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Cell contractile force measured using a deformable hollow capsule

Julia Ho Yee Ting, Donald K Martin*

Abstract

There are several possible ways to measure the contraction of cells in vitro. Here, we report measurements of the contractile
properties of 3T3-L1 cells grown to confluence on 3D hollow capsules. The capsules were fabricated using the layer-by-layer
polyelectrolyte deposition technique on a polymer core. After the polyelectrolyte film was completed, the core was dissolved
to leave the hollow capsule. The contractile force of the cells was determined from the deformation in the capsule size induced
by interruption of the actin cytoskeleton of the cells that adhered to the outer surface of the hollow capsules, using prior mea-
surements of the elastic modulus of the capsule. From the measurements of the compressive modulus for the capsules (of 6.52
uN), those capsule deformations indicate that the forskolin relaxed the layer of cells by 19.6 uN and the cytochalasin-D relaxed
the layer of cells by 45.6 uN. The density of cells in the layer indicated that the force associated with the forskolin-induced re-
laxation of a single cell is 3.2 nN and the force associated with the cytochalasin-D-induced relaxation of a single cell is 7.5 nN.
The mechanism of action of forskolin through second messenger pathways to disrupt the assembly of actin stress fibres also
explains its reduced effect on cell contraction compared to that for cytochalasin-D, which is a compound that directly inhibits
the polymerization of F-actin filaments.
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Introduction
There are several possible ways to measure the contraction of cells in vitro. The simplest
would be to measure the projected surface area of the cell over time, but cell contrac-
tion could not be distinguished from cell detachment or shrinkage and the force of the
contraction could not be quantified. To provide quantifiable measurements of contrac-
tile forces, a better approach is to allow cells to adhere to a substrate of known viscosity
that then transduces the force applied by the cell from measurements of the substrate
deformation. Harris et al (1) pioneered the use of a 2D silicone substrate to measure the
contractile forces during cell locomotion. We have previously used that approach to in-
vestigate the role of protein kinase-A pathways to control the contractility of retinal peri-
cytes (2). More sophisticated two-dimensional (2D) substrates may be utilized to measure
contractile force, such as substrates that incorporate micro-pillars (3) or microcantilevers
(4). Although such 2D substrates provide important information on contractile forces,
Ui, Grenoble Alpes, GRS, UMR 5525, VetAgro Sup, cells are not in their native morphology and hence those measurements may not reflect
Grenoble INP, TIMC-SyNaBi, 38000 Grenoble, France their natural in vivo contractile force. For example, it has been shown that bovine retinal
pericytes and aortic endothelial cells grown in three-dimensional (3D) systems have very
different morphologies to when these are grown in 2D on glass coverslips (5). The use of
collagen as a matrix for 3D contraction assays has been known since the 1970s (6). Cells
DOL: 10.2478/cbtj-2022-0009 are embedded or seeded into the collagen gel and the changes in size of the gel can be eas-
ily monitored over time to deduce the contraction of vascular cells (5). However, collagen
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It would be ideal to assay cell contraction using a 3D for-
mat that contains a lumen, particularly for example to measure
the contractile properties of vascular cells. An artificial blood
vessel provides such an alternative and it has been shown that
physiological mechanical properties such as stress, strain (7),
tensile strength (8), and compression (9) can be achieved. For
example, Amiel et al were able to produce engineered vessels
with a diameter of 3-4mm that supported the growth of via-
ble HUVEC cells (10). Takei et al constructed collagen tubules
consisted of two types of vascular cells (endothelial and smooth
muscle cells) that could withstand physiological levels of shear
stress (11). Although those studies shows advances towards ar-
tificial capillaries, the engineering processes involved are often
very complex and, more importantly, it has not been shown
that the luminal size of these systems are tunable by cell con-
traction and relaxation.

Advances in nano- and biotechnology research have gained
considerable attention in the recent years and have shed light
on potential new material and techniques that may be useful for
tissue engineering. In particular, Decher’s description of nano-
structured thin films composed of layered polyelectrolytes (12)
has stimulated a great deal of research published using such
polyelectrolyte thin films. These films can be deposited/coated
on almost any surface, including bacterial and red blood cells
(13), plastic, glass and latex, using a simple layer-by-layer (LbL)
assembly technique, which also means that it is easy to tune the
thickness and strength of the structure by varying the num-
ber of polyelectrolyte layers deposited. An interesting aspect of
polyelectrolyte thin films is that the terminating (basal lamina
side) charge of the thin films can modulate the actin distribu-
tion in cells (14) and cell proliferation (15). It is also known
that capsules made using polyelectrolyte thin films are elastic,
relatively stable, and able to withstand very acidic and alkaline
environments. We have shown that HEK293 cells (kidney epi-
thelial cells from human embryo) and 3T3-L1 cells (fibroblasts
from mouse embryo) adhere and grow onto polyelectrolyte
films constructed using anionic poly(sodium 4-styrenesul-
phonate) (PSS) and cationic poly(allylamine hydrochloride)
(PAH) (16). We have also shown that PAH/PSS hollow capsules
constructed using a melamine formaldehyde core were able to
retain a spherical shape and support the adsorption of a lipid
bilayer into which we incorporated ion-transporting proteins
(17). Those capsules had a diameter of 6.5 pm and were suitable
for patch-clamp electrophysiology, but were too small for the
purposes of this current manuscript to measure cell contractile
forces.

Here, we have designed larger diameter self-supporting hol-
low capsules by using the LbL formation of a PAH/PSS film
over a biopolymer core. We have previously shown that such
a PAH/PSS/biopolymer system results in the formation of an
interpenetrating polymer that is around 280 nm in thickness,
is self-supporting, remains permeable, and retains the surface
charges of the polyelectrolytes to facilitate the adsorption of a
lipid bilayer (18). Here, we utilized the concept of this inter-
penetrating polymer to form hollow self-supporting capsules
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of a diameter around 2 mm, and then grew a confluent layer
of 3T3-L1 cells on the hollow capsules. Two F-actin disrupting
compounds, forskolin and cytochalasin-D, were used in sepa-
rate experiments to relax the cells by removing the cytoskele-
tal contractile stress exerted by the cells on the capsules. The
contractile force of the cells was determined from the change
in the capsule size induced by disruption of the actin cytoskel-
eton of the cells that adhered to the outer surface of the hollow
capsules. Our measurements of the compressive modulus of
the capsules without cells allowed us to quantify the magnitude
of the contractile force that was associated with the change in
capsule size.

Preparation of the hollow capsules for cell growth
The material for the spherical cores used for templating the
hollow capsules was prepared from chitosan (2% w/v) that was
dissolved in 2% acetic acid (2% w/v), left overnight at room
temperature and then diluted to 1.5% chitosan with ethanol.
The spherical cores were made by dropping small volumes of
the chitosan (1.5% diluted) solution through a 27G needle into
a warm bath of 5M NaOH/ethanol (1:1 ratio) using an syringe
pump. The change in pH in the warm bath solution stimulated
the cross-linking of the chitosan to form polymer spheres of a
diameter approximately 2mm.

A standard layer-by-layer (LbL) technique was used to form
a polyelectrolyte multilayered film on the chitosan spherical
cores by alternately adsorbing poly(allylamine hydrochloride)
(PAH) and then poly(sodium styrene sulfonate) (PSS) then at
Img/mL in 0.5M NaCl onto the surface of the chitosan cores.
With the chitosan as the core material, it was important to
commence the LbL procedure with PAH. The LbL technique
was used to form a film of 7 to 9 layers of PAH/PSS. Then, the
chitosan spherical core was dissolved by washing the coated
spheres in acetic acid (2% w/v) and then incubating the washed
spheres overnight in acetic acid (2% w/v) overnight to form
hollow capsules. These hollow capsules were then washed with
70% ethanol three times in preparation for cell culture, then
with cell culture medium three to four times to remove all trac-
es of ethanol.

Compressive stiffness of the hollow capsules

The compressive stiffness was measured by compressing a cap-
sule and measuring its deformation. For these measurements,
the capsules were immersed either in HEPES-buffered saline or
in pure water (MilliQ). The mechanical stress to compress the
capsule was applied by a piston connected to a micro-manipu-
lator to control its position. The capsules were contained within
a cuvette that was mounted on an electronic balance (accurate
to 2 mg) that measured the force applied to the capsules by the
piston. The force was calculated from the recording of the mass
by the electronic balance. The deformation of the capsules was
measured from optical sections captured by a digital camera
(DCM300, Hangzhou Huaxin IC Technology Inc) mounted
on an ophthalmological slit-lamp biomicroscope (Zeiss). The



cross-sectional area of these optical sections was measured
from the digital images using Image Pro Plus 5.0.

Cell culture

Cultures of mouse embryonic adipose-like fibroblast cells
3T3-L1 were maintained in 10% FBS in DMEM (Invitrogen
21063-045) and incubated at 37°C, in a 5% CO: atmosphere.
Cells were passaged using Trypsin-EDTA (Sigma T4299) for
5 minutes.

Measurement of cell contraction force

Hollow capsules were added to the media in 24-well plates, and
then 3T3-L1 cells were seeded into the wells (100,000 cells/
well). The cells were allowed to grow to confluence on the cap-
sules. Then the capsules-plus-cells were transferred to a 35mm
individual dish that had glass beads glued to the bottom. The
purpose of the glass beads was to confine the capsules-plus-
cells to avoid their movement during the following measure-
ments. First, the projected surface area of the capsules-plus-
cells was measured from images captured using a digital camera
(DCM300, Hangzhou Huaxin IC Technology Inc) attached the
observation microscope. The surface area was measured using
Image Pro Plus 5.0. Then, either forskolin (10 pM) or cytocha-
lasin-D (10 uM) was added to the media in the 35mm dish and
left to incubate for 40 minutes. Then, the surface area of the
same capsules-plus-cells was measured from images captured
using a digital camera (DCM300, Hangzhou Huaxin IC Tech-
nology Inc) attached the observation microscope. The surface
area was measured using Image Pro Plus 5.0. The forskolin or
cytochalasin-D disrupted the actin cytoskeleton and hence re-
duced the contractile force exerted by the cells on the capsules.
The magnitude of the reduction in contractile force was cal-
culated from the change in the projected surface area of the
capsules-plus-cells before and after adding either forskolin or
cytochalasin-D. By reference to the prior measurements of the
elastic moduli of the capsules the cell contraction force was de-
termined from the deformation induced to the capsules by the
cells.

Microscopy of capsules and cells
The capsules were imaged using confocal microscopy to con-
firm the dissolution of the chitosan cores and measure the
thickness of the capsule walls. The capsules were stained with
1 mg/mL FITC-dextran (Sigma, FD10S). An Olympus FE300
Confocal Microscope with Fluoview 300 software was used to
capture optical sections which were analysed using Image Pro
Plus 5.0 for measurements of the capsule wall thickness.
Physical sections of the adherent cells on the capsules were
imaged separately using fluorescence microscopy. The 3T3-L1
cells were seeded on the capsules as for the contraction mea-
surements and grown to confluence, then stained with CFDA
(Invitrogen, C1157), which is a long-term fluorescent indica-
tor for live cells. The cells were then fixed with 4% paraformal-
dehyde. The fixed capsules, with and without cells, were first
embedded in a plasma clot to form a cell block (a standard

cytology method) and then physical sections made using auto
tissue processors for sectioning. In separate measurements, the
ultrastructure of the interaction between the capsules and the
adherent cells was imaged using transmission electron micros-
copy (TEM).

In separate experiments with cells in 2D cultures, fluores-
cence microscopy was also used to confirm the disruption of
the cytoskeleton by forskolin and cytochalasin-D. The 3T3-
L1 cells were seeded on coverslips at a density of 50,000 cells
per well of a 24-well plate, and left overnight for attachment.
Cells were incubated with either 10 uM forskolin, 10uM cyto-
chalsin-D, or HEPES-buffered saline (control) at 37°C for 20
minutes, then fixed with 4% paraformaldehyde for 20 minutes.
Alexa-fluo 633 phalloidin (Invitrogen, A22284) was used to
stain for F-actin after the cells were extracted with 1% Triton
X-100 for 3 minutes and blocked 1% BSA 20 minutes.

Statistics

All statistical analysis was carried out with SPSS 15.0 using in-
dependent t-tests or one way ANOVA and Tukey-Kramer anal-
ysis. The results are considered significant when p<0.05. Least
square regression was carried out using Microsoft® Excel.

Results

Characteristics of the capsules

The hollow capsules prepared from the chitosan spherical cores
as template for the LbL procedure with PAH as the starting
polyelectrolyte were uniform in size. The average diameter was
2.21+0.04 mm (n=9), which corresponded to an average sur-
face area of 15.4+0.06 mm? (n=9). We tried an alternative LbL
procedure by using PSS as the starting polyelectrolyte, but that
procedure produced hollow capsules with a smaller diameter
(2.05+0.04 mm, n=9) and a smaller surface area (13.30+0.05
mm?2, n=9). Also, the use of PSS as the starting polyelectro-
lyte produced capsules that had thicker walls (Figure 1a). The
micrometre range of wall thickness for these capsules is due to
the interpenetrating polymer that is produced by the LbL tech-
nique used with a biopolymer (18). Since the purpose of the
hollow capsules was to provide a soft deformable substrate for
the assessment of the contraction of adhering cells, we decided
to utilise the LbL procedure with PAH as the starting polye-
lectrolyte because the interpenetrating polymer produced cap-
sules with thinner walls.

The walls of the capsules remained permeable, which was
a necessary characteristic to facilitate the dissolution of the
chitosan core. Figure 1b shows the fluorescence intensity mea-
sured inside capsules with walls formed either with PAH or
PSS as the starting polyelectrolyte. The capsules formed using
PAH as the starting polyelectrolyte were more permeable to
FITC-dextran, which was a characteristic important for the
dissolution of the chitosan core material.

To confirm that the chitosan core dissolved completely, the
capsules were stained with FITC-dextran and imaged using
confocal microscopy (Figure 2). The outer wall of the capsules
is uniformly and brightly stained. For the capsules formed using
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Figure 1. Characteristics of the hollow capsules. (a) The wall thickness of capsules made using (A) PSS as the sta ting polyelectrolyte, or (B,C)
PAH as the starting polyelectrolyte. The histograms for the PAH-starting capsules are for (B) optical sections of the capsules, or (C) physical se-
ctions made by embedding the capsules. The error bars on each histogram represent the standard error from measurements of more than 9 cap-
sules in each condition. (b) The permeability of the capsules to FITC-dextran measured by the increase in fluorescence of the interior of the cap-
sules when FITC-dextran was added to the bathing solution. The fluorescence is reported as arbitrary units (AU). The curves are labelled using
the same nomenclature as for wall thicknesses reported in panel (a). Thus, the permeability measurement labelled A is for capsules made using
PSS as the starting polyelectrolyte, and B indicates the permeability measurements for capsules made using PAH as the starting polyelectrolyte.

Figure 2. Confocal microscopy sections of the polyelectrolye capsules made using PAH as the starting polyelectroyte. (a) the PAH-starting
capsules immersed in HEPES-buffered saline, (b) the PAHstarting capsules after washing in acetic acid (2%), and (c) the PAH-starting capsules
after an overnight incubation in acetic acid (2%). The outer wall of the capsules is uniformly and brightly stained. The chitosan core remnants
are imaged as coiled, slightly discontinuous and wrinkled membrane-type segments. The remnants of the chitosan core material are dissolved
with an overnight incubation in acetic acid (2%).

PAH as the starting polyelectrolyte, incubation in HEPES-buft-
ered solution showed that the interior of the capsule retained
much of the chitosan core (Figure 2a). In Figure 2a the chi-
tosan core remnants are imaged as coiled, slightly discontinu-
ous and wrinkled membrane-type segments. Washing in acetic
acid (2%) dissolved some of the chitosan remnants inside the
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capsules (Figure 2b). Overnight incubation in acetic acid (2%)
removed all of the wrinkled membrane-type remnants of chi-
tosan. Thus, for the rest of the experiments the capsules were
produced using the LbL procedure with PAH as the starting
polyelectrolyte, and the capsules were not used until after an
overnight incubation in acetic acid (2% w/v).



Compressive stiffness of the hollow capsules

The stiffness of the capsules was determined by measuring the
deformation of a capsule in response to a compressive force,
with an apparatus mounted onto a slit-lamp biomicroscope
to allow optical sections of the capsules to be photographed
(Figure 3). The range of deformations did not exceed 12%.
The capsules prepared with PSS as the starting polyelectrolyte

Figure 3. The modified slit-lamp biomicroscope used for the measure-
ments. The inset illustrates the concept for the cuvette (C) that holds
the capsule (E) that is compressed using the piston (B), with the force
measured using the balance (D).
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were stiffer that the capsules prepared with PAH as the start-
ing polyelectrolyte. This can be seen in Figure 4a, where the
compression results are shown for the hollow capsules after the
chitosan core had been removed by dissolving with acetic acid
during an overnight incubation. The PSS-starting capsules re-
quired more compressive force to reach a similar level of defor-
mation as the PAH-starting capsules. For example, to achieve a
deformation of 6% the compressive force required was 120 uN
for the PSS-starting capsules and 50 pM for the PAH-starting
capsules. The slope of the compression/deformation measure-
ments is interpreted as a compressive modulus for the capsules
within a linear range of deformation. The PSS-starting capsules
had the largest compressive modulus of 18.97+1.92 uN (n=15,
R?0f 0.841), then PAH-starting capsules measured in pure wa-
ter of 9.43+1.31 uN (n=15, R* 0£ 0.727), and then PAH-starting
capsules measured in HEPES-buffered saline of 6.52+0.78 uN
(n=15, R? of 0.795). We confirmed that the dissolution of the
chitosan core did produce softer hollow capsules by compar-
ing the compressive modulus measured for capsules where the
chitosan core was not removed. The results shown in Figure 4b
are for the compression of capsules that were incubated only in
HEPES-buffered saline and hence retained the chitosan core.
The compressive modulus for these core-retaining capsules
was 155.57+14.14 uN (n=15, R?* of 0.841).

For the hollow capsules, this larger compressive stiffness of
the PSS-starting capsules was most likely due to their thick-
er walls. The PAH-starting capsules had small differences in
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Figure 4. The compression force versus deformation for the polyelectrolye capsules. (a) graph summarising the measurements of hollow capsules
after dissolving the chitosan core. The results are for PSS as the starting polyelectrolyte (0, diamonds), PAH as the starting polyelectrolyte measured

separately in water ('], squares) and in HEPES-buffered saline (

). (b) the compression force versus deformation for capsules that retained

their chitosan core. For these measurements the capsules were formed using PAH as the starting polyelectrolyte but were not incubated with
acetic acid to dissolve the chitosan core. These PAH-starting capsules plus core were measured in water (A, triangles). The results from panel (a),
using the same symbols and colours, are also included for comparison. The measurements are the average of 15 samples in each condition and the

error bars represent the standard error.
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Figure 5. Fluorescence images of physical sections made from the PAH-starting capsules after the 3T3- L1 cells were allowed to grow to conflu-
ence. The 3T3-L1 cells were stained with CDFA. The panels show different sections from the same capsule, with the wall indicated with W and

the 3T3-L1 cells indicated with C. Image magnification is 20x.

compressive stiffness that depended on whether they were im-
mersed in a solution of either pure water or HEPES-buffered
saline to make the measurements. The compression/deforma-
tion measurements further supported the choice of PAH-start-
ing capsules as the better choice for the purposes of using the
capsules to measure the contraction of adhering cells. This was
because the PAH-starting capsules had a lower compressive
modulus. The measurements of the cell contraction force were
done using PAH-starting capsules in HEPES-buffered saline,
which provided the most sensitive assay of contraction.

Measurement of cell contraction force

We first confirmed that the 3T3-L1 cells adhered to the cap-
sules. The capsules were seeded with 3T3-LI cells that grew to
confluence. Physical sections of the capsules with and without

cells were obtained and viewed using a fluorescent microscope
(Figure 5). The fluorescence imaging indicated that the 3T3-
L1 cells had adhered to and grown onto the capsules. The cap-
sules also became brightly fluorescent green, probably due to
absorption of excess metabolized CFDA. We confirmed using
TEM that the 3T3-LI cells had adhered to the capsules. The
cells developed processes that inserted into the interpenetrat-
ing polymer wall of the capsules (Figure 6). The interpenetrat-
ing polymer wall material of the capsules appears as a discon-
tinuous material that most likely is due to the porous hydrogel
type structure of the interpenetrating polymer wall.

The contraction force applied by the cells onto the capsules
was measured from the increase in surface area of the capsules
after applying compounds that disrupted the F-actin cytoskele-
ton (Figure 6). In Figure 7 the change in projected surface area
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Figure 6. TEM images of the same cell on the same capsule at different magnifications. The cell nucleus is indicated with N and the capsule
wall is indicated with W. The arrows indicate processs from the cell that are extending into the capsule wall. The scale bars indicate either
10,000 nm (upper panel) or 5,000 nm (lower panel).
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Figure 7. The change in the projected area of PAH-starting capsules that had a confluent layer of 3T3-L1 cells. The results are normalsied to the
area of the capsule before addition of any compound, either culture media, forskolin (10 uM), or cytochalasin-D (10 uM). There were at least
6 independent observations made to form the average results shown by the symbols, with the bars indicating the standard error. The control
conditions were either no cells grown on the capsules, or cells on the capsules exposed to culture media alone.

is normalized to the initial area of the capsules before the addi-
tion of the F-actin disrupting compounds. For both the com-
pounds forskolin and cytochalasin-D the change in projected
area (from optical sections) reached a steady-state 5 minutes af-
ter the addition of the compound to the capsules-plus-cells. Af-
ter treatment with cytochalasin-D 10 pM the average increase
in the area (optical sections) of the capsules was approximately
7%. After treatment with forskolin 10 pM the average increase
in the area (optical sections) was approximately 3%. These
measurements of increased area are due to the relaxations of
the capsules following the disruption of the cytoskeleton, and
also correspond to the deformation of the capsules that the
contraction of the cells had exerted. From the measurements of
the compressive modulus for the capsules without cells (of 6.52
uM), those deformations in the presence of the cells indicate
that there was a relaxation in cell-applied force of 19.6 uN due
to the action of forskolin, and a relaxation in the cell-applied
force of 45.6 uN due to the action of cytochalasin-D.

The greater effect on cell contractility due to cytochalasin-D
suggested that there should be a greater changed induced in
the F-actin cytoskeleton by cytochalasin-D. Figure 8 shows
the F-actin distribution of 3T3-L1 cells in HEPES-buffered sa-
line and in the presence of either forskolin or cytochalasin-D.

When imaged in HEPES-buffered saline the F-actin filaments
in the 3T3-L1 cells are obvious and distributed throughout the
cells. Addition of forskolin disrupted the distribution of F-actin
filaments, but did not completely destroy the F-actin filaments.
In comparison, the addition of cytochalasin-D obliterated the
usual distribution of F-actin filaments. Although some F-actin
filaments are still visible upon exposure to forskolin, the F-ac-
tin filaments have become segmented after exposure to cyto-
chalasin-D.

Discussion

The purpose of this report is to describe a simple assay for cell
contractility. The assay is based on the deformation of hollow
polyelectrolyte capsules that have a low compressive modu-
lus. Our results indicate that 3T3-LI cells adhere and grow to
confluence on the hollow capsules. We have previously shown
that PSS and PAH polyectrolyte films are not toxic to adhering
3T3-L1 cells (16). It has been reported by other scientists that
PSS and PAH films are not cytotoxic to endothelial (15), osteo-
blast-like cells (19) as well as the 3T3-L1 cells that were used in
this study (20). PSS and PAH films (21) and capsules (22, 23)
have also been shown to be elastic. The simple LbL technique
used to construct these polyelectrolyte films is very versatile, so
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Figure 8. Fluorescence microscopy images of 3T3-L1 cells stained with AlexaFluo633 Phalloidin after fixation with paraformaldehyde. (a) cells
in culture media, (b) cells after 20 minutes of exposure to forskolin (10 uM), and (c) cells after 20 minutes of exposure to cytochalasin-D (10pM).
Images were made using the 100x oil immersion objective.

that almost any surface or core material may be used to con-
struct a three dimensional and hollow scaffold.

The choice of core material can have varying effects on the
properties of hollow capsules, since the core material is rare-
ly completely eliminated and some of the solvents used to
dissolve the core may crosslink polyelectrolyte chains (24).
The ideal core material should be easily dissolved, but in the
case where there are remnants of the core material, the level
should be low, non-cytotoxic and not affect the elasticity of
the capsule. Common cores used for polyelectrolyte scaffolds
are melamine formaldehyde (12) and calcium carbonate (25).
However, these cores are of dimension nanometres to 10 pm
in diameter and hence result in the formation of capsules that
are too small for cells to grow on. Alternatives for larger cores
include agarose and chitosan, which are natural biopolymers
derived from seaweed (agarose) and crustaceans (chitosan).
These biopolymers are abundant, non-cytotoxic, biodegrad-
able and biocompatible, which are characteristics suitable as
candidates for the core material to produce larger capsules on
which to grow cells for the contractility assay. The manufactur-
ing of larger cores requires spinning of the biopolymer through
a needle into the cross-linking solution. Suitable needles are 27
gauge, approximately 200 um inside diameter, and 18 gauge,
approximately 800 um inside diameter. However, the agarose
and chitosan cylindrical cores are often smaller than this be-
cause as the cylindrical cores enter into the cross-linking solu-
tion the spinning process stretches the cylinders of chitosan or
agarose before solidification. The variations in the cores sizes
were particularly substantial with the melt spinning of agarose
because it was difficult to keep parameters constant. Agarose is
a biopolymer that gels quickly at room temperature and keep-
ing the solution in the liquid form at high temperature creates
evaporation, hence the injection needs to be done quickly, pref-
erably by hand and with a needle with larger inside diameter.
This means that it is difficult to keep temperature, injection rate
and agarose concentration constant, thereby making it difficult
to make consistent agarose cores and the size is limited to the
size of the needle.

The use of chitosan as the core material, as we report here,
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overcomes many of the difficulties with utilizing agarose.
Changing pH is the means to control the formation of a chi-
tosan gel. Thus the starting chitosan material can remain as a
liquid at room temperature to injected at a constant rate for
spinning, and at a stable concentration and with a smaller nee-
dle. The resulting chitosan spheres have diameters that are more
uniform and can be made in the range from 1-2 mm. Following
the LbL process for constructing the polyelectrolyte film over
the core, our results indicated that the chitosan combined with
the PAH/PSS to form an interpenetrating polymer. We found
that the wall thickness for this interpenetrating polymer was
greater when PSS was used as the starting polyelectrolyte for
the LbL process. This was most likely due to the poly-anionic
charge of the PSS, which would form strong ionic bonds with
chitosan because it is a polymer with a positively charged pen-
dant amino group. Although both PAH and chitosan are over-
all positively charged, the pKa of chitosan is approximately 6.5
and the pKa of PAH is 8.5. PAH remains strongly charged at
pH 7 (19). Therefore, by coating the chitosan core material in a
pH slightly above neutral with PAH as the starting polyelectro-
lyte our protocol produced capsules with a large diameter suit-
able for cell growth, small wall thickness, and low compressive
modulus. By comparing the compression modulus measured
in pure water to that in HBS-buffered saline, we also observed
the salt softening effect in our PAH-starting capsules that has
been reported for other polyelectrolyte capsules made with
melamine formaldehyde as the core (22, 26).

The 3T3-L1 cells used to establish our assay method for cell
contractility had abundant amounts of F-action filaments to
produce their contraction. Our measurements were made in
the absence of FBS, since this is reported to induce contraction
of fibroblasts (27). We utilized measurements of cell relaxation
in response to cytoskeleton-disrupting compounds for the fol-
lowing reasons. Although we could expect a reduction in the
projected surface area of the capsules as the cells proliferated
and contracted the PAH-starting capsules, the large size of the
capsules required to support the growth of a large number of
cells would have meant locating and recording the same cap-
sule over several days. This could lead to difficulties in obtain-



ing corresponding images. The measurement of induced cell
relaxation provided more controllable images that were record-
ed over a shorter time period.

Two F-actin disruption compounds, forskolin and cytocha-
lasin D, were used to relax the cells by removing the cytoskel-
etal contractile stress exerted by the cells on the capsules. Our
fluorescence microscopy indicated that forskolin and cytocha-
lasin D produced different effects on the actin cytoskeleton of
the 3T3-L1 cells. Exposure to 10 uM Forskolin for 20 minutes
disrupted the arrangement of F-actin filaments but with some
intact filaments still observed, whereas exposure to 10 uM cy-
tochalasin D has segmented the actin filaments. The cytochala-
sin-induced F-actin segmentation we observed is similar to the
effect of cytochalasin D that has been reported previously to in-
hibit the polymerisation of the actin cytoskeleton, which leads
to major effects on cell stiffness, motility, and contraction (28).
It has been known for some time that cytochalasin-D inhib-
ited the serum-induced contraction of collagen gels in which
rat mesangial cells were embedded (29). The disruption of the
F-actin cytoskeleton by cytochalasin-D resulted in a dramatic
reduction in the traction forces of alveolar epithelial cells that
are induced by thrombin (30). Forskolin activates adenylyl cy-
clase and leads to an increase in cytosolic cAMP concentration
(31). It has been shown that an increase in the cytosolic cAMP
concentration in T lymphocytes is associated with a decrease
in the amount of F-actin expressed by the cell (32). Increasing
the intracellular cAMP concentration using forskolin reduced
by 30% the contractile force of retinal epithelial cells embedded
in collagen gel (33). Forskolin has also been shown to disrupt
the assembly of actin stress fibres and focal adhesion complexes
in fibroblasts, most likely through intracellular pathways that
elevate cAMP and incrase protein kinase 1 activity (34).

We measured that forskolin caused less relaxation of the
capsules (3% deformation) compared to cytochalasin-D
(7%). We have previously observed the density of 3T3-LI cell
growth on polyelectroyte films to be approximately 395 cells
per mm?2 (16). The surface area of the PAH-starting polyelec-
trolyte capsules was 15.4 mm2, which meant that each capsule
had approximately 6,083 cells growing on its surface. From our
measurements of the force associated with either forskolin or
cytochalasin-D, we can calculate that the force associated with
the forskolin-induced relaxation of a single cell is 3.2 nN and
the force associated with the cytochalasin-D-induced relax-
ation of a single cell is 7.5 nN. These forces are within the range
of 0.1nN to 50nN reported in the literature (35, 36, 37, 38).

Conclusion

We describe a simple assay for cell contractility that is based on
the deformation of a hollow deformable capsule. We measured
the contraction force using compounds to disrupt the F-actin
cytoskeleton and thus to induce a relaxation of the capsules
that were previously contracted by the cells. The mechanism of
action of forskolin through second messenger pathways to dis-
rupt the assembly of actin stress fibres also explains its reduced
effect on cell contraction compared to that for cytochalasin-D,

which is a compound that directly inhibits the polymerization
of F-actin filaments.
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