Phase shifts were found to be ¢ = 75° (CE), 45° (ME), and 75° (MC), and corresponding angles of alignment were found
to be Bprs= 120°+15°(CE), 90°+15° (ME), and 120°+15° (MC).

Tissue alignment from computational modeling

Fig 9 shows simulated deformation of the construct due to uniform cell contraction (12 days after incubation) within cell-
laden regions. 5 = 0.6 was found to be the best fit shrinkage strain by matching area changes in the cell-laden region of
the sample (60% area shrinkage). Contour maps of the predicted strain field and the corresponding alignment factor, ¢,
are shown in Fig 9B—C. Based on averaging local measures of ellipse deformation at each point, the extent of alignment
for similar regions was determined: o = 7.8 (CE) and o = 3.5 (MC & ME). The related aspect ratio for these regions was
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Fig 7. Raman Spectra. Mean of normalized Raman spectra for different laser polarization angles (legend values are in degrees) over the
1400-1800cm' range at (A) corner edge, (B) middle edge, and (C) middle center locations (see Fig 6) in the engineered tissue construct (based on 264
total collected spectra at each location of the same tissue sample, spectra also collected for two different samples).
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Fig 8. Tissue alignment from PRS measurements. Variation of PC1 with polarized angle was fit to sine functions at select locations (a subset of the
full 22 points per region is shown in A—C for clarity): (A) corner edge, (B) middle edge, and (C) middle center regions. Matching colors indicate the same
measurement location for different polarized angles used to fit each sine curve in A-C. (D) The fitted amplitude is the alignment metric which was found
to be significantly higher at the corner edge. PRS was conducted on fixed tissues that were fixed 12 days after the start of incubation. Error bars indicate
one standard deviation of the mean. P-value determined by one-way ANOVA followed by Tukey-Kramer’s post-hoc test. Lower p-value revealed a distin-
guished alignment between the different locations.

https://doi.org/10.1371/journal.pone.0324704.9008
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Fig 9. Tissue alignment from the computational model. (A) Deformed central region was fit to match experimentally measured area shrinkage after
12 days incubation. (B) Contour map of alignment factor («) based on the calculated deformation gradient. Contour values of « are averaged over 100
umx 100 um elements. Expanded boxes show the predicted alignment angle of embedded fibers (By04e/) Scaled by a at CE and MC. Equivalent polar
histogram and alignment index (S) at (C) corner edge, (D) middle edge, and (E) middle center calculated from modeled distributed fibers (averaged 150
fibers for a 100 ym x 100 um element size, same as experiment).

https://doi.org/10.137 1/journal.pone.0324704.9009

found: v = 1(CE) and v = 0.44 (MC & ME). Maximum extent of alignment is predicted in corner regions. The angle of
alignment based on the principal direction of each deformed ellipse represents the direction of the most significant num-
ber of fibers at each location. Within select regions, angles of alignment were determined to be £,04e; = 145° (CE) and
Bmoder = 90° (MC & ME), see Fig 9B.

By introducing fibers at each point in the model, we calculated equivalent S values. Fig 9D—F shows polar histograms
for these fiber distributions after model deformation: S=0.75 (CE), S=0.53 (MC & ME). Polar histograms based on intro-
duced discrete fibers for these selected locations show 6=120° to 150° (CE) and 6=90° (MC & ME). Calculated com-
putational alignment indices matched with measures from labeled fluorescence images in the same regions, showing
higher alignment in the corner edge compared to middle regions. Also, the determined alignment angles were comparable
between PRS and labeled fluorescence measures in these same regions.

Measurement comparison

Normalized, PRS alignment aspect ratio along middle regions (yprs = /ﬁmer = 0.45 and 0.48) were similar to fluores-
cently measured and computationally predicted ratios of alignment metric (ymoder = a— = 0.44 and 0.44), showing the
ability of PRS to capture a similar spatial variation, see Fig 10A. We also used PRS to determine a dominant direction of
fiber alignment (based on C=0 orientation in protein fiber molecules and calculated phase shift of PRS). Measured PRS
alignment angles at corner region (8prs = 120°), middle edge (8prs = 90°) and middle center (Bprs = 120°) matched
those of reference fluorescent images at the same locations. Fibers are distributed between 120° to 150° (129.1°+25°) at
the corner edge, around 90° (89.2° + 38°) at the middle edge, and between 90° to 120° (96.8° £ 37.8°) at the middle center
in reference labeled images, see Fig 10C—E. Small differences in the angle of alignment at some locations is related to the

big increment angle (£30°) used in PRS measurements.

Discussion

Our study leverages the advanced data evaluation method of principal component analysis to better understand com-
plexities of protein tissue alignment in Raman spectra. This methodology distinguishes our approach, and we were able
to use PCA of Raman spectra to identify alignment-related peaks without the need for prior assumptions about peak

PLOS One | https://doi.org/10.1371/journal.pone.0324704 May 30, 2025 13719



https://doi.org/10.1371/journal.pone.0324704.g009

PLO\Sﬁ\\.- One

(A)

1 PRS
1.00 ~ I Computational
0.75
Y 050+ 0.43 0.44 048 (44
0.25
0.00 T T T

CE ME MC

(B)
- Image

1.00 ~ I Computational

0.75

S 0504

0.25

CE ME MC .

Fig 10. Comparison of protein alignment metrics. (A) v and (B) S for selected locations using PRS, fluorescent imaging and computational methods.
Comparison of alignment angles at (C) corner edge, (D) middle edge, and (E) middle center. Red =image alignment angles, blue =computational align-
ment angles, green=PRS alignment angles.
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locations. This approach is especially useful for heterogeneous biological samples where traditional deconvolution meth-
ods introduce greater uncertainty, particularly when examining tissue constructs with varying protein content. Moreover,
the ability to derive alignment information without a priori peak specification makes the methodology adaptable and robust
by avoiding reliance on single PRS peaks. We have used the combination of PRS and a PCA machine learning algorithm
to determine spatial variation of alignment in engineered tissues building upon our prior feasibility studies that show PRS
can detect alignment differences between isotropic (S~0.19) and highly aligned collagen in engineered tissue constructs
(S~0.96) [28]. This method relies on the use of a master loading function based on highly aligned native muscle tissue
with well characterized alignment in one primary direction. Since the engineered tissues were designed to develop hetero-
geneous alignment through cell-mediated contraction over time, no regions of maximal alignment were assumed a priori.
For this reason, using the loading function from the engineered tissues could introduce uncertainty or bias, especially in
regions with low or unknown alignment levels. Also, the Raman spectra for the reference tissue and engineered tissues
had the same highest spectral peak in the range 1400—-1800cm™' as they comprise the same chemical bonds, including
CH2, lipids, phenylalanine, and amide | bands correspond to 1445, 1465, 1605, 1630-1656cm™' and 1665—1685cm™,
respectively. Confirming the same biochemical composition between engineered tissue and native muscle tissue allowed
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us to apply the previously derived loading coefficient in PCA to compute PC1 for engineered tissue constructs. This direct
spectral comparison not only validated the use of the master loading function, but also reinforced the ability of PRS to
detect meaningful alignment signals in engineered tissue environments.

A major strength of this work is its ability to overcome a common limitation in the field—namely, the dominance of
water-related signals in engineered tissues, which has previously hindered the successful application of PRS. Earlier
studies, such as Bergholt et al. [31], reported difficulty measuring alignment in engineered cartilage due to overwhelming
water signals. In contrast, our study demonstrates that, through appropriate tissue design (e.g., higher collagen concen-
tration), fixation, and PCA-based spectral analysis, PRS can reliably quantify alignment in engineered tissues even under
hydrated conditions. We believe this PRS method can be used to capture alignment variation in most engineered tissues
since amide | and CH2 bands used by the master loading function is common in all soft tissues. To test this, future studies
should test samples with lower collagen content.

Developed methods provide a framework for using PRS to generate spatial maps of protein alignment within speci-
mens. The PRS method was able to distinguish differences in relative alignment in contracted tissue constructs between
aligned central regions (A=0.40+0.07 (MC) and A=0.37+£0.06 (ME)) and more aligned corner regions (A=0.83+0.05)
similar to fluorescence image analysis of these regions. Additional metrics were used to quantify alignment at these select
locations. Previous studies using PRS mainly verified proteins alignment qualitatively through fluorescence imaging,
employing metrics like the amplitude alignment metric or principal PC1 to indicate regions of higher or lower alignment
[29,31]. These approaches identify samples that are more aligned but lacked a quantitative relationship between PRS
data and fluorescence images. To provide comparative results, it was important to use similar measurement location.
Alignment index (S) quantified fiber alignment over a 100 um x 100 ym ROI in order to calculate the average distribution
of fibers in each select location. The measurement area was consistently used in analysis of immunofluorescent images
and computational model results. To make alignment measures more comparable, this ROl was based on PRS measure-
ments (22 points were randomly chosen in 100 um x 100 um ROI). The PRS alignment metric (A) was calculated based on
continuous characteristics (intensity of spectra), so this metric was averaged for these 22 points (spectra for each loca-
tion was averaged for 12 accumulations). Given the different nature of alignment measures, a computational model was
needed to relate S and A measures. While not essential for PRS validation purposes, the FE model provides improved
assessment of spatial variation in alignment, by providing a quantitative framework to relate PRS measures to immunoflu-
orescence microscopy measures of discrete fiber angles. An alignment aspect ratio () was introduced as a comparable
parameter between PRS alignment metric (A) and computational alignment factor («).

In Fig 10, we present a comparison of alignment metrics measured by PRS and those measured from immunofluores-
cence images. While there is some discrepancy between measured protein fiber alignment angles obtained from PRS and
those derived from the immunofluorescence images, computational model analysis is able to demonstrate that the derived
fiber angles show a level of agreement when processed using the same computational framework. There are several fac-
tors that contribute to PRS measurement error that we plan to focus on in future studies to better show accuracy. Mainly,
the limited number of angles tested (increment size =30°) results in a lower angular resolution with Raman spectros-
copy. Future studies will focus on increasing the number of angles to improve angular resolution. The disparity between
depth-averaged PRS results and depth-specific imaging results can also introduce differences. PRS effectively averages
alignment data over the full thickness of the sample. In contrast, the imaging techniques used in our study captures
protein alignment data at specific depths and tissue thickness (1 micron thickness in central regions of the sample). We
expect relatively uniform alignment through the thickness of our sample; however, extent of alignment may vary through
thickness. Specifically, the PRS data may smooth out depth-dependent variations, while the imaging data may highlight
localized alignment features that are not representative of the entire tissue thickness. In addition, inherent differences
in the resolution and sensitivity of the two techniques contribute to measured differences. Raman spectroscopy, being
a molecular technique, accounts for alignment at this level of through molecular bonds while fluorescence imaging was
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applied to actin fibers at a micron length scale. In addition to differences in scale, fibers measured by PRS, and fluores-
cent imaging may be for different populations of proteins. This highlights the compositional aspects of tissue and under-
scores the challenges and benefits of a multi-modal framework.

Computational mechanics models are useful tools for predicting tissue alignment and provide a more complete spatial
field. In these constructs, tissue deformations and corresponding changes in alignment were introduced by cells as they
attached and contracted. A similar mechanics-based modeling approach has been used previously by Mondrinos et al.
to predict deformation of engineered tissue constructs over time [7]. They used a contraction of spring model to capture
tissue shrinkage and focused on determining changes in tissue stiffness, rather than changes in alignment. As collagen
comprises over 80% of the tissue, we considered fibers to be perfectly embedded into ECM in the model and realignment
of these fibers to match directions of maximum deformation of the bulk tissue (continuum directions of maximum stretch).
Many different computational models have been developed based on continuum, fiber mixtures, and discrete fibers to
study the role of protein fiber alignment on deformation behavior [2,7—-21]. Other modeling studies that simulate networks
of discrete protein fibers have shown fiber angles can deviate from the deformation of the bulk of ECM tissues [17,49].
Such non-affine deformation likely introduces angle variations smaller than what we are currently able to measure with
PRS. The continuum model used here mainly captures bulk engagement of the majority of collagen fibers. Such contin-
uum models are computationally less intensive and include the entirety of the test specimen.

Computational predictions of bulk tissue alignment and angle of alignment were found to compare well with reference
measures within selected regions. Indeed, the computational model provided a bridge for quantitively comparing PRS
results and image analysis data. By introducing isotropic ‘fibers’ at each location, we predicted alignment index at the cor-
ner edge (S=0.75), middle edge (S=0.53), and middle center (S=0.53) to match the same metrics from stained collagen
images (measured to be 0.74, 0.46 and 0.50, respectively), see Fig 10B. In the computational model, the calculated align-
ment aspect ratios along middle regions (Ymoder = —%— = 0.44 and 0.44 for ME and MC) were validated by comparing

Qcorner

to aspect ratios determined by PRS at the same locations (vprs = ﬁmer = 0.45 and 0.48 for ME and MC), see Fig 10A.
Angles of fiber alignment were also comparable between fluorescent imaging studies and PRS measures. In the compu-
tational model, the angles of fiber alignment were distributed between B,,00es = 120° to 150° at the corner edge, ~90° at
middle regions, and matched labeled fluorescent images and PRS measured values, see Fig 10C-E. Alignment angles in
labeled images and computational model simulations were determined based on discrete fiber angles. In contrast, align-
ment angles from PRS were based on a continuous measure. Therefore, applying smaller angle intervals (less than 30°),
i.e., higher frequency, should result in a better match between PRS and discrete measures of alignment angle.

This PRS-based method provides a non-invasive, in-line method for assessing the spatial variation of the main protein
component of extracellular matrix (ECM). It provides a new tool that may help guide efforts to recreate the native tissue
complexity in engineered tissues and ensure sufficient mechanical integrity in tissue constructs. In addition, to mechanical
contributions, collagen fibrils and fiber bundles interact with cells via several receptor families. Thus, changes in distribu-
tion and organization of collagen may influence cell adhesion, proliferation, migration, and differentiation [50]. PRS-based
tools may also help in better understanding of these interactions. The ability to monitor fiber architecture label-free and in
hydrated conditions is particularly valuable for quality control in tissue manufacturing, where destructive testing is not fea-
sible. To further develop this method, future studies will focus on introducing higher resolution spatial mapping measures.
This may be obtained with more automated specimen handling that provides improved translation and rotation of the
test specimen in the PRS test system. The PRS method also needs to test over different incubation times to see if it can
capture changes in protein and cellular composition with tissue remodeling. Within the computational model, we apply uni-
form cell density that contributes to uniform contraction. Future studies may incorporate image-based changes in cellular
density that account for spatiotemporal changes in cell populations. Raman spectra can also be used to monitor changes
in protein composition, and these measures may be used to account for the effect of changing composition. Future studies
may also validate spatiotemporal changes in mechanical stress and properties associated with changes in fiber alignment
to provide a more complete picture of mechanical properties.
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Conclusion

This study presents a framework for using PRS to interrogate spatial variation of alignment within engineered tissue
constructs. We detail advanced data analysis methods and introduce alignment metrics that compare PRS to reference
measures obtained from immunofluorescence protein fiber images. The developed computational model provided a
more complete map of alignment in the whole tissue specimen, rather than just at selected locations. PRS was able to
show significant difference in extent of alignment between select locations (7.5% difference in A). Capture of angles of
alignment was partially successful in regions with large angle changes. Improved sample rotation methods and smaller
increment angles need to be introduced to improve resolution of this measure. Based on these results, PRS is a promis-
ing, non-contact tool for capturing in-line changes in tissue alignment over the course of tissue incubation. Such tools are
needed to better understand factors influencing regional fiber alignment in engineered tissues aimed at capturing specific
mechanical and functional capabilities.

Author contributions

Conceptualization: Maedeh Lotfi, Ghatu Subhash, Chelsey S. Simmons, Malisa Sarntinoranont.
Data curation: Maedeh Lotfi, Hui Zhou.

Formal analysis: Maedeh Lotffi.

Funding acquisition: Ghatu Subhash, Chelsey S. Simmons, Malisa Sarntinoranont.
Methodology: Maedeh Lotfi, Hui Zhou, Janny Pifeiro Llanes.

Resources: Ghatu Subhash, Chelsey S. Simmons, Malisa Sarntinoranont.
Software: Maedeh Lotffi.

Supervision: Malisa Sarntinoranont.

Validation: Maedeh Lotfi, Hui Zhou, Janny Pifieiro Llanes.

Writing — original draft: Maedeh Lotfi.

Writing — review & editing: Ghatu Subhash, Malisa Sarntinoranont.

References

1. Isenberg BC, Williams C, Tranquillo RT. Small-diameter artificial arteries engineered in vitro. Circ Res. 2006;98(1):25-35. https://doi.
org/10.1161/01.RES.0000196867.12470.84 PMID: 16397155

2. O’Rourke C, Drake R, Cameron G, Loughlin J, Phillips J. Optimising contraction and alignment of cellular collagen hydrogels to achieve reliable
and consistent engineered anisotropic tissue. J Biomater Appl. 2015;30(5):599-607.

3. Rehfeldt F, Engler AJ, Eckhardt A, Ahmed F, Discher DE. Cell responses to the mechanochemical microenvironment--implications for regenerative
medicine and drug delivery. Adv Drug Deliv Rev. 2007;59(13):1329-39. https://doi.org/10.1016/j.addr.2007.08.007 PMID: 17900747

Hulmes DJS. Building collagen molecules, fibrils, and suprafibrillar structures. J Struct Biol. 2002;137(1-2):2—-10.

5. Mauck RL, Baker BM, Nerurkar NL, Burdick JA, Li W-J, Tuan RS, et al. Engineering on the straight and narrow: the mechanics of nanofibrous
assemblies for fiber-reinforced tissue regeneration. Tissue Eng Part B Rev. 2009;15(2):171-93. https://doi.org/10.1089/ten. TEB.2008.0652 PMID:
19207040

6. Fratzl P. Collagen: structure and mechanics, an introduction. Collagen. Boston, MA: Springer US; 2008. pp. 1-13.

7. Mondrinos MJ, Alisafaei F, Yi AY, Ahmadzadeh H, Lee |, Blundell C, et al. Surface-directed engineering of tissue anisotropy in microphysiological
models of musculoskeletal tissue. Sci Adv. 2021;7(11).

8. Ateshian GA, Rajan V, Chahine NO, Canal CE, Hung CT. Modeling the matrix of articular cartilage using a continuous fiber angular distribution
predicts many observed phenomena. J Biomech Eng. 2009;131(6).

9. Wang R, Sarntinoranont M. Biphasic analysis of rat brain slices under creep indentation shows nonlinear tension-compression behavior. J Mech
Behav Biomed Mater. 2019;89:1-8. https://doi.org/10.1016/j.jmbbm.2018.08.043 PMID: 30236976

10. Driessen NJB, Cox MAJ, Bouten CVC, Baaijens FPT. Remodelling of the angular collagen fiber distribution in cardiovascular tissues. Biomech
Model Mechanobiol. 2008;7(2):93.

PLOS One | https://doi.org/10.1371/journal.pone.0324704 May 30, 2025 17/19



https://doi.org/10.1161/01.RES.0000196867.12470.84
https://doi.org/10.1161/01.RES.0000196867.12470.84
http://www.ncbi.nlm.nih.gov/pubmed/16397155
https://doi.org/10.1016/j.addr.2007.08.007
http://www.ncbi.nlm.nih.gov/pubmed/17900747
https://doi.org/10.1089/ten.TEB.2008.0652
http://www.ncbi.nlm.nih.gov/pubmed/19207040
https://doi.org/10.1016/j.jmbbm.2018.08.043
http://www.ncbi.nlm.nih.gov/pubmed/30236976

PLO\Sﬁ\\.- One

1.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Obbink-Huizer C, Oomens C, Loerakker S, Foolen J, Bouten C, Baaijens F. Computational model predicts cell orientation in response to a range of
mechanical stimuli. Biomech Model Mechanobiol. 2014;13(1):227-36.

Ghazanfari S, Driessen-Mol A, Strijkers GJ, Baaijens FPT, Bouten CVC. The evolution of collagen fiber orientation in engineered cardiovascular
tissues visualized by diffusion tensor imaging. PLoS One. 2015;10(5):e0127847. https://doi.org/10.1371/journal.pone.0127847 PMID: 26016649

Holzapfel GA, Gasser TC. A viscoelastic model for fiber-reinforced composites at finite strains: continuum basis, computational aspects and appli-
cations. Comput Methods Appl Mech Eng. 2001;190(34):4379-403.

Gasser TC, Ogden RW, Holzapfel GA. Hyperelastic modeling of arterial layers with distributed collagen fiber orientations. J R Soc Interface.
2006;3(6):15-35.

Barocas VH, Tranquillo RT. An anisotropic biphasic theory of tissue-equivalent mechanics: the interplay among cell traction, fibrillar network defor-
mation, fibril alignment, and cell contact guidance. J Biomech Eng. 1997;119(2):137—45. https://doi.org/10.1115/1.2796072 PMID: 9168388

Aghvami M, Baracas V, Sander E. Multiscale mechanical simulations of cell compacted collagen gels. J Biomech Eng. 2013;135(7).

Hague JP, Mieczkowski PW, O’Rourke C, Loughlin AJ, Phillips JB. Microscopic biophysical model of self-organization in tissue due to feedback
between cell- and macroscopic-scale forces. Phys Rev Res. 2020;2(4):043217.

O’Rourke C, Lee-Reeves C, Drake R, Cameron G, Loughlin A, Phillips J. Adapting tissue-engineered in vitro CNS models for high-throughput study
of neurodegeneration. J Tissue Eng. 2017;8:204173141769792.

Bose P, Eyckmans J, Nguyen T, Chen C, Reich D. Effects of geometry on the mechanics and alignment of three-dimensional engineered microtis-
sues. ACS Biomater Sci Eng. 2019;5(8):3843-55.

Das SL, Bose P, Lejeune E, Reich DH, Chen C, Eyckmans J. Extracellular matrix alignment directs provisional matrix assembly and three dimen-
sional fibrous tissue closure. Tissue Eng Part A. 2021;27(23-24):1447-57.

Mailand E, Li B, Eyckmans J, Bouklas N, Sakar MS. Surface and bulk stresses drive morphological changes in fibrous microtissues. Biophys J.
2019;117(5):975-86. https://doi.org/10.1016/j.bpj.2019.07.041 PMID: 31427068

Mostago-Guidolin L, Rosin NL, Hackett TL. Imaging collagen in scar tissue: developments in second harmonic generation microscopy for biomedi-
cal applications. Int J Mol Sci. 2017;18(8).

Rieppo J, Hallikainen J, Jurvelin JS, Kiviranta |, Helminen HJ, Hyttinen MM. Practical considerations in the use of polarized light microscopy in the
analysis of the collagen network in articular cartilage. Microsc Res Tech. 2008;71(4):279-87. https://doi.org/10.1002/jemt.20551 PMID: 18072283
Chen X, Nadiarynkh O, Plotnikov S, Campagnola PJ. Second harmonic generation microscopy for quantitative analysis of collagen fibrillar struc-
ture. Nat Protoc. 2012;7(4):654—69.

Schuetz R, Fix D, Schade U, Aziz EF, Timofeeva N, Weinkamer R, et al. Anisotropy in bone demineralization revealed by polarized far-IR spectros-
copy. Molecules. 2015;20(4):5835-50. https://doi.org/10.3390/molecules20045835 PMID: 25849806

Brasseur R. Molecular description of biological membranes by computer aided conformational analysis. 1st ed. Brasseur R, editor. CRC Press;
2019.

Hillman H. Limitations of clinical and biological histology. Med Hypotheses. 2000;54(4):553—64. https://doi.org/10.1054/mehy.1999.0894 PMID:
10859638

Zhou H, Llanes J, Lotfi M, Sarntinoranont M, Simmons C, Subhash G. Label-free quantification of microscopic alignment in engineered tissue
scaffolds by polarized Raman spectroscopy. ACS Biomater Sci Eng. 2023.

Zhou H, Pifieiro Llanes J, Sarntinoranont M, Subhash G, Simmons CS. Label-free quantification of soft tissue alignment by polarized Raman spec-
troscopy. Acta Biomater. 2021;136:363—74.

Zhou H, Simmons CS, Sarntinoranont M, Subhash G. Raman spectroscopy methods to characterize the mechanical response of soft biomaterials.
Biomacromolecules. 2020;21(9):3485-97. https://doi.org/10.1021/acs.biomac.0c00818 PMID: 32833438

Bergholt MS, St-Pierre J-P, Offeddu GS, Parmar PA, Albro MB, Puetzer JL, et al. Raman spectroscopy reveals new insights into the zonal orga-
nization of native and tissue-engineered articular cartilage. ACS Cent Sci. 2016;2(12):885-95. https://doi.org/10.1021/acscentsci.6b00222 PMID:
28058277

Butler HJ, Ashton L, Bird B, Cinque G, Curtis K, Dorney J, et al. Using Raman spectroscopy to characterize biological materials. Nat Protoc.
2016;11(4):664-87. https://doi.org/10.1038/nprot.2016.036 PMID: 26963630

Luo W, Ai L, Wang B-F, Zhou Y. High glucose inhibits myogenesis and induces insulin resistance by down-regulating AKT signaling. Biomed Phar-
macother. 2019;120:109498. https://doi.org/10.1016/j.biopha.2019.109498 PMID: 31634780

Wu J, Rajwa B, Filmer D, Hoffmann C, Yuan B, Chiang C. Analysis of orientations of collagen fibers by novel fiber-tracking software. Microsc Micro-
anal. 2003;9(6):574-80.

Wu J, Rajwa B, Filmer DL, Hoffmann CM, Yuan B, Chiang C, et al. Automated quantification and reconstruction of collagen matrix from 3D confocal
datasets. J Microsc. 2003;210(Pt 2):158-65. https://doi.org/10.1046/].1365-2818.2003.01191.x PMID: 12753098

Stein AM, Vader DA, Jawerth LM, Weitz DA, Sander LM. An algorithm for extracting the network geometry of three-dimensional collagen gels. J
Microsc. 2008;232(3):463—75. https://doi.org/10.1111/j.1365-2818.2008.02141.x PMID: 19094023

PLOS One | https://doi.org/10.1371/journal.pone.0324704 May 30, 2025 18719



https://doi.org/10.1371/journal.pone.0127847
http://www.ncbi.nlm.nih.gov/pubmed/26016649
https://doi.org/10.1115/1.2796072
http://www.ncbi.nlm.nih.gov/pubmed/9168388
https://doi.org/10.1016/j.bpj.2019.07.041
http://www.ncbi.nlm.nih.gov/pubmed/31427068
https://doi.org/10.1002/jemt.20551
http://www.ncbi.nlm.nih.gov/pubmed/18072283
https://doi.org/10.3390/molecules20045835
http://www.ncbi.nlm.nih.gov/pubmed/25849806
https://doi.org/10.1054/mehy.1999.0894
http://www.ncbi.nlm.nih.gov/pubmed/10859638
https://doi.org/10.1021/acs.biomac.0c00818
http://www.ncbi.nlm.nih.gov/pubmed/32833438
https://doi.org/10.1021/acscentsci.6b00222
http://www.ncbi.nlm.nih.gov/pubmed/28058277
https://doi.org/10.1038/nprot.2016.036
http://www.ncbi.nlm.nih.gov/pubmed/26963630
https://doi.org/10.1016/j.biopha.2019.109498
http://www.ncbi.nlm.nih.gov/pubmed/31634780
https://doi.org/10.1046/j.1365-2818.2003.01191.x
http://www.ncbi.nlm.nih.gov/pubmed/12753098
https://doi.org/10.1111/j.1365-2818.2008.02141.x
http://www.ncbi.nlm.nih.gov/pubmed/19094023

PLO\S\% One

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.
47.

48.
49.

50.

Bredfeldt JS, Liu Y, Pehlke CA, Conklin MW, Szulczewski JM, Inman DR, et al. Computational segmentation of collagen fibers from second-
harmonic generation images of breast cancer. J Biomed Opt. 2014;19(1):16007. https://doi.org/10.1117/1.JBO.19.1.016007 PMID: 24407500

Ferdman AG, Yannas IV. Scattering of light from histologic sections: a new method for the analysis of connective tissue. J Invest Dermatol.
1993;100(5):710-6. https://doi.org/10.1111/1523-1747.ep12472364 PMID: 7684057

Alexande L. X-ray diffraction methods in polymer science. 1st ed. Robert E, editor. Kriegee Publishing Company; 1969.

Ellis DL, Yannas IV. Recent advances in tissue synthesis in vivo by use of collagen-glycosaminoglycan copolymers. Biomaterials. 1996;17(3):291—
9. https://doi.org/10.1016/0142-9612(96)85567-0 PMID: 8745326

Frushour BG, Koenig JL. Raman scattering of collagen, gelatin, and elastin. Biopolymers. 1975;14(2):379-91. https://doi.org/10.1002/
bip.1975.360140211 PMID: 1174668

Edwards HGM, Farwell DW, Holder JM, Lawson EE. Fourier-transform raman spectroscopy of ivory: Il. Spectroscopic analysis and assignments. J
Mol Struct. 1997;435(1):49-58.

Gniadecka M, Faurskov Nielsen O, Christensen DH, Wulf HC. Structure of water, proteins, and lipids in intact human skin, hair, and nail. J Invest
Dermatol. 1998;110(4):393-8. https://doi.org/10.1046/{.1523-1747.1998.00146.x PMID: 9540981

Van Gulick L, Saby C, Morjani H, Beljebbar A. Age-related changes in molecular organization of type | collagen in tendon as probed by polarized
SHG and Raman microspectroscopy. Sci Rep. 2019;9(1):7280. https://doi.org/10.1038/s41598-019-43636-2 PMID: 31086263

Galvis L, Dunlop JWC, Duda G, Fratzl P, Masic A. Polarized Raman anisotropic response of collagen in tendon: towards 3D orientation mapping of
collagen in tissues. PLoS One. 2013;8(5):€63518. https://doi.org/10.1371/journal.pone.0063518 PMID: 23691057

Bookstein FL. Fitting conic sections to scattered data. Comput Graph Image Process. 1979;9(1):56-71.

Raub CB, Putnam AJ, Tromberg BJ, George SC. Predicting bulk mechanical properties of cellularized collagen gels using multiphoton microscopy.
Acta Biomater. 2010;6(12):4657-65. https://doi.org/10.1016/j.actbio.2010.07.004 PMID: 20620246

Eringen AC. Nonlinear theory of continuous media. McGraw-Hill Publishing Company; 1962.

Wang H, Abhilash AS, Chen CS, Wells RG, Shenoy VB. Long-range force transmission in fibrous matrices enabled by tension-driven alignment of
fibers. Biophys J. 2014;107(11):2592—-603. https://doi.org/10.1016/j.bpj.2014.09.044 PMID: 25468338

Ricard-Blum S. The collagen family. Cold Spring Harb Perspect Biol. 2011;3(1):a004978.

PLOS One | https://doi.org/10.1371/journal.pone.0324704 May 30, 2025 19/19



https://doi.org/10.1117/1.JBO.19.1.016007
http://www.ncbi.nlm.nih.gov/pubmed/24407500
https://doi.org/10.1111/1523-1747.ep12472364
http://www.ncbi.nlm.nih.gov/pubmed/7684057
https://doi.org/10.1016/0142-9612(96)85567-0
http://www.ncbi.nlm.nih.gov/pubmed/8745326
https://doi.org/10.1002/bip.1975.360140211
https://doi.org/10.1002/bip.1975.360140211
http://www.ncbi.nlm.nih.gov/pubmed/1174668
https://doi.org/10.1046/j.1523-1747.1998.00146.x
http://www.ncbi.nlm.nih.gov/pubmed/9540981
https://doi.org/10.1038/s41598-019-43636-2
http://www.ncbi.nlm.nih.gov/pubmed/31086263
https://doi.org/10.1371/journal.pone.0063518
http://www.ncbi.nlm.nih.gov/pubmed/23691057
https://doi.org/10.1016/j.actbio.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20620246
https://doi.org/10.1016/j.bpj.2014.09.044
http://www.ncbi.nlm.nih.gov/pubmed/25468338

