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Mechanical signal is important for regulating cellular activities, including proliferation, metabolism, matrix
production, and orientation. Bioreactors with loading functions can be used to precondition cells in three-
dimensional (3D) constructs so as to study the cellular responses to mechanical stimulation. However, full-scale
bioreactor is not always an affordable option considering the high cost of equipments and the liter-sized medium
with serum and growth factor supplements. In this study, a custom-built loading system was developed by
coupling a conventional camera-equipped inverted research microscope with two micromanipulators. The system
was programmed to deliver either cyclic compressive loading with different frequencies or static compressive
loading for 1 week to investigate the cellular responses of human mesenchymal stem cells (hMSCs) entrapped in a
3D construct consists of reconstituted collagen fibers. Cellular properties, including their alignment, cytoskeleton,
and cell metabolism, and properties of matrix molecules, such as collagen fiber alignment and glycosaminoglycan
deposition, were evaluated. Using a MatLab-based image analysis program, reorientation of the entrapped cells
from a random distribution to a preferred alignment along the loading direction in constructs with both static and
cyclic compression has been demonstrated, but no such alignment was found in the free-floating controls.
Fluorescent staining on filamentous actin cytoskeleton also confirmed the finding. Nevertheless, the collagen fiber
meshwork entrapping the hMSCs remained randomly distributed, and no change in cellular metabolism and
glycosaminoglycans production was noted. The current study provides a simple and affordable option toward
setting up a mechanoregulation facility based on existing laboratory equipments and sheds new insights on the
effect of mechanical loading on the alignment of hMSCs in 3D collagen constructs.

Introduction

The importance of mechanical stimulation as regulators
of cellular activities and tissue function is well known for

more than a decade through the promoting effects of loading
and the deleterious effects of immobilization on healing of
tissue injuries.1 The potential impact of mechanical stimula-
tion on stem cells or progenitor cells such as the limb bud
cells2,3 and bone marrow–derived mesenchymal stem cells
(MSCs)4 has also received increasing attention recently. Most,
if not all, previous mechanoregulation studies applied me-
chanical stimulation such as cyclic stretching4 and shear
stress5 to cells in monolayers. However, it is known that in
native tissues, cells are surrounded by three-dimensional (3D)
extracellular matrix, and sense mechanical signals through
cell–matrix interactions.6 Hence, recent mechanoregulation

studies started to utilize 3D tissue-engineered constructs.
Natural materials such as type I collagen,7–10 agarose,3,11–17

alginate,18–21 and fibrin gel22 are widely used as biomaterials
in fabricating 3D tissue constructs.

Development of bioreactors with complicated mechanical
loading functions facilitates functional tissue engineering by
preconditioning the cells in 3D tissue constructs with ap-
propriate growth-stimulating mechanical signals simulating
that in the native tissues.23 These bioreactors can certainly be
used for mechanoregulation studies to investigate the re-
sponses of cells to mechanical stimulation and the underly-
ing mechanisms. However, these technologies are not always
affordable and cost effective because of the high cost on the
equipment and the consumption of liter-sized culture me-
dium with growth factor and serum supplements. It is
therefore a first objective of this study to compile a simple,
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affordable, and high-throughput mechanoregulation facility
by coupling a conventional inverted microscope with two
controllable micromanipulators.

MSCs are excellent cell sources for tissue engineering be-
cause of their relatively safe and easy accessibility from the
donor, genetic stability, and the ability of self-renewal and
differentiating into multiple lineages of cells.24,25 They also
have the unique immunologically privileged status that can
ignore the human leukocyte antigen histocompatibility bar-
rier25,26 and are more socially and ethically acceptable than
stem cells from embryonic sources. The biological factors in-
ducing differentiation of MSCs into multiple lineages such as
osteogenic,24,27 chondrogenic,24,28,29 and adipogenic24,30 are
well defined. Nevertheless, how does mechanical loading
regulate MSC activities is not fully understood, although cy-
clic tensile strain or stretching31–36 and fluid shear stress37,38

have been demonstrated to enhance osteogenic differentia-
tion, while cyclic compressive loading,11,15,17–19,21,39–41 low
intensity ultrasound,42,43 and cyclic hydrostatic pressure44,45

have been reported to enhance chondrogenic differentiation.
In our lab, a collagen-based microencapsulation tech-

nique has been developed recently to fabricate cell–collagen
construct with even and random distribution of cells. This
encapsulation technique overcomes the time-consuming, in-
efficient cell seeding procedure in traditional approach of
using prefabricated porous scaffolds. The collagen gel ma-
trix consists of randomly distributed collagen nanofibers
with characteristic D-bands.46 This matrix has been shown to
provide excellent matrix microenvironment to support
growth of many cells, including human MSCs (hMSCs),46 fi-
broblasts (data not shown), chondrocytes,47 HEK293 cells,48,49

and embryonic stem cells.50 Moreover, the fibrous meshwork
also provides an excellent matrix template or scaffold for cells
such as chondrocytes47 and differentiating stem cells51 to re-
model and then deposit their specific extracellular matrix. The
cell-encapsulated collagen construct represents an excellent
3D experimental model for mechanoregulation studies. It is
therefore the second objective of the current study to use this
3D model to investigate the effects of compression loading on
hMSC activities, including cell orientation, metabolism, and
extracellular matrix production. The underlying hypothesis is
that mechanical loading delivered to hMSCs may affect these
activities. To testify this hypothesis, 3D collagen–hMSC con-
structs were fabricated and exposed to daily static or cyclic
compression loading, at different frequencies, in the me-
chanoregulation setup compiled in the current study for 1
week. The constructs were then evaluated for activities such
as cell alignment, metabolism, and extracellular matrix pro-
duction.

Materials and Methods

Compression loading system

A pair of micromanipulators (MP-285; Sutter Instrument,
Novato, CA) was coupled to an inverted research microscope
(DMIRB; Leica Microsystems, Wetzlar, Germany) equipped
with heat-generating plate (Leica Microsystem). The micro-
manipulators were used to provide programmed cyclic
movement with resolution up to 40 nm. A pair of compression
platens was modified from metal spatulas and affixed to the
micromanipulators via cylindrical holders. Two-compartment
Petri dish with 100 mm diameter (BD Biosciences, San Jose,

CA) was used as the sample holder and was affixed to the heat
plate, which was adjusted to 378C during compression load-
ing. A digital camera (CoolSNAP ES; Roper Scientific, Göt-
tingen, Lower Saxony, Germany) coupled to the microscope
was used to record the movement of the compression platens
and the deformation of the samples during compression at a
rate of 200 frames per minute (Fig. 1). A maximum of two
loading conditions can be tested at the same time when the
two micromanipulators were programmed separately to de-
liver different loading conditions. A maximum of four samples
per loading condition can be loaded at the same time. Disc-
shaped samples subjected to the same loading condition were
placed between the partition walls of the two-compartment
Petri dish. The long axis of the disc-shaped samples was par-
allel to the partition wall of the Petri dish, while the short axis
was along the compression loading axis. The Petri dish was
filled with 7 mL culture medium, which was covered by a thin
layer of silicon oil to prevent contamination. The microma-
nipulators were programmed to deliver cyclic movement so
that the compression platens moved toward and away from
the wall of two-compartment Petri dish to compress the con-
structs (Fig. 1B).

Culture of hMSCs

hMSCs from human bone marrow were kindly provided
by Dr. G.C.F. Chan from Department of Paediatrics & Ado-
lescent Medicine of the same institution. All procedures were
approved by the Combined Clinical Ethical Committee of the
University of Hong Kong and Hong Kong West Cluster
Hospitals of Hospital Authority. hMSCs were isolated and
cultured as previously reported.52 In brief, hMSCs were cul-
tured in Dulbecco’s modified Eagle’s medium–low glucose
(Gibco, Grand Island, NY) supplemented with 10% fetal bo-
vine serum (Gibco), 100 U=mL penicillin (Gibco), 100mg=mL
streptomycin (Gibco), and 2 mM L-glutamine (Gibco), and
incubated in a humidified condition with 5% CO2 at 378C.
Culture medium was changed every 3 days. Cells at 80–90%
confluence were trypsinized using 0.05% trypsin-ethylene-
diaminetetraacetic acid (Gibco) and subcultured by replating
the cells at a density of 2�105 cells per 75 cm2 flask. Cells at
passage 6 were used for subsequent construct preparation.
The immunophenotype, self-renewal capacity, and multiple
differentiating potential of the isolated and cultured hMSCs
were verified in our previous study.46

Preparation of disc-shaped collagen–hMSC constructs

A custom-made cylindrical container with nonadhesive
surface was used to cast the constructs. Rat-tail collagen type
I solution (BD Biosciences, San Jose, CA) was neutralized
with sodium hydroxide (Sigma-Aldrich, St. Louis, MO) be-
fore mixing with single-cell suspension of hMSC in culture
medium. The cell collagen mixture was diluted by culture
medium to a final cell density of 1�106 cells=mL and a final
collagen concentration of 2 mg=mL. The mixture was kept in
an ice-bath throughout the preparation to prevent collagen
gelation. An aliquot of 100mL of the cell–collagen mixture
solution was pipetted into the container and incubated at
378C for 1 hour for gelation. The cell-entrapped collagen gel
was detached from the container and transferred to a 24-well
plate (Iwaki, Tokyo, Japan) with its bottom covered by a
parafilm to prevent migration of hMSCs from the construct
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to the culture well. The construct was then cultured and al-
lowed to contract for 4 days before compression.

Loading regime

The height of the disc-shaped construct before compres-
sion (h, the undeformed height) was measured under the
microscope. In the static compression control (loaded at
0 Hz), the construct was subjected to a static compression to
0.9h deformed height. In the cyclic compression group, the
construct was first subjected to a static compression to 0.9h
deformed height and then further deformed in a cyclic
manner such that its deformed height varied between 0.8h
and 0.9h at 1, 0.5, and 0.1 Hz. Micromanipulators were pro-

grammed with appropriate traveling distance and frequency.
The loading regime was looped until it was interrupted by
the user. The constructs were loaded 1 hour per day for
7 consecutive days with daily medium change. All samples
were cultured in 24-well plate at 378C in 5% CO2 incubator.

Histological evaluations

The constructs were fixed in 4% paraformaldehyde for
overnight at 48C and embedded for preparation of 10-mm-
thick paraffin sections at the cross sections of the disc-shaped
constructs. Turning of samples was prevented by carefully
sectioning and mounting the sections with the same direc-
tion. Even though the sections were accidentally turned

FIG. 1. Schematic diagram showing the loading device. (A) Coupling of the micromanipulators and control boxes with
inverted microscope. (B) Sample chamber. Color images available online at www.liebertonline.com=ten.
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upside down, the loading direction was easily identified by
differentiating the short and the long axes. Moreover, the
outcome measure is how far the cell alignment is deviating
from the vertical compression loading axis (908) from either
left or right (�N8 away from 908); as a result, even though
the sections were accidentally turned from left to right dur-
ing mounting, the deviation would change from þve to �ve
sign. This would not affect the results at all as the signs
would be ignored during the subsequent data analysis for
peak angle. Hematoxylin and eosin staining was performed
to reveal the morphology of the entrapped cells in collagen
constructs, while hematoxylin staining was used for subse-
quent image analysis for cell alignment.

Fast Fourier image analysis

Images of the sectioned samples were captured by an in-
verted microscope (Eclipse TE2000-U; Nikon, Tokyo, Japan)
and rotated such that the short axis of the samples was
parallel to the compression loading axis. The edge effect of
the stained sections was removed by cropping the central
650�650 square-pixel-sized region of the images, which
covered 32–52% of total pixel area of the sample for all
constructs. Fast Fourier Transform (FFT) was previously
employed as a method to quantify the alignment of collagen
fiber53 and cells.54 An ad hoc Matlab program based on the
algorithm of FFT technique was developed to quantify the
alignment of cells in the edited images. In brief, the colored
image was converted into grayscale where the information
was treated as a matrix array by the program. Welch win-
dowing was applied to remove the edge effect. FFT was
carried out to transform the matrix into spatial frequency.
Summation of the frequency components of each degree
ranging from 08 to 1798, respectively, would give a power
spectrum showing the intensity of the signals versus angle in
degrees. The power spectrum was then analyzed for pre-
ferred cell alignment by measuring the peak angle, which
was the angle with maximum intensity and the presence of
dominant peak, which statistically compared the intensity
signal above and below the median in the power spectrum.
Since the intensity of the power spectrum was affected by
factors like the intensity of staining, it could not be directly
used to represent the number of cells in any particular angle,
yet it could tell the angle at which most cells aligned.

Scanning electron microscopy

The constructs were fixed with 2% glutaraldehyde (Sigma-
Aldrich) for 3 hours at room temperature and dehydrated by
a gradient of ethanol from 50% to 100%, followed by critical
point drying in a critical point dryer (Bal-Tec, Balzers,
Switzerland, CPD 030). The dried constructs were fractured
to expose its cross sections. The constructs were mounted to
the metal stub with carbon cement to expose the cross sec-
tions, followed by gold–palladium coating by sputter coater
(Bal-Tec SCD 005). Images were taken by a field emission
scanning electron microscope (Leo 1530, Carl Zeiss SMT,
Peabody, MA).

Phalloidin staining for cytoskeleton

F-actin filament of hMSCs was stained with rhodamine
phalloidin (Invitrogen, Carlsbad, CA) for fluorescent mi-

croscopy examination. Briefly, the constructs were fixed with
2% paraformaldehyde, and then they were preincubated
with 1% bovine serum albumin (Sigma-Aldrich) to reduce
nonspecific background staining. They were stained with
165 nM rhodamine phalloidin for overnight at 48C. Images of
the sectioned samples were obtained by fluorescent micro-
scopy.

Glycosaminoglycan quantification

Glycosaminoglycan (GAG) was quantified by dimethyl-
methylene blue (DMMB) assay.55 Briefly, the constructs were
digested by papain solution for 6 hours. About 1,9-DMMB
(Sigma-Aldrich) solution was added to the digested samples
with regular agitation. GAG-DMMB complex formed was
dissociated with a dissociation reagent consisted of guanidine
hydrochloride (International Laboratory, San Bruno, CA),
sodium acetate trihydrate (Sigma-Aldrich), and isopropanol
(BDH, Dorset, United Kingdom). The resulting solution was
transferred to a 96-well plate and absorbance for optical
density measurement at 656 nm using a microplate reader
(Safire 2).

Cell metabolism quantification

The metabolic activity of cells entrapped in the collagen
construct was assessed by MTT assay (thiazolyl blue tetra-
zolium bromide) (Sigma-Aldrich) assay.56–58 Briefly, the con-
structs were incubated in 5 mg=mL MTT solution for 4 hours
in a humidified condition and 5% CO2 at 378C. About 0.04 N
acidic isopropanol was used to dissolve and extract the in-
soluble formazan. The resulting solutions were transferred to
a 96-well plate, and absorbance at 540 nm was measured
using a microplate reader (Safire 2).

Statistical analysis

Dominance of the peaks of the power spectrums was an-
alyzed by comparing the intensities above and below the
sample median using nonparametric Wilcoxon Signed Rank
Test. Differences in the amounts of GAG and relative inten-
sities of MTT assay in different treatment groups (1, 0.5, and
0.1 Hz cyclically loaded groups, statically preloaded group,
and the free-floating control group) were analyzed using
nonparametric Kruskal–Wallis test. Statistical tests were
performed using (SPSS 16.0, Chicago, IL)T and a significance
level was set at 0.05.

Results

A maximum throughput of eight samples
can be loaded simultaneously

Disc-shaped hMSC–collagen constructs of approximately
1.9� 0.1 mm in diameter and 1.2� 0.1 mm in height were
fabricated. A maximum throughput of eight samples can be
loaded at the same time (Fig. 2) when both micromanipula-
tors were programmed for the same loading condition.

Morphology and distribution of cells
in the collagen constructs

As shown in Figure 3, hMSCs randomly distributed within
the constructs although small amount of cells aggregated at
the peripheral region in some constructs. After removing the
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FIG. 2. Phase contrast mi-
croscopy showing the sample
chamber and the samples
during compression.

FIG. 3. Hematoxylin and eosin staining showing the cross sections of the constructs. (A–E) Images of the constructs before
removing the edge effects (scale bar¼ 100mm). (F–J) Magnified images of the constructs after removing the edge effects (scale
bar¼ 100 mm). Cyclic loading at (A, F) 1 Hz, (B, G) 0.5 Hz, and (C, H) 0.1 Hz; (D, I) static loading; (E, J) free-floating control.
Color images available online at www.liebertonline.com=ten.
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edge effect (Fig. 3A–E), both the cyclically loaded (Fig. 3F–H)
and the statically loaded (Fig. 3I) groups showed preferred
cell alignment parallel to the direction of the compressive
loading (Y-axis of Fig. 3F–I). No difference in cell alignment
was observed among different loading frequencies. However,
the free-floating control showed no observable alignment of
cells in any preferred direction (Fig. 3J). Moreover, elongation
of the cell body and extension of cell processes (Fig. 3F–I) were
observed in all loaded groups, while round cells were found
in the free-floating group (Fig. 3J).

Quantitative analysis of cell alignment

Images were first undergone FFT (Fig. 4) to generate power
spectra (Fig. 5), which were then analyzed for both the peak
angle and the presence of dominant peaks (Fig. 6). Specifically,
Figure 4A showa a representative hematoxylin-stained image,
which was converted into grayscale (Fig. 4B) before filtering
by Welch Window to remove the edge effect (Fig. 4C). Figure
4D showed the frequency domain after FFT and the output of
the program was in the form of a power spectrum of intensity
against angle (Fig. 5). In Figure 5, the angle 908 represented
the direction of compressive loading, while the angle 08 re-
presented the horizontal axis of the image perpendicular to
the compression loading axis. Peak angle was defined as the
angle at which the intensity was maximum, and theoretically,
the angle at which most cells aligned. Peak angle ranged from
08 to 908 rather than 08 to 1808was counted because the section
might be vertically or horizontally inverted during sample
preparation. Deviation of the peak angle from 908, which is the
direction of the compressive loading showed the direction of
the cell alignment, if any. The upper panel of Figure 6 shows

the dot plot of the peak angles measured from the power
spectra versus their respective net change in intensity. Most if
not all cyclically loaded samples clustered between 808 and
908, while for the statically loaded samples, the peak angles
deviated within a narrow range of 208 from the compression
loading axis at 908. However, for samples in the free-floating
control group, peak angles were found to range from 48 to 728
without obvious clusters, suggesting randomness or arbi-
trariness. The lower panel of Figure 6 tabulates the peak
angles of the power spectra from different groups and con-
firms that the mean angles (�standard deviations) at which
most cells in the cyclically loaded groups aligned were 85� 48,
87� 28, and 81� 68 for 1, 0.5, and 0.1 Hz, respectively, while
those in the statically loaded group was 75� 58. However, the
mean peak angle for the free-floating control group was
36� 248. The dot plot also showed higher relative intensities in
the cyclic compression groups comparing with that of the free-
floating control group, implying the dominance of peaks. The
lower panel of Figure 6 also showa the statistical analysis re-
sults on the presence of dominant peak in different groups. In
the compression loaded groups, the majority of samples
showed significant results in the presence of dominant peaks
(*p< 0.05) but in the free-floating control group, more than
half of the peaks were not dominant.

Fluorescent staining for cytoskeleton
confirmed the alignment

Cytoskeleton F-actin filament has been used as an intra-
cellular fluorescent staining for MSCs in collagen constructs.
The fluorescent signals also showed elongated morphology
of the cells and obvious alignment along the compression

FIG. 4. Fast Fourier Transform (FFT)
image analysis for cell alignment. (A)
Hematoxylin-stained image. (B) Grayscale
image. (C) Welch windowed image. (D)
Frequency domain of the image after FFT.
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FIG. 5. Representative power spectra of FFT-processed images. (A) 1 Hz, (B) 0.5 Hz, (C) 0.1 Hz, (D) static, and (E) free-
floating. Color images available online at www.liebertonline.com=ten.
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loading axis, which was predetermined under the phase
contrast image of the same section, in all compression loaded
groups (Fig. 7A–D), while the free-floating control group
showed no elongated morphology and alignment of cells
(Fig. 7E).

Randomly distributed collagen fiber meshwork

The ultrafine microstructures of the collagen constructs
entrapping the hMSCs showed meshwork of nano-sized
collagen fibers (Fig. 8). In all cyclic compression loaded

FIG. 6. Analysis for peak angles at
which most cells aligned in different
groups. Upper panel: Dot plot showing
the normalized peak intensities (net
difference between maximum intensities
and medians) against peak angles.
Lower panel: Tabulated peak angles
and their means and standard devia-
tions in different treatment groups
(n¼ 6–9). Color images available online
at www.liebertonline.com=ten.

FIG. 7. Confocal laser scanning microscopy showing rhodamine phalloidin staining for F-actin filaments in constructs. (A)
1 Hz, (B) 0.5 Hz, (C) 0.1 Hz, (D) static loading, and (E) free-floating control. Scale bar¼ 100 mm. Color images available online
at www.liebertonline.com=ten.
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groups (Fig. 8A–C), the static compression loaded group
(Fig. 8D), and the free-floating control group (Fig. 8E), col-
lagen fibers were found randomly distributed throughout
the samples without any preferred alignment.

Unaltered cellular metabolism

From the result of MTT assay (Fig. 9), the metabolism of
cells was not altered by mechanical compressive loading. All
groups showed similar level of cellular metabolism without
significant difference ( p> 0.05). The optical density values
were normalized with the free-floating control.

Unaltered GAG production

Figure 10 shows that the amount of GAG content in dif-
ferent treatment groups was similar, and nonparametric
Kruskal–Wallis test shows that no statistically significant
difference was found among different groups ( p> 0.05).

Discussion

A micromanipulator-based mechanical loading system
capable of delivering cyclic compressive loading to multiple
samples simultaneously was developed. We demonstrated
that hMSCs entrapped in a collagen fiber meshwork re-
sponded to compressive loading by reorienting themselves
to a preferred alignment along the axis of compressive
loading. This study provides a simple and affordable option
for cellular mechanoregulation studies and can be used in
screening and optimizing parameters during scaffold and
loading regime design.

Favorable features and limitations
of the current mechanoregulation setup

With this micromanipulator-based loading system, smal-
ler constructs can be used, requiring less scaffold materials
and cells for mechanoregulation studies. As a result, only
several milliliters of culture medium was sufficient for

FIG. 8. Scanning electron microscopy images showing the random orientation of collagen fibrils in contents of different
treatment groups. (A) 1 Hz, (B) 0.5 Hz, (C) 0.1 Hz, (D) static loading, and (E) free-floating control.

FIG. 9. Bar chart showing the normal-
ized absorbance at optical density 540 of
the MTT assay in different treatment
groups (n¼ 4).
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mechanical loading of as many as eight samples in contrast
to 100 mL or liter-sized culture medium for a single sample
in full size bioreactors, making the setup a very affordable
and efficient system for mechanoregulation studies. More-
over, the loading process and hence the construct deforma-
tion can be viewed in real time. This feature also enables
investigation of real-time cellular response to mechanical
loading if a confocal laser scanning microscope is coupled
with the setup. Further, this system can be easily modified to
provide other modes of mechanical loading such as tensile
loading (data not shown) and to perform other functions
such as measuring the elastic modulus of single cells and
soft hydrogel constructs.59 However, this system does have
several limitations. First, it is currently a displacement-
controlled system and cannot provide the force-control op-
tion without modifications. Second, loading frequency
higher than 2 Hz cannot be achieved due to the limitation of
the micromanipulators used in this system. Finally, the wave-
forms of loading are not exactly the same for different loading
frequencies due to the limitation of the micromanipulators.

Significance of cell alignment in tissue engineering
and differential response of cell alignment
in two-dimensional and 3D culture models

Cell alignment is important for the proper functioning of
native tissues such as ligament,60,61 tendon,62,63 and mus-
cle.64,65 The mechanical property of tendon and ligament is
associated with the collagen matrix organization, which is
closely related to the alignment of cells63,66 and is mediated
through cytoskeleton such as actin filaments.62 The proper
transduction of electrical signals of heart muscle has been
facilitated by the alignment of cardiomyocytes, which gives
the anisotropic structure of the heart tissue.65,67 Moreover, the
significance of cell alignment has also been demonstrated in
engineered tissues with better functional properties. In par-
ticular, cell alignment comparable to that in the normal ten-
don has been shown related to the improved mechanical
properties of repaired patellar tendon using MSC-seeded
collagen matrix.68,69 As a result, incorporating cell alignment
into the construct design is important to assure better func-
tional properties of the engineered tissues. A number of
physical factors, including electrical stimulus,70–74 mechanical
loading such as tensile stretching and interstitial fluid
flow,7,54,70–72,74–80 and surface topology such as micro-

grooves66,81–91 and electrospun fibers,92,93 were found to in-
duce cell alignment. In most previous studies on the effect of
mechanical loading on cell alignment, two-dimensional (2D)
deformable culture substrates such as a fibronectin-coated
silicon membrane have been used. In these studies, cells such
as fibroblasts73,74 and endothelial cells71 have been shown to
orient themselves away from or perpendicular to the tensional
loading axis. This has been described as the ‘‘avoidance re-
sponse to stretch.’’73 However, the cellular responses to
loading become very different when the cells are embedded in
a hydrogel material, therefore giving a 3D tissue-like con-
struct. Specifically, when the cell-embedded 3D structures are
mechanically stretched, cells align along the axis of stretching
no matter whether they are fibroblasts70,94 or bone marrow
MSCs.95 This big difference in cellular alignment may be due
to the differential pattern of cell–matrix interaction in 2D and
3D experimental models. For example, cells in 3D matrix ex-
press a different pattern of cell–matrix interacting molecules
such as integrin comparing with that in 2D configuration.6

Moreover, the presence of matrix may serve as an important
function to transfer load to other parts of the matrix as well as
to cells and hence the mechanical compliance or stiffness of
the matrix may also contribute to the load transfer to cells in
3D constructs. In fact, the intrinsic mechanical properties of
matrix did affect cellular activities.96,97 Further, cells cultured
on 2D substrates have more freedom to migrate and move
particularly when they are in subconfluence,71,73,74 but cells
embedded in 3D extracellular matrix have more constraints to
movement. All in all, cells in 3D matrix interact with the
matrix, sense the force applied, and migrate in a different
manner comparing with that on 2D substrates and therefore
may result differently in cell alignment. In this study, we are
the first to demonstrate that compressive loading, both static
and cyclic, induced the alignment of hMSCs in a direction
parallel to the axis of loading in a 3D collagen matrix.
Although the exact mechanism of the cellular response to
loading has not be fully delineated, this has been suggested as
a phenomenon where cells under mechanical loading tend to
orient themselves in a way that the strain applied to them was
reduced to the minimum level.70 The same explanation may
also be applicable in the current study as the strain applied to
hMSCs in a collagen gel under compressive loading would
also be minimal if the cells are in alignment with the axis of
loading (Supplemental Fig. S1, available online at www
.liebertonline.com). Further investigations are warranted to

FIG. 10. Bar chart showing the amount
of glycosaminoglycan (GAG) content in
constructs of different treatment groups
(n¼ 5 to 6).
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find out the significance of such alignment response in hMSCs
and whether the same alignment response is found in other
cell types.

Effects of compressive loading on MSC differentiation

Previous studies reported the effects of compressive
loading on chondrogenic differentiation of MSCs with and
without supplementation of transforming growth factor-
beta,11,15,17–19,39–41 which is a well-known biological factor
inducing chondrogenic differentiation. Among some of these
studies, cyclic compression without transforming growth
factor-beta stimulated the production of GAGs, an extracel-
lular matrix marker for chondrogenic differentiation, com-
paring with the unloaded controls.11,15,19 In the current study,
no significant increase in GAGs has been noted in the loaded
groups. In-house data on other intra- and extracellular
markers for chondrogenic differentiation including sox-9 and
type II collagen (Supplemental Figs. S2 and S3, respectively)
also confirmed the results. Given a number of comparable
parameters such as unconfined compression with same fre-
quency of loading (1 Hz) and similar magnitude of loading
(10–15%), the discrepancy in results on chondrogenic differ-
entiation may be due to other differences in culture conditions
and loading protocols between the current and the previous
studies (Table 1). First, the 3D matrix used to embed the
rabbits MSCs in these studies was 4% agarose. Agarose is
normally not interactive with cells, but the matrix system used
in the current study is collagen, which usually interacts spe-
cifically with hMSCs via cell–matrix molecules such as in-
tegrin.98 Second, the species from which the MSCs were
isolated was different. Specifically, rabbit MSCs have been
used in previous studies,11,15,19 while hMSCs were used in this
study. Third, the duration of loading varied among different
studies. For instance, in some studies,11,15 cyclic compression
of 4 hours per day for 3, 7, and 14 consecutive days was
applied, while in other, 10 min of loading was applied twice a
day for 3, 5, and 7 consecutive days.19 In this study, com-
pression of 1 hour per day for 7 consecutive days was used.
This suggests that factors in relation to cell, matrix, and
loading regime are all important factors affecting the effects of
mechanical loading on MSC differentiation.

Future directions

It is important to investigate the status of differentiation of
the compressively loaded hMSCs in detail although the col-
lective evidence so far suggested that hMSCs are unlikely to
differentiate toward chondrogenic (Fig. 10 and Supplemental
Figs. 2 and 3) and osteogenic (Supplemental Fig. 4) lineages.
Expression of differentiation markers in gene level using real-
time polymerase chain reaction can be used to study the early

onset of differentiation. Moreover, it is also important to in-
vestigate the multiple differentiating potential of the aligned
hMSCs after compressive loading by supplementing well-
known chemical induction medium to the constructs99–101 so
as to explore the significance of cell alignment in modulating
the functional properties of tissue constructs. In addition,
transmission of external forces to cells embedded in a matrix is
dependent on the matrix stiffness.102 The assembly of cyto-
skeleton of cells with fibronectin on cell surface was also as-
sociated with the stiffness of the matrix. In particular, bundles
of actin microfilaments and fibronectin were well defined in
cells embedded in collagen gel anchored to the rigid sub-
stratum of a culture dish, while no bundles of actin microfil-
aments and fibronectin could be found in free-floating
collagen gel,103 similar to what has been observed in the
current study. As a result, how the embedded cells perceive
the stiffness of their matrix microenvironment does affect
their interaction with the extracellular matrix and hence the
forces they experience via these cell–matrix interactions. It is
therefore of our interest to study the effects of matrix stiffness
on the cellular responses to mechanical loading so as to fur-
ther understand the matrix-mediated force transmission in
cells embedded in 3D constructs.

Conclusion

A simple, affordable, and high-throughput mechanical
loading system based on modifications of existing laboratory
setup has been developed to deliver controlled compressive
loading to 3D tissue-engineered constructs. hMSCs embed-
ded in collagen gel consisting of fibrous meshwork have been
demonstrated to respond to both static and cyclic compres-
sion by reorienting themselves in an alignment parallel to the
direction of loading in contrast to the absence of such align-
ment in unloaded controls. Nevertheless, the collagen fiber
meshwork entrapping the hMSCs remained randomly dis-
tributed as it was and no sign of enhanced cellular metabolism
and increased GAG production was noted, suggesting that
hMSCs do not actively remodel the matrix meshwork upon
compressive loading alone. This study presents an experi-
mental model for mechanoregulation studies and can be used
in screening and optimizing parameters during scaffold and
loading regime design.
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