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Observation and Quantification of Chondrocyte Aggregation
Behavior on Fibroin Surfaces Using Voronoi Partition

Akihisa Otaka, MEng,! Naoyoshi D. Kachi, PhD,! Naoya Hatano, BE,! Yoshihiko Kuwana, PhD?2
Yasushi Tamada, PhD?2 and Nachide Tomita, MD, PhD'

Cell migration is one of the fundamental processes in histogenesis, and it is necessary to investigate such
multicellular behavior quantitatively in cell regeneration studies. In this study, Voronoi diagram analysis was
first confirmed in simulation testing, and then used to evaluate the multicellular behavior of chondrocytes on
three different substrates: (1) wild-type fibroin (FIB); (2) L-RGDSx2 transgenic fibroin; (3) and collagen. The
indices for the round factor average, round factor homogeneity, and area disorder (AD), calculated from Voronoi
diagram analysis, were used to characterize the difference in spatiotemporal changes for the different chon-
drocyte populations, and a regression analysis of the AD index was used to measure the speed of cell aggre-
gation. The results suggested that the arginine-glycine-aspartic acid-serine sequence affects aggregate formation
of chondrocytes cultured on FIB. The Voronoi diagram analysis represents one of the promising quantitative

analyses for cell regeneration studies.

Introduction

IVE-CELL OBSERVATION has become a powerful analytical

tool in many cell biology laboratories because of ad-
vancements in microscopy techniques and cell imaging
technologies.! On the other hand, evaluation methods for
quantifying multicellular morphodynamics are still not yet
fully developed. However, to successfully engineer artificial
tissue constructs, some quantification tools for analyzing
multicellular formation are necessary.?

For accurately evaluating the spatiotemporal formation
of cell populations, there are two major requirements. First,
automated visual tracking of the cells is necessary for quanti-
tative and systematic analysis. Second, techniques that accu-
rately characterize patterns of cell behavior, such as migration,
proliferation, and apoptosis, are required. While visual track-
ing techniques have been studied extensively, less attention
has been given to cell behavior characterization techniques.

In previous work, Kawakami et al. demonstrated that
initial chondrocyte aggregation led to enhanced cartilage
tissue formation in fibroin (FIB) sponges.®> Additionally, cell
aggregation is considered to be a key event in a wide range
of fields, from tissue engineering to embryology and in-
volves many types of cells, such as hepatocytes and chon-
drocytes,*™ as along with tumor and mesenchymal stem
cells as well. This indicates that cell aggregation is one of the
key events in cell-to-cell interaction, making it a vital part of
tissue formation. However, in multicellular biophysics, eval-

uation of the cell aggregation process has been neither
quantitative nor objective, but rather qualitative and highly
researcher dependent. This lack of reliable and repeatable
quantitative cell aggregation assays has made it difficult to
investigate multicellular biophysics in the aggregate forma-
tion process.

The purpose of this study was to introduce the concept of
“cellular sociology” into tissue engineering and bicenviron-
ment design. This concept focuses on the social behavior of
cell populations, which varies in response to the cells’” sur-
roundings and the physiological and phenotypical state of
the cells themselves. Moreover, by understanding the rela-
tionship between cell population and extracellular environ-
ment, it is possible to gain insights into a wide range of cell
biophysics (e.g., cell-cell and cell-substrate/material inter-
actions). In the field of cellular sociology, cell arrangement
analysis using a Voronoi diagram is one of the most suc-
cessful methods for the evaluation of different cell popula-
tions. Voronoi analysis has been used previously to evaluate
the spatiodistribution of retinal,® cortical,” and tumor cells.*™
Nawrocki Raby et al. evaluated the process of tumor cell
cohesion using graphical quantification, including Voronoi
diagram analysis, and concluded that this method re-
presented a new way to predict the aggressiveness of various
tumor cells.” In a similar fashion, Voronoi diagram analysis
may provide new insights into the multicellular biophysics
involved in tissue regeneration and allow for improved
computational modeling of cell behavior in scaffolds.

'Department of Mechanical Engineering and Science, Kyoto University Graduate School of Engineering, Kyoto, Japan.
gineering Y ty

?National Institutes of Agrobiological Sciences, Tsukuba, Japan.
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QUANTIFICATION OF CELL AGGREGATION ON FIBROIN

In this study, two types of experiments were 2performecl.
First, Marcelpoil and Usson’s distribution assay,1 which has
been used in the study of tumor cell distribution,® was
examined with respect to its validity as a method for eval-
uating chondrocyte aggregation on different substrates.
Specifically, to confirm the relationship between cell aggre-
gation and various analysis metrics, unambiguous examples
of different aggregation patterns were simulated and ana-
lyzed in a set of in silico experiments. After confirming these
relationships, a number of in vitro experiments were then
performed to examine the spatiotemporal distributions of
chondrocytes on three different substrates: (1) collagen
(CON); (2) FIB; and (3) RGD-transgenic fibroin, which was
created by genetically interfusing arginine-glycine-aspartic
acid-serine (RGDS) peptides into silk FIB molecules.’® It was
reported previously that chondrocyte aggregation is en-
hanced in FIB sponges,® but chondrocyte aggregation be-
havior on FIB has yet to be evaluated quantitatively. Thus,
the objective of this study was to quantitatively assess
whether FIB enhances cell aggregation behavior using in si-
lico validated Voronoi diagram analysis methods.

Materials and Methods
Cell population quantification

The spatial distribution of cells was characterized and
quantified using a cellular sociology algorithm based on
geometrical models, as described by Marcelpoil and Usson'?
(i.e., Voronoi’s partition). These methods, applied to the set
of points that relate to the position of the cells (Fig. 1), pro-
vide information about the spatial distribution and neigh-
borhood relationships of the cells. From the Voronoi
diagram, three quantitative parameters can be deduced: (1)
average and standard deviation of the areas (round factor
average [RFav]); (2) roundness factor homogeneity (RFH);
and (3) area disorder (AD). Each index was calculated using
the equations derived by Marcelpoil and Usson.? As is
customary, border zones of the Voronoi diagram were ex-
cluded from the analysis, as no information can be taken
relating to the final position of cells in these zones.
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In silico experiment: simulation of aggregate
cell populations

Model formulation. Cell aggregations can vary in their
size, cell density, and gathering potential. A computer sim-
ulation model was conducted to examine whether cell pop-
ulation affects the RFav, RFH, and AD indexes during
aggregation. Three cell population models (type A, type B,
and type C; described in section “Model of cell arrange-
ment”) that were observed regularly in our time-lapse ob-
servation were simulated. Afterward, the cell distribution
points were evaluated using a Voronoi diagram. Every trial
was executed and evaluated six times.

Model of cell arrangement. Three types of cell distribu-
tion were created using 100 separate points set on a 2D plane
using the procedures described below. (Note: Cells were not
placed at the exact nodal points of the square lattice, but rather
randomly scattered around each node using a Gaussian dis-
tribution with a standard deviation of 10 pixels (Fig. 2).

Type A: This model was used to analyze the effect of cell
density. Using a 10x10 array of points located at the nodes
of a perfect square lattice, groups with high, medium, and
low cell density were simulated by changing the mesh size of
the square lattice to 30 (high density; H), 60 (middle density;
M), and 90 pixels (low density; L), respectively. A control
group (C) in which the population was distributed randomly
(Fig. 3, model A) was also created.

Type B: This model was used to evaluate the rate at which
cells participated in aggregation. Using an array of N points
located at the nodes of a square lattice and 100-N points
distributed randomly, groups with 0%, 25%, 50%, 75%, and
100% aggregation participation ratios were simulated by
changing the N value to 0, 25, 50, 75, and 100, respectively
(Fig. 3, model B).

Type C: This model was used to analyze the effect of ag-
gregate size. Using point forming groups, three types of cell
populations were created in which cells formed: one large
aggregate (AGG:1); two smaller aggregates (AGG:2); and
four aggregates (AGG:4) that were smaller still. Each nodule
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FIG. 1. Representation of the data acquisition process. (a) Example of typical cartilage observation on a poly-
dimethylsiloxane surface with a phase-contrast microscope. (b) Outlines and center points of cells exiracted from snapshot
images. (c) The derived Voronoi polygon using the point set of cell centers created by the Open Computer Vision Library
(http:// opencv.willowgarage.com/wiki/). Scale bar=20 pm.
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FIG. 2. Schematic model of an aggregating cell population. (a) Randomization of the point set ordered at the nodes of a
square lattice. (b) Spatial perturbation of a point in XY coordinates according to the Gaussian distribution with a standard

deviation of 10 pixels.

FIG. 3. Representative image of
aggregation models. Each model
was varied in the degree of cell
density (type A), cell aggregation
participation ratio (type B), and the
number of cells within each
aggregrate (type C).
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QUANTIFICATION OF CELL AGGREGATION ON FIBROIN

had the same size and contained 100, 50, and 25 points, re-
spectively (Fig. 3, model C).

In vitro experiment: cell seeding experiment
in 2D cuiture

Chondrocyte preparation. Articular cartilage tissue was
aseptically removed from the proximal humerus, distal fe-
mur, and proximal tibia of 4-week-old Japanese White rab-
bits (Oriental Bio Service Co. Ltd.). After any adherent
connective tissue had been removed, the excised cartilage
tissue was diced into 1-mm> segments and chondrocytes
were isolated by digesting small segments of cartilage with
0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) (Na-
calai Tesque, Inc.) for 30min in a temperature-controlled
bath at 37°C. After being rinsed twice with Dulbecco’s
phosphate-buffered saline (PBS; Nacalai Tesque, Inc.) and
centrifuged at 1500 rpm for 5min, the cartilage was enzy-
matically digested with 0.25% type II collagenase (CLS-2;
Worthington Biochemical Co.) for 6h at 37°C. After staining
through a cell strainer (BD Falcon, Inc.) and washing twice
with PBS, a single-cell suspension was obtained. Cartilage
harvests from living animals were approved and accepted by
the animal care committee of the Institute for Frontier
Medical Sciences at the Kyoto University.

Cells were passaged once in T-flasks (Iwaki Glass Co.,
Ltd.) with the Dulbecco’s modified Eagle’s medium (DMEM;
Nacalai Tesque, Inc.) containing 10% fetal bovine serum
(FBS; Nacalai Tesque, Inc.) and 1% antibiotic mixture
(10,000 U/mL penicillin, 10,000mg/mL streptomycin, and
25mg/mL amphotericin B; Nacalai Tesque, Inc.) before ex-
perimentation. Cells were cultured at 37°C in a humidified
atmosphere of 95% air and 5% CO, for 5 days, and the me-
dium was changed every 2 days.

Substrate preparation. A polydimethylsiloxane (PDMS)
liquid solution was prepared by using a SYLGARD 184 SI-
LICONE ELASTOMER KIT (Dow Corning Toray Co., Ltd.)
and curing for 48h at room temperature in a culture dish
(diameter, 150 mm; Asahi Glass Co., Ltd.). Afterward, the
PDMS sheet was cut into disks that were 2mm in thickness
and 35mm in diameter. Disks were sterilized by autoclave
before experimentation.

CON, wild-type FIB, and L-RGDSx2 fibroin (LRF) were
used as substrate coatings and prepared using the proce-
dures listed below. Three substrate-coated disks were pre-
pared for each substrate (CON, FIB, and LRF) and set in a
culture dish (diameter, 35 mm; Asahi Glass Co., Ltd.). Each
substrate disk was washed twice with PBS before use.

CON substrate: As a control, type I collagen-coated PDMS
disks were used, with PDMS chosen due to its hydrophobic
nature. The PDMS disks were soaked in 10% Cellmatrix
Type I-C (Nitta gelatin, Inc.) diluted in HCI (pH 3.0, 1 mM)
for 30min at room temperature. Afterward, the plates were
washed with a culture medium (DMEM) three times and
with PBS twice thereafter.

FIB substrate: A FIB aqueous solution was prepared as de-
scribed previously.>™* Briefly, degummed silk FIB fibers from
Bombyx mori cocoons were dissolved in a 9 M lithium bromide
aqueous solution at room temperature, with the solution
subsequently dialyzed against pure water. The concentration
of FIB in the water solution was determined by the colori-
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metric method and was prepared to be 1% (wt/vol). Before
coating the FIB substrate, PDMS disks were treated with O,
plasma to make the surface hydrophilic. The PDMS disks were
then soaked in the FIB aqueous solution for 1h at room tem-
perature and dried at 50°C. The coated disks were immersed in
an 80% methanol solution for 1h and dried again at 50°C.

LRF substrate: The LRF is a protein in which (RGDS)x2 se-
quences have been fused with FIB L-chains at the amino-
terminus. An LRF aqueous solution was prepared using the
same technique as that used for the preparation of the wild-
type FIB aqueous solution. PDMS disks coated with LRF
were also manufactured in the same process as that used for
the wild-type FIB samples.

Time-lapse microscopy. Passaged chondrocytes were
removed from T-flasks by adding 0.25% trypsin-EDTA and
washing twice with PBS. Shortly after detachment, cells were
suspended in the Leibovitz's L-15 medium (Invitrogen
Corp.) containing 10 vol% FBS, and 1 vol% antibiotic mixture
and seeded on substrate dishes at a concentration of 1.5x10*
cells/cm? Following that, the dish was placed on an inver-
sion microscope (IX-71; Olympus Corp.) and enclosed in a
small transparent culture chamber (MI-IBC-IF; Olympus
Corp.) with in a humidified atmosphere at 37°C. A 10x
magnification objective lens (CPlan N 10x/0.25 PhC; Olym-
pus Corp.) was used in our experiment. During a 24-h cul-
ture, time-lapse phase-contrast images were captured every
10min by a CCD camera (DP70; Olympus Corp.).

Chondrocyte distribution quantitation. To acquire posi-
tional datum related to the chondrocytes’ distribution, the im-
ages, captured at 10min, and 3, 6, 9, 12, and 24 h after seeding,
were analyzed according to the following procedure. Each cell
was outlined and painted over manually using Photoshop
(Adobe Systems, Inc.) and cell binary images were generated.
Afterward, the cell positions were sorted out using the Particles
Analysis command in Image] (National Institutes of Health)
(Fig. 1). Using this population data, Voronoi diagrams were.
produced and three indexes (AD, RFav, RFH) were calculated.
The number of cells was also recorded, and the rate of cell
growth was calculated by dividing the number of cells in
each time step by the initial number of cells. Time-dependent
changes in AD were fitted to a nonlinear regression model.

Statistical analysis and data presentation

Experimental values in each figure are presented as
meanztstandard deviation. One-way analysis of variance
(ANOVA) and a Tukey’s test for post hoc comparison were
done to analyze the significance of time-dependent changes in
RFH, RFav, AD, and the rate of cell growth in in vitro exper-
iments. A Student’s f-test was done to analyze the significance
between the groups in the in vitro experiment. All statistical
tests were determined using a criterion of p<0.05. An as-
ymptotic exponential curve was used for regression analysis
of the temporal AD changes on each substrate.

Results
The outcomes from in silico experiments

The RFav versus RFH versus AD shown in Figure 4
describes the results for RVav, RFH, and AD in the in silico
experiments. These results were calculated from cell simulations
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using type A (Fig. 4a), type B (Fig. 4b), and type C (Fig. 4¢) cell
populations. In these conditions, RFav, RFH, and AD ranged
from 0.65 to 0.80, from 0.74 to 0.90, and from 031 to 0.72,
respectively.

The statistical significance analysis indicates that RFav is
insensitive to the rate at which cells participate in aggrega-
tion (Fig. 4b), and that RFH is insensitive to the number of
cells involved in aggregation (Fig. 4c). On the other hand,
AD results reveal a significant difference between multiple
groups for all simulation types. Thus, AD appears to be more
sensitive than RFav and RFH in evaluating aggregating cell
populations, especially with respect to aggregate cell density
and the ratio of cells involved in aggregation.

The outcomes from in vitro experiments

In Figure 5, chondrocytes on each substrate are shown
after 12 and 24h of culture time. On the CON substrate,
chondrocytes elongated and few cells were found to be in
contact with each other (CON). On both FIB substrates (FIB
and LRF), most chondrocytes maintained a rounded shape
and participated in cell aggregation. Chondrocytes on these
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substrates were active in migration during the early stages of
cell culture, but cell speed appeared to decrease with cell
aggregation. Compared with the LRF substrate, the aggre-
gation size was larger and fewer cells remained solitary on
the FIB substrate.

Chondrocytes on the FIB and LRF substrates did not in-
crease significantly in the 24-h culture period, as shown in
Figure 6. Only on the CON substrate was significant cell
growth observed (p<0.01, one-way ANOVA). Furthermore,
significant differences in the temporal cell growth on the
CON substrate were found only between 10min-24h
(p<0.01), 3-24h (p<0.01), and 12-24h (p <0.05, Tukey test)
of culture time. Thus, there were no significant changes in
cell proliferation during the first 12h after seeding on each
surface.

The time-dependent changes in RFav, RFH, and AD for
chondrocytes grown on each substrate are shown in Figure 7.
The initial value for each index was almost the same for each
substrate, but the RFav and AD values for the FIB substrate
and all three indices for the LRF substrate changed signifi-
cantly over the 24-h culture period (p<0.05, one-way AN-
OVA). The absence of change in the indexes recorded for the
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FIG. 4. Derived round factor average (RFav), roundness factor homogeneity (RFH), and area disorder (AD) from model
type A [(a) differ in cell density], model type B [(b) differ in aggregate participation], and model fype C [(c) differ in aggregate
size]. In (@), **p <0.05, #¥p<0.01, ***¥p'<0.001; by Tukey-Kramer test. *Indicates significance between model groups, and
#indicates significance between model groups and control groups. In (b) and (c), *p <0.05, **p <0.01, ***p<0.001; by Tukey-

Kramer test. Error bars indicate square distributions; n=6.
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FIG. 6. Temporal changes in chondrocyte growth rate on
each substrate. The significant change in the number of ob-
served chondrocytes was seen only on the collagen surface
by one-way analysis of variance. Errot bars indicate square
distributions; n=3.
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24 hrs

FIG. 5. Phase-contrast images of
chondrocytes cultured on collagen
(a, b), on wild-type fibroin (c, d),
and on RGD fibroin surfaces (¢, f),
which were taken 12h (3, ¢, e} and
24h (b, d, f) after seeding. Scale
bar=20 um.

CON substrates was probably caused by the cells lack of
aggregation. Asymptotic exponential curves were fitted to
the mean values of the AD index in a time-dependent
manner for every substrate (Fig. 8) The relaxation time was
1.56 for the FIB substrate and 4.39 for the LRF substrate,
and the AD values for the FIB and LRF substrates were
fixed at 0.54 and 0.49, respectively, during the 24-h culture
period.

Discussion

The purpose of this study was to investigate how best to
quantitatively characterize cell populations in various cul-
ture conditions. The results of simulation testing showed that
RFav and RFH were insensitive to the rate at which cells
participated in aggregation and the number of cells involved
in aggregation, respectively. However, there appeared to be
a direct relationship between AD and the degree of aggre-
gation, with increasing AD values observed for increasing
cell aggregation. The significance of this relationship was
confirmed statistically (Tukey-Kramer test, p<0.05). Using
this information, the results of the i vitro experiments were
analyzed and the cell aggregation behavior on the differ-
ent substrates analyzed. According to the time-dependent
changes in AD, the FIB surface seems to be quite different
from the CON surface with respect to multicellular behavior.

45



402
a = Cm’nn’;{ -

WX - Fibron

- RGD Fibioin

07l l? ) » man
. - T m- -
z P -
é’. n7r ; C L 3
& = .

"
SR S

nod - T
. i

Culture tinw {hry|

Culture time [hus]

OTAKA ET AL.

C 0x . B Coatiol
. Fiwam

: - RGD Fihronn * *
ok * ok !
. LR TN . : *% .
L =] T —
o - N TR AR ¢ S p— <
oA 6 -
nd 2 s .
K L] -
R . » = "
"
2 IR 24 " ‘ 12 I8 24
Culture tinw [hrs)

FIG. 7. Temporal changes in RFav (a), RFH (b}, and AD (c) on each substrate. The significant changes were observed on

wild-
(0.05). All three indexes exhibited no si

fibroin for RFav (p<0.01) and AD (p<0.01) and on RGD fibroin for RFav (p<0.001), RFH (p<0.001), and AD
gnificant change on the collagen surface. *indicates significance between control and

fibroin groups. *p <0.05, **p <0.01, **p <0.005; by t-test. Error bars indicate square distributions; n=3.

Promotion of cell aggregation seems to be one of the char-
acteristics of FIB substrates, and has been reported in other
studies as well.>® Using observational techniques, it is easy
to qualitatively distinguish the differences between CON
and FIB surfaces with respect to chondrocyte migration and
population (Fig. 5a, b). However, it is quite difficult to de-
termine whether wild-type FIB is different from RGD fibroin
in terms of cell population, because this difference is too
subtle to discern simply from observing photographic evi-
dence (Fig. 5b, ). In that respect, the quantitative results of
this study have demonstrated that multicellular behavior is
affected by the coating substrate material, and have revealed
different time-dependent processes.

There are few criteria for evaluating aggregated cell pop-
ulations using a Voronoi diagram; so, three typical sets of cell
population distribution were conducted in a simulation ex-
periment. In the aggregation distribution model, all three
indexes (AD, RFav, and RFH) changed according to the de-
gree of cell density (type A), the degree of cell participation
in aggregating (type B), and the number of cells in a single
aggregate (type C). In types A and B, as the cells came closer

. B Control
O Fibroin
Q RGD Fibroin *

0.8

0.6

AD

}

0\1\ 1 i i 1
0 6 12 18 24
Culture time [hrs]

FIG. 8. Regression analysis of temporal AD changes for
each substrate, resulting in a fit with R? of 0.13 (collagen),
0.96 (wild-type fibroin), and 0.99 (RGD fibroin). Each AD
value converged to 0.32, 0.54, and 0.49, with a relaxation
time of 0.44, 1.56, and 4.39h, on collagen, wild-type fibroin,
and RGD fibroin, respectively. *indicates significance between
control and fibroin groups. *p<0.05, **p <0.01; by t-test.

to each other or as more cells became more aggregated, the
cell density gap increased between crowded and barren ar-
eas, and subsequently led to an increase in AD and a de-
crease in RFH. Similarly, Marcelpoil and Usson suggested
that an increase in AD signifies populations containing ag-
gregates in particular locations, whereas a decrease in RFH
signifies populations containing barren islets.’* Moreover,
Nawrocki Raby et al. defined the shift from initial distribu-
tion toward clustering as the increase of AD (from 0.33 to
0.57) in conjunction with the decrease of RFH (from 0.80 to
0.77).° In the in vitro experiments, AD, on average, increased
significantly from 0.35+0.04 to 0.55+0.07 and from
0.35+0.02 to 0.48:£0.06 for FIB and LRF substrates, respec-
tively. On the other hand, RFH, on average, was decreased
from 0.86+0.032 to 0.84+0.003 and from 0.88:+0.007 to
0.86+0.002 for FIB and LRF substrates, respectively. Even
though, RFH decreased for both FIB and LRF substrates,
statistical significances were detected only for LRF.

There is one considerable reason why RFH did not change
significantly. When less than half of the cells are in aggre-
gation in simulation model type B, RFH values remain
around 0.76, whereas RFH sensitively decreases when more
than half of the cells are aggregated. In addition, it seems that
cell density in a cluster can also affect RFH values. Based on
the results above, the RFH index varies only in the latest
phase of aggregation process when a majority of cells come
close to each other. On the other hand, the AD index in-
creases gradually with cell aggregation in model types A and
B. So, as far as evaluating chondrocyte aggregation on FIB
surfaces (like in Fig. 5), AD is more appropriate than RFH. In
fact, temporal changes in AD matched well with the quali-
tative impressions observed experimentally.

The degree of aggregate formation has been expressed
subjectively in the histomorphology field. The AD index
seems to best characterize cell-aggregate populations among
the three indexes of the Voronoi Diagram under the hy-
potheses that positive correlation with models A (H, M, and
L) and B (0%, 25%, 50%, 75%, and 100%) together with no
correlation with model C (AGG1, AGG2, and AGG3) agrees
with the subjective criteria for aggregation. From time-lapse
microscopy, most events in cell aggregation were observed
during the first 12h after seeding, with cell migration sub-
sequently normalizing, followed by cell-cell adhesion. From
this analysis, chondrocyte aggregation was supposed to be a
relaxation process; hence, regression analysis was performed
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to fit the temporal AD changes recorded for each substrate
into an asymptotic exponential model. As a result, the de-
crease in relaxation time between FIB and LRF suggests that
regression analysis of AD can be used to assess whether
culture substrates can affect the cell aggregation process.
Interestingly, the aggregation speed was delayed from 1.56
to 4.39h on the RGDSx2 peptide interfused FIB substrate.

An RGD amino acid sequence is the minimum unit of a
cell-substrate adhesive activity domain, which is a ligand of
integrin.’6 Ryan et al. reported that decreasing substratum
adhesiveness might lead to a slower rate of cell aggregation
spreading over the substrate.!” Moreover, Briggs et al. re-
ported that the weakening of cell-substrate adhesion and the
formation of cell aggregates were observed simultaneously
and also accompanied the osteogenic differentiation of
mesenchymal stem cells.'® These results suggest that a bal-
ance between cell—cell and cell-substrate adhesion is one of
the important factors in predicting cell aggregate formation/
deformation. On the other hand, Kambe et al. reported that
RGDSx2 peptide interfused into silk FIB significantly in-
creased the cell adhesive force until 12h after seeding.’
Taking the above into consideration, it may be possible that
cell-substrate adhesiveness decreases the tendency and
speed of chondrocyte aggregate formation as the adhesive
force of FIB increases.

AD analysis may be able to evaluate the motility of cel-
lular aggregates, especially with respect to speed, which is
not measured in qualitative observation. However, there are
many hurdles that still remain to be cleared before this
method is ready for use in tissue engineering. One of the
most important problems that need to be addressed is how
to translate multiceliular behavior indices into design criteria
for biological tissue growth. Certainly, the mechanisms un-
derlying regeneration processes are regulated by not only by
cytoskeletal-mediated force transmission factors, such as in-
tegrin and cadherin, but also by a network of genetic or
biochemical signaling pathways. For the FIB scaffold design,
it is still unclear how the chondrocyte aggregation process
affects the maintenance of the cartilaginous phenotype dur-
ing tissue regeneration; hence, genetical or histological sur-
veys are needed in future studies. Moreover, cell aggregation
must be assessed carefully, because cell motility and cohesion
are phenomena that are central to cell organization within
tissue scaffolds. Lauffenburger et al. stated that maximally
useful engineering design principles for cell organization
within tissue structures will require the most comprehensive
models for cell motility behavior to be able to predict multi-
cellular organization from quantifiable characteristics of cell-
matrix and cellcell interactions.? In this respect, AD is an
unrefined, but easy-to-use tool for characterizing cell aggre-
gation, and can be one of the approaches used to investigate
spatiotemporal characteristics of cell-matrix and cell-cell
interactions.

Conclusions

The findings obtained from this study are the following:
(1) Three indexes (RFav, RFH, and AD) of the Voronoi dia-
gram identified the differences in spatiotemporal changes
between chondrocytes grown on FIB and CON surfaces; (2)
The regression analysis of the AD index revealed the speed
of cells during aggregation; and (3) Transgenic RGDS se-
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quences reduced the aggregate formation of chondrocytes
cultured on FIB.
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Abstract

Cell migration plays important roles in natural processes involving embryonic development, inflammation,
wound healing, cancer metastasis and angiogenesis. Cell migration on various biomaterials is also believed
to improve the rate of wound healing and implant therapies in the tissue-engineering field. This study mea-
sured the distance traversed, or mileage, of mouse fibroblasts on a silk fibroin surface. Fibroblasts on the
fibroin surface moved with better progress during 24 h than cells on collagen or fibronectin surfaces. Results
obtained by quantitative real-time reverse transcription-polymerase chain reaction (QRT-PCR) revealed that
fibroblasts on the fibroin surface expressed transforming growth factor g-induced protein (TGFBI), which
is an extracellular matrix (ECM) protein, stronger than on other surfaces in the early cell-culture stages.
These results demonstrate that the fibroin surface shows higher potential to enhance cell migration and the
production of ECM than a collagen or fibronectin surface.

© Koninklijke Brill NV, Leiden, 2012

Keywords
Silk fibroin, cell migration, fibroblast, ECM

1. Introduction

Silk, which is produced by silkworms (Bombyx mori), has been used commer-
cially as a textile fiber because of its excellent properties for use in clothing:
good mechanical strength, softness, luster and smooth texture. Furthermore, silk
fiber has a long history of use as surgical suture. Its safety performance, such
as long-term non-carcinogenicity and acute and chronic inflammatory reactions,

* To whom correspondence should be addressed. Tel./Fax: (81-29) 838-6164; e-mail: ytamada@affrc.go.jp

© Koninklijke Brill NV, Leiden, 2012 DOI:10.1163/156856212X629025
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has been well studied [1]. Silk fibroin, a naturally derived polymer, is the main
component of silk fiber. Silk fibroin can be fabricated into films, gels, sponges,
resins and nanofibers using water solvent processes [2—8)]. Many reports have de-
scribed silk fibroin application to produce artificial veins and wound dressings,
and have explained its applications in biomedical fields as a substrate for im-
mobilized enzymes, as an anticoagulant material, an anti-HIV material, a sub-
strate for cell culture and a drug-delivery carrier. Recently, its application as a
scaffold for cells in tissue engineering has been reported by many researchers,
who have concluded that silk fibroin represents a good material for use in re-
generative medicine [9-17]. We also reported that chondrocytes cultured in fi-
broin sponge proliferated and synthesized cartilage-specific extracellular matrices
(ECMs) and glycosaminoglycan [18]. It is particularly interesting that both pro-
liferation and differentiation of chondrocytes occur simultaneously in our fibroin
sponge, engendering good cartilage regeneration from a few seeded cells. Never-
theless, the mechanisms that play those roles in fibroin sponge material remain
unknown.

Cell migration serves important roles not only in physiological and pathologi-
cal events such as normal embryonic development, inflammation, wound healing,
cancer metastasis and angiogenesis, but also in tissue reconstruction technology
[19-23]. Cell migration is known to be affected directly or indirectly by various
soluble growth factors [22, 24]. Cell migration is also known to depend strongly
upon ECM structures and properties [21]. The chondrocyte behaviors in the fibroin
sponge described above might be attributable to the properties of the fibroin sur-
face to be prepared for use as an artificial ECM. Therefore, investigations of cell
migration on the fibroin surface will yield important information to elucidate the
advantages of fibroin material for tissue reconstruction. Nevertheless, no reported
studies have examined cell migration on a fibroin surface.

In this study, cell migration on the silk fibroin surface was measured quantita-
tively for 24 h after contact with the surface. Those characteristics of migration were
compared with characteristics observed on collagen and fibronectin surfaces as con-
trols representing typical biomaterial surfaces. Time-dependent expression profiles
of one ECM protein, transforming growth factor S-induced protein (TGFBI), at the
early cell culture stage on the surfaces were assessed using qRT-PCR. For quan-
titative investigation of cell migration on surfaces, several techniques have been
reported, including colloidal gold migration assay and single-cell tracking by time-
lapse image capture with computer image analysis. We adopted the latter technique
for direct quantitative measurements to support determination of the cell mobil-
ity on the fibroin surface. Results obtained in this study are expected to aid in the
assessment of silk fibroin as a biomaterial used in tissue-engineering fields by re-
vealing its effects on cell behavior.
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2. Materials and Methods
2.1. Cell Culture

The murine fibroblast cell line NIH3T3 was grown in Eagle’s medium (EMEM;
Nissui) containing 10% FBS (Invitrogen), 2 mM L-glutamine (Invitrogen) and
0.1 mg/ml kanamycin (Invitrogen) in a humidified incubator (5% C07/95% air at-
mosphere at 37°C).

2.2. Preparation of Silk Fibroin Surfaces

Silk fibroin coating was performed on glass-bottomed dishes (35 mm diameter;
Asahi Glass) or on cover glasses (15 mm diameter; Thermo Fisher Scientific) as fol-
lows. The silk fibroin aqueous solution was obtained by dissolving the degummed
silk fiber of a B. mori silkworm cocoon with 9.0 M LiBr with subsequent dialysis
against water. The fibroin aqueous solution was adjusted at 1% (w/v) concentra-
tion and was then deposited onto dishes and plates. After incubation for 30 min at
room temperature, the fibroin solution was removed. Then the fibroin surfaces on
the dishes and plates were dried in an oven at 50°C for more than 12 h. The fibroin
surface was treated with 80% ethanol solution for 30 min at room temperature to
render the fibroin surface insoluble by changing it from random to B-sheet confor-
mation [25]. Finally the fibroin surfaces were dried at 50°C for more than 12 h.
Before cell culture experiments, the fibroin surfaces were immersed in 70% ethanol
solution for sterilization.

2.3. Preparation of Fibronectin and Collagen Surfaces

For use in this study, we prepared collagen and fibronectin surfaces as references
for typical substrates used in cell culture and tissue engineering. The sterilized
collagen solution (0.3 mg/ml) was prepared by dilution of Cellmatrix Type I-C
(Nitta Gelatin) with 0.22-um-filtered 1 mM HCI. A sterile fibronectin solution was
prepared from fibronectin extracted from human plasma (Roche Diagnostics) for
dissolution at the concentration of 50 pg/ml using autoclaved PBS (Dulbecco’s
Phosphate Buffered Saline; Wako). Each protein solution was applied to glass-
bottomed dishes or cover glasses. Then each was kept for 30 min at room tem-
perature and removed. Dishes and glasses were washed three times with autoclaved
PBS. They were then used within 2 h for cell culture experiments. All procedures
were conducted in sterile conditions.

2.4. Cell Migration

NIH3T3 cells were seeded on protein-treated glass bottom dishes and non-treated
glass-bottomed dishes at a density of 2.5 x 10* cells/ml. After 1 h incubation,
the medium was discarded and dishes were washed with medium to remove non-
adherent cells. Then fresh medium was added to the dishes for the subsequent
time-lapse experiment. Time-lapse microscopy was conducted at 5 min intervals for
24 h using a microscope (Olympus IX 70) equipped with a temperature-controlled
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and CO;-controlled chamber (MI-IBC, Olympus), a high-sensitivity cool CCD
color camera (VB-7010, Keyence) and a digital microscope camera controller
(VB-7000, Keyence). The average track distance per predetermined duration, or
mileage, of cells on each sample surface (fibroin, collagen, fibronectin and glass)
was tracked using Mtrack] software in Image] software (National Institutes of
Health). Mtrack] is a freely available Imagel plug-in that was produced to facil-
itate manual tracking in the image sequences and the measurement of the track
statistics (http://www.imagescience.org/meijering/software/mtrackj/). The targeted
cell positions at each time were determined by manual tracking using the Mtrack]J
function. Cell position data were exported to spreadsheets for calculation. The cell
mileages on respective sample dishes were averaged from three individual cells.
Statistically significant differences were inferred using ¢-tests.

2.5. Quantitative Real-Time RT-PCR

NIH3T3 were seeded on protein-treated glass-bottomed dishes and non-treated
glass-bottomed dishes at density of 2.5 x 10* cells/ml. They were then cultured
for 6, 24 and 48 h. After incubation, the cells were washed with PBS, removed with
0.25% trypsin-EDTA (Invitrogen) and centrifuged. Total RNA extraction from ob-
tained NTH3T?3 pellets and reverse transcription reactions were performed using a
TagMan Gene Expression Cells-to-CT Kit following the manufacturer’s protocol.
Custom probe-based TagMan gene expression was used for quantitative RT-PCR
reactions. Quantitative real-time PCR was performed using TagMan custom probes
with a StepOne Real-Time PCR System (Applied Biosystems). Relative expres-
sion levels were calculated as 2799Ct after normalizing to the housekeeping gene,
B-actin. Transforming growth factor, B-induced protein (TGFBI, NM_000358) was
selected as a target gene.

2.6. Cell Proliferation

NIH3T3 cells were seeded on the fibroin-coated, the collagen-coated, and the
fibronectin-coated 15-mm-diameter cover glasses or non-coated cover glasses at
the density of 1 x 10* cells/glass. After 1, 3, 5 and 7 days incubation at 37°C/5%
CO,, the wells were washed with PBS to remove non-adherent cells. Then 0.5%
Triton X-100 in PBS solution was added to each well to dissolve cells. Lactate
dehydrogenase (LDH) activity of the cell-dissolving solutions was measured ac-
cording to a description in a previous report [26]. The cell number at each time was
determined according to the standard curve of the cell number against LDH activity.
Then the data were averaged (n = 5). The doubling times of cells on the surfaces
were calculated using exponential fitting.
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3. Results
3.1. Cell Morphology

Figure 1 presents cell morphologies at 1 and at 25 h after incubation on fibroin
(Fig. laand b), collagen (Fig. Ic and d), fibronectin (Fig. le and f) and glass (Fig. 1g
and h) surfaces examined in this study from images captured during a time-lapse
microscopy experiment. Figure 1 shows that the numbers of attached cells were
similar on all surfaces. Some morphological differences among the four surfaces
were observed (Fig. 1a, ¢, e and g). Almost all cells on the fibroin, collagen and
glass adhered to the surface while maintaining their round shape with pseudopodia.

1 hour 25 hours

Fibroin

Collagen

Fibronectin

Glass

Figure 1. Cell morphology of NIH3T3 on (a, b) fibroin, (c, d) collagen, (e, f) fibronectin and (g,
h) glass surfaces after (a, ¢, e, g) 1 and (b, d, f, h) 25 h seeding. Scale bar = 100 pm.
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The other cells expanded on the surfaces. Almost all cells cultured on the fibronectin
surface had begun to elongate at 1 h. Very few cells attached with a round shape
(Fig. 1e). After 25 h incubation, the morphology of the cells cultured on collagen
and glass expanded from a round shape, which resembled the morphology of the
cells on fibronectin. It is particularly interesting that, on the fibroin surface, cells
displayed similar morphology to that at 1 h incubation.

3.2. Cell Migration

To evaluate cell migration quantitatively on respective surfaces, we selected a target
cell randomly in time-lapse images to trace its path using add-on Mtrack]J software
with ImageJ. Figure 2a—d portrays the average cell mileage for each 5 min dur-
ing 24 h on fibroin, collagen, fibronectin and glass surfaces, respectively. Figure 2a
shows that the cell on the fibroin surface moved much more actively than on the
other surfaces. Furthermore, the cell on the fibroin surface traveled frequently for
several micrometers, although no movement for such a long distance was observed
on the other surfaces. Figure 3a—d presents the respective mileage data for move-
ment on fibroin, collagen, fibronectin and glass surfaces. The respective average
values are 1121.2 +211.9, 351.0 &= 64.5, 253.5 £ 24.5 and 293.7 = 89.0 (n = 5).
The cell mileage on the fibroin surface was significantly greater than mileage on
any other surface.

3.3. Gene Expression

At the initial stage of contact on the fibroin surface (within 24 h), cells migrated
significantly more actively than on the other surfaces. Therefore, we performed
analysis of gene expression in the cell cultured on the fibroin surface to elucidate
the cell conditions under high migration. As the gene related with cell mobility,
we selected TGFBI gene to determine the characteristics of cells on the fibroin
surface. Actually, TGFBI is also designated as Big-h3 (TGF-B-induced protein
gene-human, clone 3). It is known to promote the adhesion and the spread of fi-
broblasts [27, 28]. In keratinocytes, TGFBI can be highly induced by transforming
growth factor  (TGF-g8), which plays important roles in wound healing [29-31].
Relative gene expression for TGFBI using quantitative RT-PCR after 6, 24 and
48 h of culture on fibroin, collagen, fibronectin and glass surfaces is shown in Fig. 4.
The relative gene expression reflects the comparative gene expression at each time
with the gene expression immediately before incubation (0 h). The TGFBI expres-
sion in cells cultured on the fibroin surface was the same level as 0 h culture at 6 h,
but increased gene expression was observed during 24 h culture. At 48 h culture,
the gene expression decreased to a much lower level than that before culture. In
contrast, although TGFBI gene expression in cells on the glass and the collagen
surfaces at 6 h culture was the same level as that at O h, as observed on the fibroin
surface, the gene expression decreased at 24 h culture and became the same level as
that on the fibroin surface at 48 h. Cells on the fibronectin surface displayed differ-
ent TGFBI gene expression from the cells on other surfaces. At 6 h culture, a much
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Figure 3. Average cell mileages of NIH3T3 on fibroin, collagen, fibronectin and glass surfaces
(n =35 cells). Pathways of NIH3T3 were tracked manually using the MtrackJ plug-in of ImageJ soft-
ware for quantitative evaluation. * P < 0.0001, **P < 0.00003, significant differences between the
indicated columns (by z-test).
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Figure 4. Relative mRNA expression levels of TGFBI in NIH3T3 on fibroin (®), collagen (O), fi-
bronectin (4) and (A) glass surfaces after 6, 24 and 48 h seeding. Quantitative RT-PCR was performed
on total RNA extracted from NIH3T3. All dCt values were corrected for the efficiency of each primer
set in relation to the housekeeping gene, g-actin.

lower level of gene expression in cells on the fibronectin surface was observed. The
low gene expression persisted through culture until 48 h.

3.4. Cell Proliferation

The cell morphology and migration profile on the fibroin surface differed from those
observed on the other surfaces within 24 h after contacting the surface, as described
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Figure 5. Cell growth curves on fibroin (@), collagen (O), fibronectin (A) and (A) glass surfaces. Cell
numbers on the five surfaces on each culture day were averaged.

Table 1.
The doubling times of NIH3T3 cells cultured on various surfaces

Surface

Fibroin Collagen Fibronectin Glass

Doubling time (h) 239432 25.5%£1.7 23.6+1.1 24.61+2.6

above. To ascertain cell behavior on the fibroin surface at longer contact times, more
than 24 h, we examined cell proliferation on the fibroin surfaces in comparison with
that on other surfaces. Cell proliferation is a basic cell function that is reflected
in surface properties such as physicochemical, biological and toxicity properties.
Figure 5 presents the cell growth curves for growth on fibroin, the collagen, the
fibronectin, and the glass surface. Cell doubling times are shown in Table 1. Cells
can proliferate normally on the fibroin surface just as they can on the other surfaces.
This result indicates that cells on the fibroin surface perform just as they do on other
surfaces after 24 h contact with the surface.

4. Discussion

Cell mobility on biomaterials influences the biomaterials’ biocompatibility through
inflammatory reactions, wound healing and tissue reconstruction [19-22, 32, 33].
We conducted quantitative assay of the NIH3T3 cell migration on the fibroin sur-
face by tracking a single cell from time-lapse images, and compared those images
with some obtained for collagen and fibronectin surfaces, which are ECM com-
poneants, as control surfaces for typical biomaterials. Results show that cells move
much more actively on the silk fibroin surface than on the collagen and fibronectin
surfaces. Few reports in the literature describe the quantitative determination of
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cell mobility by direct measurement of a single cell. Harris ef al. reported results
of a quantitative assay of cell migration on laminin and fibronectin substrates using
time-lapse experimentation [32]. They reported the respective cell migration speeds
on fibronectin surface as 0.44 £ 0.21 and 0.91 & 0.37 um/min for human epidermal
sarcoma A431 and human fibrosarcoma HT-1080. Figure 3 shows that the average
migration speed of the NIH3T?3 cells on the fibronectin surface during 24 h was es-
timated as 0.18 4 0.02 pm/min. The migration speed is apparently much lower than
that reported by Harris et al. [32]. However, Fig. 2 shows that the speed of NIH3T3
cell migration on the fibronectin surface during each 5 min was estimated as 0—
0.13 pm/min. Therefore, our results will be useful for comparison with reported
results, even though a different cell line was used.

Li et al., using the colloidal gold migration assay, compared human dermal
fibroblast motility on collagen I, collagen IV, fibronectin, vitronectin and poly(L-
lysine) surfaces with or without platelet-derived growth factor-BB (PDGF-BB)
[21]. The fibroblast on the collagen I surface showed the highest migration among
all surfaces. The fibroblast migration on the collagen surface was reportedly about
twice as high as that on the fibronectin surface. In our experiment, the average mi-
gration speed of NIH3T3 cell on the collagen surface was 0.24 £ 0.04 um/min,
which is similar to that on the fibronectin surface. Results of this study agree with
the reported results, indicating that a silk fibroin surface can support higher cell
mobility than either the collagen or the fibronectin can. The cell morphology is
correlated with cell mobility: round cells moved actively on the surface, but the
mobility of the spread-shaped cells was low. Especially on the fibronectin surface,
almost all cells were spread from initial contact at 1 h culture. The lowest cell mo-
bility was observed in the fibronectin surface. At 25 h culture, most cells on the
collagen, fibronectin and glass surfaces showed spreading morphology, although
round cells remained on the fibroin surface, where the highest cell mobility was
observed. The expression of TGFBI was also correlated with the cell morphology.
At both 1 and 25 h culture, most cells showed a spreading morphology and low
expression of TGFBI on the fibronectin surface. In contrast, the round cells on the
fibroin surface retained high expression of TGFBI after 6 and 24 h culture.

The expression of the TGFBI gene in the cells cultured on the fibroin surface
had increased during 24 h culture, although the expression on the other surfaces
was lower than that before culture. TGFBI is an ECM protein that is highly induced
by TGF-B [27, 28]. Therefore, it is probable that TGF-8 was produced by cells on
the fibroin surface during the 24 h culture. TGF-$ is known to be able to stimu-
late ECM synthesis, as can the collagen and fibronectin, and to increase fibroblast
and neutrophil mobility with subsequent acceleration of wound healing and tissue
construction [29-31]. Several groups have reported that cell adhesion to the TGFBI
coated surface was dramatically greater than that to the BSA-coated surface [28,
34], which suggests that the NIH3T3 cells cultured on the fibroin surface are active
to accelerate the production of ECM proteins through the TGF-g and TGFBI secre-
tion during early culture. In contrast, the ECM protein production is not accelerated
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