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Macro- to Microscale Strain Transfer in Fibrous Tissues is Heterogeneous
and Tissue-Specific
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ABSTRACT Mechanical deformation applied at the joint or tissue level is transmitted through the macroscale extracellular
matrix to the microscale local matrix, where it is transduced to cells within these tissues and modulates tissue growth, mainte-
nance, and repair. The objective of this study was to investigate how applied tissue strain is transferred through the local matrix
to the cell and nucleus in meniscus, tendon, and the annulus fibrosus, as well as in stem cell-seeded scaffolds engineered to
reproduce the organized microstructure of these native tissues. To carry out this study, we developed a custom confocal micro-
scope-mounted tensile testing device and simultaneously monitored strain across multiple length scales. Results showed that
mean strain was heterogeneous and significantly attenuated, but coordinated, at the local matrix level in native tissues (35–70%
strain attenuation). Conversely, freshly seeded scaffolds exhibited very direct and uniform strain transfer from the tissue to the
local matrix level (15–25% strain attenuation). In addition, strain transfer from local matrix to cells and nuclei was dependent on
fiber orientation and tissue type. Histological analysis suggested that different domains exist within these fibrous tissues, with
most of the tissue being fibrous, characterized by an aligned collagen structure and elongated cells, and other regions being
proteoglycan (PG)-rich, characterized by a dense accumulation of PGs and rounder cells. In meniscus, the observed heteroge-
neity in strain transfer correlated strongly with cellular morphology, where rounder cells located in PG-rich microdomains were
shielded from deformation, while elongated cells in fibrous microdomains deformed readily. Collectively, these findings suggest
that different tissues utilize distinct strain-attenuating mechanisms according to their unique structure and cellular phenotype,
and these differences likely alter the local biologic response of such tissues and constructs in response to mechanical
perturbation.
INTRODUCTION
Fiber-reinforced soft tissues of the musculoskeletal system,
such as meniscus, tendon, and annulus fibrosus (AF), func-
tion to transmit large loads and deformations. These tissues
are composed of a dense extracellular matrix consisting pri-
marily of collagens and proteoglycans (PG) (1–4), which are
structurally organized to support this function. For instance,
tendon is mostly composed of type I collagen with fibers
that are highly aligned in the loading direction (1). The
meniscus is a wedge-shaped fibrocartilage in the knee that
has circumferentially aligned fibers with changing align-
ment and composition through the depth and radial position
(2). The AF is an angle-ply laminate structure in the
intervertebral disk of the spine. In the AF, collagen fibers
are highly aligned and alternate at 528–40� from the
circumferential direction (5). In all of these tissues, fiber
content and structure provides mechanical properties that
are uniquely designed to support the physiological loading
environment.

Cells within these highly structured connective tissues
respond to their mechanical environment. Indeed, loads
and deformations applied at the joint or tissue level propa-
gate through the tissue hierarchy to produce mechanical
perturbations at the cellular level. Cells respond to this
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mechanical microenvironment to regulate their biologic re-
sponses, including proliferation, differentiation, and matrix
production (6). The mechanism of strain transfer from the
tissue length scale to the cell length scale, defined here as
the local matrix, is not well understood. and may differ
across tissue types. Quantifying this multiscale strain trans-
fer will be crucial for predicting how signals to cells are
transduced into molecular responses. For instance, the local
matrix strain fields in meniscus and rat-tail tendon are
highly heterogeneous, but on average, the strains are corre-
lated from the tissue scale to the local matrix scale (7,8). On
the other hand, the local matrix strain in outer AF tissue sub-
jected to biaxial tension does not correspond with tissue-
level strain (9). This indicates a dependence of tissue-type
and fiber alignment on strain transfer that has not been fully
clarified.

While there have been extensive studies on how mechan-
ical forces alter cellular responses by activating various
mechanosensitive, transmembrane receptors and by regu-
lating nuclear structure and trans-nuclear transport of tran-
scription factors (6,10), very little is known regarding
strain magnitudes sensed by cells and the consequent
alterations in nuclear morphology in situ. For instance,
mechanical deformation of cells can activate membrane-
associated phospholipases and stimulate various secondary
messenger pathways, such as Ca2þ release from intracel-
lular stores and activation of protein kinase C (6). There is
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also a body of literature demonstrating that nuclear shape
and structure plays an important role in regulating cellular
phenotype (11–13). Mechanical signal transduction to the
nucleus occurs through direct strain transfer from the local
matrix, by propagation through integrin receptors and the
contractile actin cytoskeleton, to the nuclear and subnuclear
compartments (10). While it is clear that applied strains are
transferred through the local matrix to the subcellular level,
this strain transfer has not been quantified and it is not yet
clear where the strain heterogeneity arises in native tissue.

The significance of strain transfer mechanisms on
mechanotransduction is also pertinent in tissue-engineered
replacements for these load-bearing tissues. Upon implanta-
tion, such engineered tissues will be exposed to the same
mechanical environment, and will be required to mechanor-
egulate to function in the host environment. A further
complication with these growing tissues is that, as the
construct matures, the biochemical content, cell mechanics,
and matrix properties change (14,15). As such, the multi-
scale strain transfer mechanisms operative in such engi-
neered tissues are likely to change with maturation.
Ideally, engineered tissues should develop microenviron-
ments that closely resemble their native tissue counterparts
to provide physiologically relevant mechanical stimuli to
the cells. Previous studies employing nanofibrous scaffolds
seeded with mesenchymal stem cells (MSCs) have demon-
strated that nuclear orientation, morphology, and deforma-
tion changes are dependent on the nanofiber orientation,
organization, and loading axis (15–17). In addition, the
cellular response in these engineered systems is more
predictive than in native tissue, where cell and nuclear
deformation appear to be more directly correlated with
applied stretch in the engineered tissues. However, it is un-
known as of this writing how the multiscale strain transfer
mechanism in immature engineered tissues relates to native
tissues.

The objective of this study was to quantify multiscale
strain transfer from the tissue-level through to the local
matrix, the cell, and ultimately to the nucleus in fibrous tis-
sues, including meniscus, tendon, and single lamellar AF, as
well as in MSC-seeded scaffolds engineered to reproduce
the organized microstructure of the native tissues. Because
fiber angle and structural heterogeneity varies across these
tissues, we hypothesized that the strain would not directly
transfer to the local matrix and the cell for tissues where
the fiber angle deviated from the loading direction (as in
the AF) and as the structure became less ordered (as in
meniscus compared to tendon). We further hypothesized
that the local matrix strains would be more heterogeneous
for tissues with less-ordered structure. Because immature
cell-seeded scaffolds are highly ordered structures, we
hypothesized that strain would directly transfer to the local
matrix in these constructs. A second objective of this study
was to provide an additional mechanism to the previously
reported heterogeneity in native tissue local matrix strains;
Biophysical Journal 105(3) 807–817
here we hypothesized that discordant strain transfer at the
cellular level was the result of distinct local microdomains
within these tissues that are either fibrous or PG-rich, with
strain transfer being more direct in fibrous tissue domains.
To test this hypothesis, we performed histological analyses
to identify the existence of such microdomains and com-
puted the cell and nuclear strain based on nuclear shape sig-
natures indicative of their presence in a fibrous or PG-rich
microdomain.
MATERIALS AND METHODS

Preparation of native tissue samples

Juvenile (1–6 months-old) bovine menisci, patellar tendons, and caudal

intervertebral disks were harvested within 12 h postmortem (n ¼ 6 each).

Meniscus test samples were obtained from the outer region of the tissue.

Patellar tendon test samples were acquired from the midsubstance region.

Single lamellar AF test samples with a circumferential orientation were har-

vested from the disk outer region. Each sample was cut with a scalpel to

uniform dimension of 12.0 � 3.0 � 0.3–0.8 mm (length � width � thick-

ness). The primary collagen fiber direction of meniscus and tendon samples

was parallel to the sample length. The primary collagen fiber direction of

AF samples was oriented ~30� to the sample length, consistent with its

anatomic orientation in the spine. After isolation, samples were maintained

in culture medium (Dulbecco’s Modified Eagle Medium, DMEM, with

100 U/mL penicillin and 100 mg/mL streptomycin; Life Technologies,

Grand Island, NY) for no longer than 4 h before mechanical testing.
Preparation of cell-seeded scaffolds

Aligned nanofibrous poly(ε-caprolactone) (PCL) scaffolds were produced

by electrospinning as described previously in Baker and Mauck (18).

Briefly, PCL (BrightChina, Hong Kong, China) was dissolved at 14.3%

w/v in a 1:1 mixture of tetrahydrofuran and n,n-dimethylformamide (Fisher

Chemical, Fairlawn, NJ). This solution was expelled through a charged

spinneret (þ13 kV) via syringe pump at a rate of 2.5 mL/h. The resulting

fiber jet was collected onto a grounded mandrel rotating with a surface

velocity of 10 m/s. Scaffold sheets of ~800-mm thickness were removed

from the mandrel and sectioned into rectangles (65 � 5 mm2) with the pre-

vailing fiber direction oriented at 0� or 30� with respect to the sample length

(n ¼ 6 each) (16,19). The scaffold was sterilized and hydrated using serial

washes with decreasing concentrations of ethanol (100, 70, 50, 30, and 0%)

and then soaked overnight in a solution containing fibronectin at 20 mg/mL

(20). Before seeding, scaffolds were washed once with phosphate-buffered

saline (PBS).

Bovine mesenchymal stem cells (MSCs) were isolated from bone

marrow from the femurs and tibiae of 3–6 month-old calves at room tem-

perature, as described previously in Mauck et al. (21). Cells were expanded

for two passages on tissue culture plastic in basal medium (high glucose

DMEM containing 1% penicillin, streptomycin, fungizone, and 10% fetal

bovine serum; Life Technologies). Cells were seeded onto the scaffolds

at a density of 600 cells/mm2 and cultured in basal media for 24 h before

mechanical testing.
Custom micromechanical test device

For mechanical evaluation, a custom micromechanical test device was

used to apply uniaxial tension to each sample (Fig. 1 A). The device was

designed to fit on the stage of a high-speed inverted confocal microscope

system (LSM 5 LIVE; Carl Zeiss, Jena, Germany). The device consisted

of a 10-N load-cell, two linear stepper motors (Zaber LSM025A-MC06;



FIGURE 1 (A) Experimental setup of the custom micromechanical tester

situated on confocal imaging system. (B) A representative image of a sam-

ple top surface with fiducial markers captured with a CCD camera. (C)

Schema of the experimental design, where macroscale and microscale

images were simultaneously imaged at each strain level via CCD camera

and confocal microscope, respectively. Fiducial surface markers were

used to calculate tissue-level strain. Cell nuclear triads were used to calcu-

late local matrix strain. Cell and nuclear strains were also calculated.
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Zaber, Vancouver, Canada), and grips that project from each motor into the

sample bath (Fig. 1 A). This setup enables gripping test specimens immedi-

ately above the glass coverslip for imaging on the confocal microscope.

Precise height adjustment of the grips was achieved by using shim stocks

and consistently screwing the grip onto the platforms using a torque wrench.

In addition, two motors were used to apply tension in opposite directions,

which minimized region-of-interest movement out of the field-of-view. A

custom LabView (National Instruments; Austin, TX) program was written

to control the motors and acquire data.
Uniaxial tensile testing and confocal imaging

Before testing, cells and/or nuclei within each samplewere stainedwith fluo-

rescent markers to provide fiducial markers for strain analysis and bound-

aries for quantification of cell and nuclear strain. Native tissue samples

were stained with 0.01 mg/mL FM4-64 (Life Technologies) and NucBlue

Hoechst 33342 (Life Technologies) in 0.15 M PBS at room temperature

for 5min to visualize cell and nuclear shape, respectively.MSC-seeded scaf-

folds were stained with 10 mM Calcein AM (Life Technologies) and

NucBlue Hoechst 33342 in 0.15-M PBS at room temperature for 15 min

to visualize cell and nuclear shape, respectively. After labeling, the samples

werewashed briefly in PBS to remove residual dye. Four tissuemarkerswere

applied on the top side of each sample, using a needle and Verhoeff’s stain.

These markers were used to determine tissue-level strain (Fig. 1 B).

Samples were placed into the tensile strain device with the side contain-

ing the four tissue markers facing up (Fig. 1, B and C). Samples were kept

immersed in culture medium (DMEM with 100 U/mL penicillin and

100 mg/mL streptomycin) at room temperature throughout testing. The

tissues may have swelled due to immersion in culture medium, which could

alter the multiscale strain transfer. However, because all of the samples

were prepared and tested in the same manner, they would be similarly

affected by swelling. Samples were preloaded to 0.01 N to remove slack.

Subsequently, stepwise grip-to-grip strains of 3, 6, 9, 12, and 15% were

applied at a strain rate of 1%/s. In the un-deformed state and 30 s after appli-

cation of each strain increment, multichannel z-stack confocal images were

captured using a water-immersion 25� lens (field of view, 360 � 360 mm2;

Hoechst, 405 nm/BP 420–480 nm; FM4-64, 515 nm/LP 650 nm; Calcein

AM, 488 nm/LP 505 nm). Our preliminary work and other previous work

(9,22) confirmed that no microscopic movements were observed after

30 s, ensuring accurate measurements of immediate strains upon tissue

stretch. The same region of interest was visually tracked at each strain
increment. Acquisition of z-stack images enabled tracking the same cells

moving in and out of plane with applied strain. The position of the tissue

fiducial markers on the top surface of each sample was separately captured

using a charge-coupled device (CCD) camera during confocal imaging.
Multiscale strain calculation

The four fiducial markers on the sample surface were used to calculate the

two-dimensional tissue Lagrangian strains (E11, E22, and E12; n ¼ 6 per

group) using a custom MATLAB program (The MathWorks, Natick,

MA) that automatically detected and tracked the centroids of each marker.

Lagrangian strain was defined as E ¼ 1/2 (C – I), where I is the identity

matrix and C is the right Cauchy-Green deformation tensor (C ¼ FT , F,

where F is the deformation gradient). Tissue Lagrangian strain was used

instead of applied grip-to-grip strain because sample slipping can occur

near the grips, resulting in errors in strain measurements. To calculate local

matrix Lagrangian strains, the centroids of three cell nuclei forming a triad

were used (Fig. 1 C, n ¼ 20 triads per sample). Maximum tissue and local

matrix principal strains (e1) were computed from these measures, using the

relationship

e1 ¼ E11 þ E22

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
E11 � E22

2

�2

þ E2
12

s
:

Cellular (n ¼ 20) and nuclear (n ¼ 40) long and short axes were

measured using a custom MATLAB program (The MathWorks) and the
software IMAGEJ (National Institutes of Health, Bethesda, MD), respec-

tively. Using the long and short axis measurements, cellular and nuclear

aspect ratios (CAR and NAR, respectively) were calculated by taking the

ratio of cell or nuclear long to short axis at each strain increment, where

long axis coincided with the direction of prevailing fibers (15–17). Cell

and nuclear strains were calculated using the equation

εcell; nucleus ¼ l� L

L
;

where l and L are deformed and un-deformed long axis lengths,

respectively.
Histology

Separate samples were fixed in buffered 10% formalin, and processed for

paraffin histology. Processed samples were sectioned and double-stained

with Alcian Blue to visualize PGs and with Picrosirius Red to visualize

collagen. Samples were also stained with DAPI to visualize nuclear

morphology and organization in fibrous and PG-rich regions.
Data analysis

All data are represented as mean 5 standard error. Linear regression was

performed between Lagrangian tissue versus local matrix strain, local

matrix versus cell strain, and cell versus nuclear strain. For tissue versus

local matrix strain, linear regression was performed on all matching raw

data points. A linear correlation and extra-sum-of-squares F-test was

performed to test for significant differences between the slopes of fitted

lines against slopes of 0 and 1, which would indicate 0 and 100% strain

transmission, respectively. A one-way analysis of variance with Bonferroni

posthoc test was performed for initial CAR and NAR data (across sample

groups) and normalized CAR and NAR data (within sample groups).

Cell and nuclear strains of meniscus samples were binned into round and

elongated NAR determined from histology (round was indicated by an

NAR% 2.15 and elongated was indicated by anNAR> 2.15; n¼ 10), which

represent PG-rich and fibrous microdomains respectively. Linear regression
Biophysical Journal 105(3) 807–817
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was performed between tissue versus cell and tissue versus nucleus for each

microdomain. Significance was set at the 95% confidence level.
RESULTS

Cellular and nuclear alignment and morphology

In situ confocal imaging of native tissues revealed that the
long axis of both the cell and the nucleus was aligned in
the direction of prevailing collagen fibers (Fig. 2, A–C,
and E–G). A high degree of cell and nucleus alignment
with nanofiber direction was also observed in MSC-seeded
scaffolds, consistent with previous results (Fig. 2, D and
H) (16). Qualitatively, overall cell and nuclear morphology
of tendon cells were more elongated than meniscus and AF
cells. In addition, nuclear morphology of MSCs appeared
rounder than nuclear morphology of the cells in native
tissues.
Strain transfer from the tissue to the local matrix

To determine how much of the applied tissue-level strain
was transferred to the local matrix (i.e., the intercellular
microenvironment at the length scale of cells), Lagrangian
tissue and local matrix strains in the direction of loading
(E11) were compared via linear correlation (Fig. 3, A and
B). Local matrix strain in all native tissues and scaffolds
were linearly correlated with their respective tissue-level
strains (p < 0.05, 0.2 < r2 < 0.4). Attenuation of the local
matrix strain relative to the applied strain was observed in
all groups (p < 0.05), defined by the slope of the correlation
line, which was <1.0 in each case (Fig. 3, A and B). How-
ever, the degree of strain attenuation varied between native
tissues and scaffolds. Specifically, local matrix strain trans-
FIGURE 2 Representative confocal images (25�) of native and engineered

(B) meniscus, (C) AF, and (D) MSC-seeded scaffold; cell nuclei of (E) tendon,
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fer was attenuated by 35–70% in all native tissues, whereas
local matrix strains were attenuated by only 15–25% in
scaffolds (Fig. 3, A and B). Comparison of the maximum
principal strains of tissue and local matrix showed a 1:1
relationship (Fig. 3, C and D), where the slopes of correla-
tion lines were not statistically different from a slope of
1.0, demonstrating that the magnitude of tissue strain was
conserved and heterogeneity was related to pronounced
E12 and E22 strain components at the local matrix level for
the native tissue samples.
Strain transfer from local matrix to cell and cell to
nucleus

To assess the next level of strain transfer, cell-level strain
was measured with respect to the local matrix strain. This
analysis showed that local matrix strain (E11) measured in
the aligned samples (tendon, meniscus, and 0� scaffold)
transferred to the cellular level in a linear fashion (p <
0.05, Fig. 4 A). The degree of attenuation in strain transfer
in tendon and 0� scaffold was less than in meniscus
(Fig. 4 A), with only 11–15% strain attenuation in tendon
and 0� scaffolds compared to 29% attenuation in meniscus
(p < 0.05). At the next level, strain transfer from cell to nu-
cleus was highly coordinated in 0� scaffolds, where <10%
strain attenuation occurred (p < 0.05, Fig. 4 B). In contrast,
only ~50% of meniscus cell strain was transferred to the
nuclei (p < 0.05, Fig. 4 B), and very little cell strain transfer
to the nucleus was observed in tendon cells (Fig. 4 B).

In tissue and scaffold samples whose primary fiber direc-
tions were angled with respect to the loading direction (i.e.,
AF and 30� scaffold), only the AF samples showed strain
transfer from the local matrix to the cells, where ~50% of
tissue cell and nuclei. Fluorescently-labeled cell membrane of (A) tendon,

(F) meniscus, (G) AF, and (H) MSC-seeded scaffold. Scale bar ¼ 25 mm.



FIGURE 3 (A) Mean local matrix versus tissue

Lagrangian strain (E11) of aligned tissue groups

and (B) angled tissue groups. (C) Mean local

matrix versus tissue maximum principal strain

(e1) of aligned tissue groups and (D) angled tissue

groups. (m) Slope; (*) p < 0.05 compared to slope

of 0; (#) p < 0.05 compared to slope of 1; (---)

slope of 1.
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the local matrix strain was transferred to the cellular level
(p < 0.05, Fig. 4 C). No correlation was observed between
local matrix and cell strain in 30� scaffolds (Fig. 4 C).
Furthermore, no correlations between cell and nuclear strain
were observed in either the AF samples or the 30� scaffolds
(Fig. 4 D).
Changes in cell and nuclear aspect ratio with
strain

Cell aspect ratio (CAR) and nuclear aspect ratio (NAR) was
calculated to establish relationships between cellular and
nuclear morphology in native and engineered tissues, and
their individual responses to applied strain. CARs of all
groups ranged from 5 to 8 in the un-deformed state, repre-
senting a highly elongated cell shape (Fig. 5 A). Change
in CAR with applied tensile strain was most sensitive in
the 0� scaffolds, where CAR significantly increased com-
pared to initial CAR, with as little as 9% applied tissue
strain (Fig. 5 B, p < 0.05). At high applied tissue strains
of 15%, all tissue groups (except for 30� scaffolds) increased
in CAR compared to their initial CAR (Fig. 5 B, p < 0.01).
In contrast, for the 30� scaffolds, CAR decreased from the
initial CAR at 15% applied strain (Fig. 5 B, p < 0.01).

The NARs in the initial un-deformed state ranged from
~3 to 4 in native tissues (Fig. 5 C). In contrast, the initial
FIGURE 4 (A) Mean cell versus local matrix

Lagrangian strain (E11) and (B) mean nuclear

versus cell strain of aligned tissue groups.

(C) Mean cell versus local matrix Lagrangian

strain (E11) and (D) mean nuclear versus cell strain

of angled tissue groups. (m) Slope; (*) p < 0.05

compared to slope of 0; (#) p < 0.05 compared

to slope of 1; (---) slope of 1.
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FIGURE 5 (A) Initial cell aspect ratio (CAR) in

tissues and on scaffolds in the un-deformed state.

(B) CAR normalized to respective initial CAR

with applied tissue-level strain. (C) Initial nuclear

aspect ratio (NAR) in tissues and on scaffolds in

the un-deformed state. (D) NAR normalized to

respective initial NAR with applied tissue-level

stain. (*) p < 0.05 compared to initial aspect ratio

within tissue group; (#) p < 0.01 compared to

initial aspect ratio within tissue group; (##) p <

0.05 compared to native tissue groups.
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NAR of MSCs seeded on scaffolds was 1.6, which was
significantly less elongated compared to nuclei in native
tissue (Fig. 5 C). With applied strain, there was a significant
change in NAR only in the 0� scaffolds (significant
with >9% applied strain; Fig. 5 D, p < 0.05). The NAR
did not change with applied strain for other groups.
Impact of microstructural inhomogeneity in
native tissues on local matrix strain heterogeneity
and the cellular microenvironment

Given the large degree of heterogeneity we observed in local
matrix strain fields (as shown by the error bars in Fig. 3, A
and B), we hypothesized that this may be related to inhomo-
geneity in the tissue microstructure. This would suggest that
these tissues are not simply the highly ordered structures
that typical schematic illustrations imply. To investigate
this, we performed histological analyses on native tissue
samples. Alcian Blue staining for PGs revealed that amor-
phous PG-rich microdomains were present in both the AF
and meniscus (Fig. 6 A). Conversely, in tendon, very few
PG microdomains were found. Moreover, staining of cell
nuclei revealed that the cells residing within the PG-rich
microdomains of the meniscus and AF were significantly
rounder (NAR % 2.15) than cells residing in fibrous regions
(NAR > 2.15), where minimal PG was present (Fig. 6 A). In
contrast, the nuclear morphology of tendon cells was homo-
geneous and uniformly elongated (Fig. 6 A).

Based on the observed structural inhomogeneity
described above, we reanalyzed the meniscus strain transfer
data from tissue to the local matrix, using the nuclear aspect
ratio as an indicator of microstructural domain. That is,
based on the coincidence of PG-rich microdomains and
rounded meniscus cells, we binned the cells into round
(meniscus NAR % 2.15) and elongated (meniscus NAR >
2.15) groups. As hypothesized, in the fibrous regions with
Biophysical Journal 105(3) 807–817
elongated cells, strain transfer from tissue to cell in the elon-
gated cell fraction was linearly correlated (57% of tissue
strain was transferred), whereas in the rounded cell fraction
in PG-rich microdomains, no correlation was observed
(Fig. 6 B). Similarly, in fibrous regions, strain transfer to
nuclei was linear (30% of tissue strain was transferred),
although no correlation was observed in PG-rich domains
(Fig. 6 C).
DISCUSSION

The objective of this study was to quantify multiscale strain
transfer from the tissue-level through to the local matrix, the
cell, and the nucleus in fibrous tissues and in MSC-seeded
scaffolds. The results suggest that different tissues utilize
distinct strain-attenuating mechanisms according to their
unique structures and cellular phenotypes. These findings
are significant in mechanobiology studies, where this infor-
mation will be able to guide application of tissue/cell-
specific physiologically relevant matrix, cell, and/or nuclear
strains to specific mechanically induced cell signaling path-
ways. It is often presumed that tissue-level strain is directly
transferred and sensed by the residing cells. This study
demonstrates that this is not the case. Moreover, strain trans-
fer is dependent on tissue and cell type. From a clinical
perspective, these results also serve as foundation for future
investigations on fibrous tissue repair and progressive
degeneration by establishing how much of the applied strain
the cells are able to sense within healthy tissues.
Strain attenuation and inhomogeneity at the local
matrix level

The mechanical environment in which fibrous tissues oper-
ate dictates the formation, maturation, remodeling, and ulti-
mately degeneration of these tissues. Central to all of these



FIGURE 6 (A) Representative histology (top

row) and DAPI-labeled nuclei (bottom row) images

of AF, meniscus, and tendon. (Blue) PG-rich and

(red) fibrous regions. (B) Mean cell versus tissue

strain of elongated and round cells in the meniscus.

(C) Mean nuclear versus tissue strain of elongated

and round cells in the meniscus. (m) Slope; (*) p <

0.05 compared to slope of 0; (#) p < 0.05

compared to slope of 1; (---) slope of 1.
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processes is the manner in which cells ensconced within this
dense fibrous extracellular matrix sense and interpret
mechanical perturbations (at the cell level) and change their
behaviors. In carrying out this study, we determined that the
strain transfer from the tissue level to the local matrix level
was linearly correlated for both fibrous tissues and aligned
polymeric nanofibrous scaffolds seeded with mesenchymal
stem cells when physiological range of strain (2–15%)
was applied. Physiological loading of musculoskeletal tis-
sues remains difficult to measure; however, reported data
note that tendon experiences 4–15% axial strain (23–26),
outer AF experiences 2–9% circumferential strain (27,28),
and outer meniscus experiences 2–6% circumferential strain
(29–31). Quite interestingly, we observed that local matrix
strain was highly attenuated and heterogeneous in native tis-
sues (Fig. 3, A and B). This finding has important implica-
tions for the cells within such fiber-reinforced tissues,
which would then be exposed to a highly variable and
shielded mechanical microenvironment during physiolog-
ical loading. Strain attenuation in native tissues may be
due to several factors, including collagen fiber sliding
(9,22,32,33), fiber uncrimping (34,35), fiber recruitment
(36,37), and the presence of structural heterogeneities
within these tissues (Fig. 6 A) (38–42), and these findings
are consistent with previous work using individual tissue
types (7–9,22). Specifically, minimal strain attenuation at
low applied strains (3–6%) may be explained by collagen
fiber uncrimping and recruitment (Fig. 3, A and B). Higher
levels of strain attenuation at high applied strains (6–15%)
may be explained by collagen fiber sliding and structural
heterogeneities (Fig. 3, A and B), where increased local
matrix shear strains were observed.

Another observation of this study was that strain hetero-
geneity and attenuation was not the same in all fibrous
tissues. In fact, we observed discordant strain transmission
at different structural length scales and in different loca-
tions, depending on tissue type. For instance, in PG-rich mi-
crodomains in both the meniscus and the AF (Fig. 6 A),
there was minimal strain transfer from the tissue to the cells.
This finding suggests that PG-rich microdomains (which
potentially lack a dense organized fiber structure) provide
a mechanical microenvironment that shields the cells from
large mechanical strains (Fig. 7) applied at the tissue level.
Indeed, fiber directionality is a key factor for mechanical
signal exchange between extracellular matrix and cells
(43). In contrast to AF and meniscus, tendon has a more uni-
form structure with highly aligned fibers, minimal PG-rich
microdomains, and few rounded cells (Fig. 6 A). Despite
this homogeneous structure, strain transfer in the tendon
was also heterogeneous, though the difference between
applied strain and transferred strain occurred at a different
level of hierarchy and likely arose from different structural
mechanisms. For example, it is possible that more prevalent
collagen fiber uncrimping, sliding, and recruitment in
tendon (22,36) contributed to attenuation and inhomogene-
ity of applied strain. Additionally, whereas aligned scaffolds
and meniscus (to some extent) showed coordinated cell-to-
nuclear strain transmission, very little cell-to-nuclear strain
Biophysical Journal 105(3) 807–817
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transmission occurred in tendon. Collectively, these findings
suggest that different tissues utilize dissimilar strain attenu-
ating mechanisms according to their unique structures and
cellular phenotypes.

In contrast to native tissues, cell-seeded scaffolds trans-
ferred nearly all applied tissue strain to the local matrix level
with minimal attenuation. This is likely due to the lack of
complexity in matrix constitution, in that the aligned PCL
nanofibers comprising the scaffold form a regular and simple
array that enables direct and uniform strain transmis-
sion in these immature scaffolds. Recently, an investigation
of microscale mechanics of rat tail tendon and tenocyte-
seeded collagen I gels also demonstrated that typical
collagen scaffolds do not mimic the highly aligned collagen
of the native rat tail tendon (33). This suggests that the hier-
archical arrangement of collagen fibrils, in addition to the
presence of other proteins, such as collagen cross-links, pro-
teoglycans, minor collagen, and elastin, may play an impor-
tant role in establishing the mechanical microenvironment
guiding strain transmission in native tissues. In our previous
work, we have shown that NAR increases as constructs
mature and cells infiltrate the fiber matrix and deposit new
collagen fibrils in the prevailing scaffold fiber direction
(44). These findings suggest that in mature constructs, the
mechanical microenvironment will become more similar to
native tissues, and perhaps begin to show strain attenuation
with increasing matrix deposition. From a tissue engineering
perspective, these findings of differential strain transfer in
native tissues and immature engineered constructs may be
used as amicroscale benchmark of native tissues and to guide
tissue-specific mechanical culture methods with the goal of
accelerating maturation toward native tissue structure and
function, and ultimately appropriate biologic response to
mechanical loading when implanted in vivo.
Local matrix-to-cell strain transfer and cellular
deformation

Although there have been numerous studies detailing how
mechanical forces alter cellular responses by activating
Biophysical Journal 105(3) 807–817
various mechanosensitive trans-membrane receptors and
by regulating nuclear structure and trans-nuclear transport
of transcription factors (6,10), very little is known regarding
strain magnitudes sensed by cells and the consequent alter-
ations in nuclear morphology in native tissues in situ. In this
study, we demonstrated that strain transfer to the cell-level
depended on the underlying fiber orientation (aligned versus
angled) and on the material (tissue versus cell-seeded scaf-
fold). In aligned samples, the cell strain was uniform and
directly correlated with the local matrix strain (Fig. 4 A)
and the CAR tended to increase with applied strain (Fig. 5
B). In contrast, in angled samples, strain transfer to the
cell level was not directly correlated with local matrix-level
strain and was even negative for the cell-seeded scaffold
(Fig. 4 C). Thus, there is a strong dependence on fiber orien-
tation for local matrix-to-cell strain transmission (15,16).
The unexpected negative cell strains for angled samples
may be explained by the incongruity between the directions
of the long axis of the cell (aligned in fiber direction), which
is at a 30� angle the loading direction. The cell may be com-
pressed as the scaffold deforms and rotates under the uniax-
ial tensile loading configuration applied in this study (16).
This observation is consistent with a recent study where
the NAR of MSCs seeded on 30� scaffolds decreased with
increasing applied tissue-level strain (16).

We also noted large differences in local matrix-to-cell
strain transfer between tissue and cell-seeded scaffolds
that were also dependent on fiber orientation. Although
strain transfer from local matrix to cells in the 30� scaffolds
resulted in negative cell strains at high strain levels, strain
transfer from local matrix to cells in the AF tissue samples
showed an attenuated, but positive, relationship (Fig. 4 C). It
is possible that the microenvironment in which the cells
reside may have an effect on their interpretation of these
off-axis loading configurations; MSCs are attached on the
surface of the PCL fibers while cells in tissue are completely
surrounded by matrix proteins. Overall, these findings
demonstrate that fiber alignment and the underlying mate-
rial affects how cells experience strain applied off-axis to
their prevailing direction. This differential strain transmis-
sion will likely result in discordant mechano-biological con-
sequences in both native and engineered tissues. Indeed, our
recent work showed that transcription of matrix molecules
with short-term applied deformations was higher for cells
on aligned scaffolds loaded in the fiber direction compared
to those loaded at 30� with respect to the fiber direction (16).
Cell-to-nucleus strain transfer and nuclear
deformation

As the length scale over which strain transfer was analyzed
in this study reached the level of the nucleus, effects of fiber
orientation and material were accentuated, and the effect of
cell type also became prominent. At this level of analysis,
strain transfer from the cell to the nucleus was highly
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correlated only for the 0� scaffold (Fig. 4 B), consistent with
previous literature (15,16); in the meniscus, which is also
highly aligned, there was only a moderately correlated but
attenuated transfer of cell strain to nuclear strain (Fig. 4
B). Interestingly, no correlation was observed in tendon,
AF, or 30� scaffold samples (Fig. 4, B and D). Of further
note, the initial NAR was significantly higher in tissue spec-
imens compared to immature MSC-seeded scaffolds (Fig. 5
C), likely due to differences in cell type (fibrous tissue cell
versus MSC) and three-dimensional fibrous microenviron-
ment (cells atop the surface of fibers compared to within a
dense aligned fibrous network).

Collectively, these results show that there may be distinct
mechanisms of cell-to-nucleus strain transfer between dif-
ferentiated and undifferentiated cells, and among different
fibroblast-like cell types. The distinct response between
MSC and fibrous tissue cells may result from differences in
nuclear stiffness and connectivity between undifferentiated
and differentiated cells (15). Previous work employing
both MSC and fibrochondrocyte-seeded aligned scaffolds
have demonstrated that the cytoskeletal networks in both
cell types are similar, but that nuclear deformation was
greater in MSCs when tensile deformation was applied
(15). Indeed, it has been demonstrated that A-type lamins
(e.g., lamins A and C), which play a critical role in providing
nuclear structure (45–47), shape (46,48,49), stability (50,51),
and therefore stiffness, are absent in undifferentiated stem
cells but develop as cells undergo differentiation (52). In
addition, it has been postulated that density and organization
of chromatin also may contribute to the mechanics of the
nucleus, and can be altered with differentiation (53).
Mechanobiological implications of PG-rich
microdomains in fibrous tissues

One important finding noted above was the heterogeneity of
local matrix level strains across the tissue with tensile strain
applied at the bulk level. Histological analysis suggested
that different domains exist within these fibrous tissues,
with most of the tissue being fibrous and characterized by
an aligned collagen structure and sparse but elongated cells,
and other regions being PG-rich, and characterized by a
dense accumulation of PGs and rounder cells at a higher
density. These observations are consistent with very recent
reports in the literature on tendon in pathologic states, where
PG-rich microdomains were primarily characterized by
aggrecan (41,42,54,55). In our study, using tissue from juve-
nile animals, the size and number of these PG-rich microdo-
mains was greater in AF and meniscus tissue samples than
in tendon tissue. It is widely accepted that collagen resists
tension and proteoglycan resists compression (56–60);
however, the greater presence of microdomains in PG-rich
fiber-aligned tissues such as meniscus and AF suggests
that the role of PG is more complex at the microscale
level in these tissues. Moreover, it is unknown whether
the cells in different microdomains (e.g., PG-rich versus
fibrous microdomains) are subjected to different mechanical
microenvironments.

To establish whether these microdomains influence strain
transfer locally, we separated the cell strains based on
meniscus cell aspect ratio, where the rounded cells were
typically located in PG-rich microdomains and the elon-
gated cells were typically located in fibrous microdomains
(Fig. 6 A). Interestingly, round cells within PG-rich micro-
domains did not deform with applied tissue strain, while
elongated cells in fibrous microdomain and their nuclei
deformed linearly with increasing tissue strain (Fig. 6, B
and C). This suggests that the cells within PG-rich microdo-
mains are shielded from tensile strain (Fig. 7). Such dimin-
ished strain transfer would likely decrease mechanosensing
by these cells, and suggests more generally that cellular re-
sponse to mechanical stimulation will occur in a domain-
dependent manner.

Accumulation of PG-rich microdomains within fibrous
regions is commonly observed in injured or degenerated
menisci and tendons (38,41,42,54,55). This study estab-
lished how the applied strain is transferred to the cells within
healthy tissues. It remains to be determined whether strain is
differentially sensed within damaged tissue, but this is likely
the case. It is well known that tissue material properties
change with injury and degeneration and that this degrada-
tion is cell-mediated. Future investigations on the effects
of altered microscale strains on disease onset and on feed-
back for disease progression will be critical for advancing
the treatment of musculoskeletal disorders.
CONCLUSION

This study investigated multiscale strain transfer behavior
and highlighted factors that are involved in governing the
strain transfer at different scale levels. Strain transfer from
tissue to local matrix level is highly attenuated and hetero-
geneous in native tissues compared to freshly seeded scaf-
folds, where direct and uniform strain transfer was
observed. It was also determined that meniscus and AF
develop PG-rich microdomains that contribute to increased
strain transfer heterogeneity, and potentially subject cells
within PG-rich microdomains to a different mechanical
microenvironment than those in other regions of the tissue.
Strain transfer from local matrix to cells depended on the
underlying fiber orientation (aligned versus angled) and on
the material (tissue versus cell-seeded scaffold). At the
subcellular level, these effects were accentuated and the
effect of cell type also regulated the final step of strain trans-
fer from the cell level to the nuclear level. To the best of our
knowledge, the results demonstrate for the first time that
strain transfer from tissue to matrix, cell, and nuclei is tis-
sue-specific and microstructure (i.e., fiber orientation and
tissue microdomain)-dependent. In conclusion, these find-
ings shed what we believe to be important new information
Biophysical Journal 105(3) 807–817
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on the manner in which strain transfer occurs in dense con-
nective tissues as well as tissue-engineered mimics of these
native tissues, and will be essential for interpreting the
biologic response of such tissues and constructs to their
mechanical loading environment.
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