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Abstract—The effects of residual intra-substrate stress dis-
tribution on cell behavior have not been systematically
investigated. Thus, the objective of this research was to
analyze the relationship between cell distribution and inter-
nal stress patterns. A photoelastic method was used for
residual stresses identification. Poly-L-lactide (PLLA) discs
were prepared using an injection molding technique. MG-63
and NIH-3T3 cells were cultured on the surface of the PLLA
disc. The cell distributions for high and low-stress regions
were measured and compared. There were significantly more
cells in the low-stress regions relative to high-stress analogs
(p < 0.05). Further, linear relationships were demonstrated
for both MG-63 and NIH-3T3 models with high correlation
coefficients of 0.80 and 0.95, respectively. These results
suggest that the distribution of residual stress in substrates
affect cell behavior. These findings may provide greater
insight into the interaction between cells and substrates, and
may serve as a useful reference in future clinical study.

Keywords—Residual stress, Poly-L-lactide, Mechanical sens-
ing, Osteoblast.

INTRODUCTION

Tissue engineering is a remodeling technique utiliz-
ing artificial scaffolding. Its success greatly depends on
the interactions between the cells and the chemical and
physical environments of the entraining biomaterials.
The physical effects at the cell-environment interface
can now be understood using mechanobiology, which
offers a theoretical basis for mechanical force-influ-
enced bone remodeling.””!

Many studies have demonstrated that cells not only
respond to mechanical forces but also react to the sur-
face properties of scaffolds. For example, substrate
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rigidity reportedly plays a crucial role in cellular
attachment,’ migration,'* morpholog,*’ proliferation,*®
and cytoskeleton expression.>'? In addition, the crys-
tallinity, roughness and porosity of polymeric substrates
affect the behavior of various cell types.'!+!19:27:32.36

Residual stress is the stress that persists after man-
ufacture despite the subsequent absence of the initial
loading. It is an important physical property of bio-
materials, influencing their mechanical performance in
the human body. As residual stress also exist in human
arteries, heart muscle, skin, and bone,*>*?>% it should
be considered when analyzing the mechanical perfor-
mance of such tissues.

When cutting and injection molding are used in the
manufacture of a scaffold or fixation device, uncon-
trolled residual stresses develop inside the materials. In
general, uncontrolled residual stress reduces the
mechanical performance of the device. However, it was
reported that residual stresses in biomaterials have
biological effects on the strain-induced function of
mechanosensing cells.”® For example, due to these
mechanosensing properties, residual stress can provide
a mechanical stimulator for bone remodeling.”® Since
various stress-induced strain parameters, including
strain energy density, maximal principal strain, and
volumetric strain, have effects on bone structure,”
residual strain in scaffolds may subsequently affect
cellular growth behavior. However, although many
studies have demonstrated that the mechanical envi-
ronment plays an important role in regulating cell
behavior, the specific role of residual stress/strain was
not systematically discussed.

Recently, poly-L-lactide (PLLA), which was devel-
oped for use in cell culture studies, has become the
most popular bioresorbable material for fixation or
scaffolding because of its controlled physical and
chemical surface properties.'>*? It has been demon-
strated that the interaction between cells and the
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PLLA substrate was affected by its chemical compo-
sition, crystallinity, topography, porosity, and surface
energy."!*!'” However, to discover why cells are
responsive to differences between various mechanical
environments, it is necessary to culture cells on sub-
strates with different physical properties while keeping
the chemical properties of the surface constant.

MG-63 cells were originally derived from a human
osteogenic sarcoma. It was subsequently found that its
physiology is dependent on surface topography of
PLLA."*-7 The NIH-3T3 fibroblast is a continuous
cell line established from Swiss mouse embryo. Several
investigations have demonstrated that the movement,
shape, growth rate, adhesion, and cytoskeletal
expression of these cells are affected by the stiffness,
rigidity, and morphology of the substrates.*'** To
test the hypothesis that residual stresses of biomaterial
also affect cell behavior, we cultured MG-63 and NIH-
3T3 cells on PLLA discs with residual stress gradients
but without variation in the chemical properties of the
disc surface. A photoelastic technique was used to
monitor the residual stress patterns of the PLLA sub-
strates due to its excellent property in optical bire-
fringence. The effects of residual stress patterns on
cellular distribution could then be compared.

EXPERIMENTAL

PLLA Sample Preparation

Prior to processing, PLLA chips with molecular
weight of 140 kDa (lot# 020301; BioTech One Ltd.,
Taipei, Taiwan) were vacuum-dried at 70 °C overnight
to ensure a moisture content below 250 ppm. All disc-
shape specimens (14-mm diameter, 1-mm thickness),
with a circular mark, a location of ejector pin, (6-mm
diameter, 0.05 mm height) on the reverse side were
manufactured at 185 °C using an automatic injection-
molding machine (Fig. 1) in a clean room (class
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FIGURE 1. Injection molds for fabrication of PLLA discs.

Injection chamber

TABLE 1. Temperature setting of the injection-molding

process.
Zone Barrel temperature setting (°C)
Feed throat 25
Feed section 170
Compression section 175
Metering section 180
Hot runner 185
Nozzle tips 185

10,000). Typical molding conditions are listed in
Table 1. In each test disc, the area of the circle marker
was divided into nine squares (Fig. 2a). Five square
regions, labeled left (LR), central (CR), right (RR),
central-up (CUR), and central-low regions (CLR),
were used for analysis.

Wide-Angle X-ray Diffraction (WAXRD)

The WAXRD experiments were performed by an X-
ray diffractometer (D/MAX 2000 PC, Rigaku Co.,
Tokyo, Japan) in reflection mode to determine the
crystalline properties in all five square regions of each
PLLA specimen. The X-ray generator was operated at
30 KV and 20 mA with Ni-filtered CuKa (1.54 A)
radiation. The WAXRD 20 scans were acquired at a
rate of 2°/min ranged between 10 and 40°.

Surface Roughness Measurement

Surface roughness at various test regions was mea-
sured using scanning topography measurement (STM;
Talyscan 150, Taylor Hobson Ltd., Leicester, GB)
with a diamond-stylus inductive gage (2-um tip radius,
90° tip angle) for contact measurement. An area
(0.5 x 0.5 mm?) in each region was moved on the stage
to scan the complete measurement areas. Each profile
was recorded at a resolution of 1 um. The roughness

Hopper

Rotating screw
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FIGURE 2. Geometry of injected PLLA disc. The circular
marker was divided into nine squares. LR, CR, RR, CUR, and
CLR are the left, central, right, central-up, and central-low
regions, respectively.

(Sz) was defined as the length of vertical movement of
the gage.

Photoelastic Analysis

Residual stress in thermosetting polymers can be
detected by measuring optical birefringence patterns
using polarization.>> In this study, photoelastic anal-
ysis, based on optical birefringence theory, was con-
ducted to examine the residual stress distributions in
the injection-molded PLLA discs. Before cell culture,
all PLLA discs were examined in the field of a custom-
designed circular polariscope (Fig. 3). The sample was
located between a pair of polarizing filters labeled as

g1

First quarter.

Light Source Polarjze,

polarizer and analyzer. The polarization axis of the
polarizer and analyzer was arranged so that the filters
were orthogonal with respect to each other. A white
light source was employed to facilitate isochromatic
fringe observation, as described previously.”>=* The
white light produced stress patterns of colored fringes
throughout the test discs. The isochromatic fringe
patterns were photographed using a digital camera
(Coolpix 4500; Nikon Co., Tokyo, Japan) and then
transferred to a computer, where quantification of the
fringe orders was performed. High residual stress areas
were indicated by numerous surrounding lines.
Mechanically, the fringe order at any point on the
model has been established, it is possible to compute
principle stress differences using the stress-optical law:

Nfo
h

where o, and o, are the principle stresses in the plane
of the model; N and % are fringe order and sample
thickness, respectively; and, £, is an optical constant of
the model material for a given wavelength. According
to the mechanical principle, the maximum shear stress
at each location can be given by:

= 5@—a) = o
Tmax—2 01 —02) = o

In this study, the thickness and material constant of all
the injection-molded PLLA samples are the same. That
is, the fringe order of a sample is proportional to the
maximum internal shear stress. We recorded color
patterns caused by residual shear stress distributions at
each location, and converted them to fractional fringe
order (N) according to a color-fringe order conversion
table.® The fringe order of each square region was
obtained by averaging the measured values at the left
and right margins of the square.

01 — 02 =

£
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FIGURE 3. Block diagram of optical-component arrangement and axis orientation of the circular polariscope used for photo-

elastic analysis.
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In vitro Cell Culture

Both MG-63 osteoblast-like cells [ATCC CRL-
1427] and NIH-3T3 fibroblast analogs [ATCC CRL-
1658] were used in this study. Mechanosensing char-
acteristics have been demonstrated for both cell types
in cell culture experiments.”**° The test cells were
seeded into Petri dishes (Nunclon; Nunc, Roskilde,
Denmark) at a density of 10,000 cells/mL, and main-
tained in Dulbecco’s modified Eagle’s medium
(DMEM; HyClone, Utah, USA) supplemented with L-
glutamine (4 mM), 10% fetal bovine serum (FBS), and
1% penicillin—streptomycin. Cell cultures were incu-
bated in 5% CO, at 37 °C and 100% humidity.

To test the growth differences between tissue-cultured
plate (TCP) and PLLA disc, cell viability was detected
every 24 h. At each observation time, the cells were
incubated with a tetrazolium salt, MTT, as per supplier
instructions (MTT kit; Roche Applied Science, Mann-
heim, Germany). After addition of the colorometric
substrate for 4 h, the viable cells convert MTT salt to a
water-insoluble formazan dye, which can be quantitated
after solubilization with 500 uL. DMASO for 5 min
using a microplate reader (Model 2020; Anthos Labtec
Instruments, Wals, Austria) at 570/690 nm. The absor-
bance directly correlates with the cell number.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to
compare topographical and morphological variations
between high and low residual-stress regions on the
PLLA discs. At 48 h, the culture media were removed
and the samples rinsed three times with PBS before
fixation in 2.5% glutaraldehyde and 2% paraformal-
dehyde for 20 min and then 1% osmium tetroxide in
0.1 mol/L PBS for 30 min. After the initial fixation,
the samples were rinsed and postfixed in 1% osmium
tetroxide for 1 h. Samples were subsequently washed
with PBS and dehydrated in an ethanol series (70, 80,
90, 95, and 100%) in a critical point dryer (HCP-2;
Hitachi Ltd, Chiyoda, Tokyo, Japan). A thin layer of
palladium gold was coated onto the samples using a
sputtering apparatus (IB-2; Hitachi Ltd, Chiyoda,
Tokyo, Japan) before the morphological features of
the cells and disc surfaces were examined using a
Hitachi S-2400 electron microscope (Hitachi Ltd.,
Chiyoda, Tokyo, Japan).

Cell Enumeration

To test the effects of residual stress on cellular
behavior, the cells were cultured on the smooth and
textured surface of the PLLA disc. The prepared
PLLA discs were placed in 24-well polystyrene tissue-

culture plates. Cells with a density of 5000 cells/mL (in
250 mL cultured medium) were carefully seeded on the
center of the PLLA surface. After the cells were at-
tached to the PLLA surfaces, an additional 250 mL of
cultured medium was added in the cultured wells. At
48 h, cell distributions on the PLLA surface were re-
corded using an inverted microscope (Eclipse TS1001
Nikon Co., Tokyo, Japan) interfaced with a digital
camera (Coolpix 4500; Nikon Co., Tokyo, Japan),
with the cells (400x) in the circle marker reconstructed
using image processing. Cell numbers in regions LR,
CR, RR, CUR, and CLR were counted using com-
mercial cell-counting software (Image-pro Plus; Media
Cybenetics Inc., Silver Spring, MD). In this study, cell
distribution was defined as the ratio between the
number of cells in a specific region relative to the total
for the five defined regions. Three independent exper-
iments were performed for all tests. In each experi-
ment, data are presented as mean =+ standard
deviation (SD) with four samples. Differences in cell
distribution between various regions were compared
using Student’s z-test. Probability values less than 0.05
were considered significant.

RESULTS

Surface Topographical Description

The roughness (Sz) measurements for LR, CR, RR,
CUR, and CLR are 2.37 £+ 0.0.88, 2.57 £ 0.45,
227 +£ 0.88, 2.66 £ 0.59, and 248 £ 0.53 um,
respectively. Statistical analysis failed to demonstrate
significant difference comparing the roughness values
for the five regions. WAXRD tests showed that the
PLLA samples manufactured in this study had an
amorphous structure. The X-ray diffraction pattern
samples of the injection-molded disc (Fig. 4) showed
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FIGURE 4. Typical samples of X-ray spectra for PLLA disc
measured at LR, CR, and RR; no obviously crystallinity peaks
are evident.
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no obvious diffraction peak, revealing that the injec-
tion molded PLLA sample had an amorphous struc-
ture. Furthermore, the microstructure and crystallinity
have no difference as comparing the diffraction pat-
terns of the five regions.

Residual Stresses Detection of PLLA

Photoelastic analysis was used to assess the residual
stresses in the injection molded PLLA, with the stress
patterns highly consistent comparing the independent
samples. There was zero variation in fringe order
comparing the four test discs. The highest residual
stress was observed at the injection port (black arrow
in Fig. 5a), with the black zero-order fringes usually
locating at the opposite boundary. Apart form the
injection port, high residual stresses were concentrated
close to the left boundary of the circle marker. Con-
verting the color patterns to fringe order revealed the
most stress-free area at the right region of the test disc.
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FIGURE 5. (a) Isochromatic fringe patterns of PLLA disc; (b)
fringe order of each region was converted from color pattern.
The black arrow indicates injection port. Red and blue arrows
indicate the areas (in the circle marker) with highest and
lowest residual stress, respectively.

The color pattern of this region, orange (equivalent of
0.8 fringe order) at the right margin and blue-green
(equivalent of a 1.22 fringe order) at the left margin
(blue arrow in Fig. 5b), is counted as 1.08. Further, the
largest fringe order, with a value of 2.75, was found at
the left region (red arrow in Fig. 5b).

Cell Distributions

The cells cultured on the PLLA substrates with
lower residual stresses had higher cell distributions
(Fig. 6). There were significantly more MG-63 cells at
RR (23.68 + 2.88%) compared to CR
(15.89 £ 1.50%) and LR (15.15 £ 1.96%) (p < 0.01).
NIH-3T3 cell distributions at RR (25.22 + 2.78%)
was 1.26 and 1.57-fold higher compared to CR
(» <0.05) and LR (p < 0.01), respectively. No such
differences were demonstrated, however, comparing
the cell distributions at CUR and CLR. When the
fringe order values at various regions on the test discs
were plotted against their corresponding cell distribu-
tions, linear relationships were found for both MG-63
and NIH-3T3 models (Figs. 7a and 7b, respectively).
The correlation coefficient for the MG-63 cells
(R = 0.80, p < 0.05) is slightly lower than the NIH-
3T3 analogs (R = 0.95, p < 0.05).
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FIGURE 6. Distribution of MG-63 (a) and NIH-3T3 (b) cells at
various regions. **’ and “*** denote p<0.05 and 0.01, respec-
tively (n = 4 cultures).
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FIGURE 7. Relationship between mean cell distribution and
fringe order value for MG-63 (a) and NIH-3T3 cells (b). Solid
lines represent best-fit linear regression.

Cell Proliferation

MG-63 and NIH-3T3 cells were cultured on TCP
and PLLA substrates for 96 h (Fig. 8). Statistically
significant differences in MTT counts were not dem-
onstrated for any of the observation intervals before
the 48-h period comparing the MG-63 cells cultured on
the TCP and PLLA substrates. However, after 48 h,
the cells cultured on the PLLA substrates had a sig-
nificant decrease in proliferation rate relative to the
TCP substrates, with a maximum 1.8-fold differences
at 96 h (Fig. 8a) (p < 0.05). In the NIH-3T3 experi-
ments, a significant decreased in proliferation rate of
PLLA group cells was first noted at 24 h. At 96 h, the
cell counts of the TCP group were 1.57-fold higher
than the PLLA group (Fig. 8b).

Cell Morphology

The SEM images acquired at 48 h show distinct
morphological differences between MG-63 and NIH-
3T3 cells. The MG-63 cells changed from polygonal
into more stellar shapes with abundant extensive pro-
cesses contacting with each other. However, no obvi-
ous differences in cellular morphology can be identified
between LR (high residual stress) and RR (low residual
stress) groups (Figs. 9a and 9b). The NIH-3T3 cells
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FIGURE 8. Growth curves for MG-63 and NIH-3T3 cells on tis-
sue culture plate (a) and PLLA disc (b) for 96 h (n = 4 cultures).

were evenly distributed and appeared to form a rela-
tively thin, continuous monolayer (Figs. 9c and 9d).
However, there appeared to be no differences in cel-
lular morphology across regions. Furthermore, when
comparing the topographic characteristics of PLLA
surfaces between LR and RR, no obvious differences
were found for both the two cell culture models
(Fig. 9).

DISCUSSION

Injection molding is widely used for rapid produc-
tion of thermoplastic devices with complex geometric
shapes. The complete process of injection molding
consists of three stages: filling, packing and cooling. In
the last stage, the PLLA melt continues to cool in-
wards from the cold mold surface toward the center of
the molded sample. This nonuniform cooling process
results in high flow stresses, causing the PLLA mole-
cules to become oriented in the direction of flow. These
shear stresses are frozen in the molded PLLA and
cannot relax. Since the molecular backbone of the
injection-molded PLLA has different orientations, the
polymer will demonstrate anisotropic optical polariz-
ability. Shindo ef al., measured the optical properties
of cast-molded polymer and found that cooling speed
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S@um

FIGURE 9. Scanning electron microscopy images of cells cultured on left (a, ¢) and right (b, d) regions of test PLLA disc. MG-63
cells on both regions have abundant filods (a, b). By contrast, the NIH-3T3 cells have relatively thin, continuous monolayers (c, d).
No obvious differences in surface topography were noted comparing the left and right regions.

affected the residual birefringence patterns in sample
discs.”> In this study, we found that the residual
stresses in PLLA samples, which developed due to
nonuniform cooling, can also be determined by bire-
fringence measurement (Figs. 5a and 5b).

Apart from thermal effects, crystallization shrinkage
can also contribute to residual stress development in
the injection-molded article. In this study, however, all
test regions of the PLLA samples demonstrated
amorphous structure without obvious crystallinity
peaks (Fig. 4). It appears reasonable to assume,
therefore, that, in terms of strain development, the
effect of crystallization shrinkage is very low compared
to thermal effect.

To identify the mechanisms that underlie cellular
sensitivity to various mechanical environments, both
silicone rubber and polyacrylamide substrates have
been developed for cell culture study.*!%1%!193% How-
ever, nondestructive residual stress analysis for both
materials is hard to perform. In contrast, the injection-
molded PLLA used in this study provided several
important benefits: (i) reproducibility of residual stress
patterns in the sample discs; (ii) highly sensitive
photoelastic properties that could be used for identi-
fication and observation of residual internal stress
nondestructively; (iii) PLLA is a biomaterial with

excellent biocompatibility, providing a physiologically
favorable environment for cell growth. However,
although PLLA is a biomaterial that serves as a bio-
degradable scaffold in tissue reengineering and
remodeling,"'%%° the growth rates of cells seeded on
PLLA substrate can still be improved (Fig. 8).
Although we found differences in cell distributions of
NIH-3T3 and MG-63 at 48 h in the PLLA substrates
(Fig. 6), statistically differences in MTT counts was
found only in MG-63 but not in NIH-3T3 cultures at
this time point (Fig. 8). Accordingly, we can clarify
that cell distribution differences between areas on the
PLLA surfaces should not be related to the substrate’s
chemical composition.

Apart from strain-related variants, surface topog-
raphy characteristics, roughness, and crystallinity may
also affect cell behavior. In this study, SEM, WAXRD,
and STM were used to control for all these variants.
SEM revealed no obvious differences in substrate
topography characteristics (Fig. 9). In addition, al-
though geometric roughness (2.3-2.7 um) was ob-
served on the surface of all the PLLA discs, no
significant differences were demonstrated comparing
the various test regions. Zinger et al., found that
MG63 cells showed minimal responsiveness to surface
cavities with diameters lower than 10 ym.*’ It appears
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reasonable to assume, therefore, that any surface
irregularities on our PLLA discs should not have
contributed to variations in cellular distribution.

The crystallinity of polymeric biomaterial is another
principle factor influencing cell attachment and pro-
liferation. However, the effects of crystallinity on cell
behavior remain controversial. Although fibroblast
investigation has demonstrated lower growth rates on
crystalline substrates,'” Zhao er al., found superior
cellular attachment on dense highly crystalline surfaces
compared to looser less crystalline analogs.>® In this
study, injection of PLLA (melting temperature 185 °C)
resulted in uniformly amorphous disc structure.
WAXRD testing revealed no significant crystallinity
peak can be found among the observed zones (Fig. 4),
suggesting the changes in cell distribution on the PLLA
are decoupled from this factors.

It has been demonstrated that proliferation of
smooth muscle cells cultured on PLA scaffold is
strongly affected by residual stresses of their sub-
strate.”® Using injection-molded method for develop-
ing residual stress gradient-PLLA, we confirmed that
cell are extremely sensitive to residual stress. Strong
relationships were demonstrated between residual
stress and cell distribution for both fibroblasts and
osteoblastic cells (Fig. 7). Mechanosensing behavior in
fibroblasts has been reported when the internal sub-
strate stress reaches 3 kPa.>* These residual stresses
can approach 5 MPa in injection-molded polymethyl-
methacrylate (PMMA).* The Young’s modulus of the
PLLA used in this study (3 GPa) is close to that of
PMMA (2.8 GPa)."® Although quantitative measure-
ment of residual stresses in the PLLA disc was not
performed in this study, it appears reasonable to sug-
gest that the residual stress in injection-molded PLLA
is sufficient to produce cellular mechanosensing.

Mechanotransduction may account the explanation
for the relationship between residual stress and cell
distribution. Cell movement is reportedly the result of
traction forces exerted on the substrate via adhesion
sites that interface with the cytoskeleton.'? The rela-
tion between cell moving and subtract stiffness is now
known as ‘““durotaxis” which refered to the phenome-
non that the scaffold should have appropriate stiffness
to support the cell local motion.”'*?! Higher surface
stiffness may lead to configuration changes in the
membrane protein, which provides physical linkage
between the cytoplasm and the substrate.®® This trig-
gers a downstream signal-transduction cascade,
resulting in altered cell behavior. This may also ac-
count for the greater cellular spread, elongation,'® and
expression of adhesion-related proteins in cultures on
stiffer substrates.* Decreasing the residual strain will
increase the elastic modulus of the material, resulting
in increased traction forces, which provide a force

pulling the cell forward.'* This accounts for the greater
cellular accumulation in lower residual-stress regions
shown in our study.

The majority of the stiffness modulations are at the
ultrastructural level.?' It is becoming clear that cells
can react to the changes in nano-topography on sub-
strate surface using filopodia.®’ Although small topo-
graphic and chemical differences in nano-scale were
not measurement in this study, the residual stresses
arising in the PLLA must result in small-scale strain on
its surface. This can explain our findings that cells are
sensitive to the stress status of their surroundings. The
other limitation of this study is to discuss the relevance
of our result in 3D scaffolds. Although cells in 2D
cultures differ in behavior and integrins expression
from those in the 3D environment,™> we suggest that
the stress sensing behavior of the cells cultured in the
two environments should be the same. This is because
stress induced in a material is strongly related to its
stiffness which is a basic mechanical property for both
2D and 3D substrates.

CONCLUSION

Based on our limited results, it appears reasonable
to suggest that the photoelastic method may provide
effective measurement of residual stress in injection-
molded PLLA; however, more advanced investigation
is needed to clarify the precise mechanisms underlying
this behavior. In addition, measurement of cell density
indicates that cell growth on PLLA surfaces is affected
by residual stress within the substrate. To our knowl-
edge, this is the first demonstration of cellular
responsiveness to gradient residual stress.
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