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Abstract: To characterize the growth of human gastric
cancer cells in collagen gel matrix and adhesive status of
the cells in comparison with conventional monolayer cells.
Three kinds of human gastric cancer cell lines (BGC823,
SGC7901, and MKN28) were cultured alone or co-cultured
with normal human fibroblasts in collagen gel matrix, and
their cell cycle, metabolic function, and the expression of
adhesive molecules (CD44s, CD54, and E-cadherin) were
analyzed by flow cytometry or other methods. Two of three
cell lines (BGC823 and SGC7901) and their co-cultures
showed multilayer growth in collagen gel matrix, and their
growth and metabolism rate became slow and the cell ad-
hesion molecules (CAMs) expression was down regulated.

Gastric cancer cell alone or with fibroblasts in collagen gel
matrix showed distinct growth feature when compared
with monolayer cells, which represent two kinds of differ-
ent experimental models. BGC823 and SGC7901 cells grow-
ing in three-dimension may recur some characteristics of
their original solid tumor in vivo with the invasive or meta-
static ability. According to different aims, it should pay
great care in choice of experimental model to get more rea-
sonable results. � 2007 Wiley Periodicals, Inc. J Biomed
Mater Res 84A: 917–925, 2008
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INTRODUCTION

Since the pioneering work of Sutherland and cow-
orkers in the early 1970s,1 three-dimensional cell cul-
ture (3D culture) has been applied to numerous aspects
of biological research. Since then, a lot of culture tech-
nique has been available.2–6 The complex structure of
cancer cells formed in 3D culture is intervenient
between tumors in vivo and cancer cells in a traditional
monolayer culture. Moreover, cancer cells in 3D culture
exhibit multicellular resistance (MCR), just like tumor
in vivo.7 Due to this fact, several models of cancer cells
in 3D culture were used to test drug chemosensitiv-
ity.8–11 However, due to the complexity of tissue and
organ in vivo, further studies of the 3D culture system
are necessary in order to construct a better biologic-

simulation structure and to better understand its mech-
anisms and potential.

One of the most important characteristics of 3D cul-
ture is the formation of 3D organization of cells, which
depends on cell–cell and cell–matrix interactions. Thus,
it could be hypothesized that the regulation on expres-
sion of some molecules may be directly responsible for
the cell interactions, particularly in regard to the cell
adhesion molecules (CAMs), which may be involved in
3D cell growth.

In this study, three kinds of human gastric cancer cell
lines were cultured alone or co-cultured with normal
human fibroblasts in collagen gel matrix, and their mor-
phology, cell cycle, metabolic function, and CAMs
expression were detected by flow cytometry and other
methods. One of the purposes of this study is to charac-
terize the 3D growth of the cancer cells in collagen gel
matrix; the other is to compare the expression of three
important CAMs involved in tumor invasion (CD44s,
CD54, and E-cadherin) with the cells growing in colla-
gen gel and in monolayer, then determine if intrinsic
differences exist in CAM expression and detect the
influence of stromal fibroblasts to cancer cells in this 3D
culture model.
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MATERIALS ANDMETHODS

Materials

Collagenase IV was purchased from Sigma, USA. Dulbec-
co’s Modified Eagle’s Medium (DMEM) and trypsin were
purchased from Gibco, USA. Monoclonal antibody of CD44s
was purchased from Ancell, UK. Monoclonal antibody of
CD54 was purchased from Becton Dickinson, USA. Monoclo-
nal antibody of E-cadherin was purchased from Santa Cruz,
USA. The glucose detection kit was purchased from Zhong-
sheng Biotech, China, and lactate dehydrogenase (LDH) kit
was purchased from Jiancheng Biotech, China.

Monolayer culture

Human gastric cancer cell lines BGC823, a poor differentia-
tion gastric carcinoma (donated by Prof. You-Yong Lu, Beijing
Cancer institute, China), SGC7901, a solid tumor with moder-
ate differentiation and metastatic feature (purchased from
Shanghai Institute of Biochemistry and Cell Biology, China)
and MKN28, a high differentiation gastric carcinoma (donated
by Shanghai Ruijin Hospital, China) were cultured in DMEM
supplemented with 10% fetal bovine serum, penicillin 100 U/
mL, and streptomycin 100 lg/mL. Normal human fibroblasts
were isolated from infant skin and retained a fibroblastic mor-
phology up to more than 10 passages. Fibroblasts were cul-
tured in the same DMEM as described earlier. All cells were
incubated at 378C with 5% CO2 in a humidified incubator. All
confluent cultures were harvested with trypsin and the cells
were counted before growing in collagen gel matrix.

Three-dimensional collagen gel culture

The preparation of type I collagen from tail tendon of rat
and collagen gel culture was performed by a modified proce-
dure, as described by Dunn et al.12 Briefly, collagen solution
(1.5 mg/mL), 53 DMEM, and FCS were thoroughly mixed
on ice at 7:2:1 (volume ratio) and the mixture were added into
the wells of 24-well plastic plates at 0.5 mL/well. The plates
were incubated at 378C for 15 min to let the gel form. Then,
0.5 mL of cell suspension containing 13 105 cells (gastric can-
cer cells alone or a mixture of gastric cancer cells and fibro-
blasts at 9:1) in the culture medium was plated on the formed
gel in each well. The cells were allowed to attach to the sur-
face of the gel for 24 h. The medium was then removed, and
0.4 mL of a second collagen gel layer was overlaid to form col-
lagen gel sandwiches. After gelatinization, the gels were fur-
ther covered with 1 mL of the medium. After 1 day, the gels
were either detached from the walls of the wells or floating in
the culture medium or remained adherent to the walls. These
collagen gel cultures were then maintained for up to 2 weeks
with medium changes every 3 days and observed under a
microscope. On day of 2, 5, and 12, the collagen gel cultures
were fixed with 10% formalin in phosphate buffer saline
(PBS). Then the gels were embedded in paraffin, sectioned at
4 lm and stained with Haematoxylin–eosin (H&E).

Scanning electron microscopy

Three-dimensional cultures were collected from collagen by
collagenase (200U/mL), then placed into 15mL centrifuge tubes

and allowed to settle down by gravity for 10 min. The liquid
was removed and the spheroids were then fixedwith 4% glutar-
aldehyde at room temperature for 2 h. After washing three times
with PBS, the samples were post-fixed with 1% osmium tetrox-
ide for 1 h at room temperature, dehydrated through graded
ethanol with 35, 50, 70, 95, and 100%, critical point dried in CO2

and gold coated by sputtering. The samples were examined
with an AMRAY 1910FE scanning electronmicroscope (SEM).

Assay of cell viability

Cell viability was evaluated by staining the cells with the
chromatin dyes Hoechst 33258 and PI and counting them using
light fluorescent microscopy. Cells in collagen gels were har-
vested with collagenase (200 U/mL) and 0.25% trypsin contain-
ing 0.01% ethylenediaminetetraacetic acid (EDTA) in PBS. After
washing in PBS, cells were resuspended with 200 lL phosphate
buffered saline (PBS), 10 lg/mL Hoechst 33258, and 50 lg/mL
Propidium Iodide (PI) added to the cell suspension and incu-
bated at 378C for 30 min. After mounting on glass coverslips,
the samples were observed with a Microphot fluorescence
microscope. The percentages of viable cells, necrotic, and apo-
ptotic cells were determined by counting at high magnification
at least 300 cells of each sample chosen randomly.

Cell cycle analysis

Cells were harvested from monolayer and collagen gels as
described earlier and were washed twice in PBS. About 13 106

cells/sample were resuspended in 200 lL PBS, then 0.05% Tri-
ton X-100, 50 lg/mL RNase, and 25 lg/mL PI in PBS were
added to the PBS. The cell suspension was incubated at 378C
for 30 min and subjected to cell cycle distribution analysis with
FACS Calibur flow cytometry (Becton Dickinson, USA), accord-
ing to the reported method.13

Assay of glucose consumption

The cells cultured in monolayers or in collagen gels were col-
lected after 24 h culture. The glucose content in the supernatant
and fresh medium was detected using detection kits (Zhong-
sheng Biotech, Beijing, China) and the consumption of glucose
(mg/106 cells) in 24 h was calculated by the following formula:

glucose consumption ¼ (glucose concentration in fresh
medium � glucose concentration in used medium) 3
volume/cell number (106).

Assay of LDH enzymatic activity

1 3 106 harvested cells were resuspended and sonicated in
ice cooled PBS. The homogenates were centrifuged at 10,000
rpm for 20 min at 48C. The supernatant were fewer and it is
collected to detect the LDH activity with detection kits (Jian-
Cheng, Biotech, Nanjing, China). Enzymatic activity was
expressed as U/106 cells.

The expression of adhesive molecules (CAMs)
in the cells

Flow cytometric detection of CD44s, CD54, and E-cadherin
was conducted on cells growing both in collagen gels and
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monolayers. 13 106 cells were harvested as described earlier.
After washed with PBS, the cells were incubated for 30 min at
room temperature with fluorescein-conjugated monoclonal

antibodies against these cell surface molecules. After washing
with ice-cooled PBS, cells were resuspended in 0.5 mL PBS.
Using FACScan flow cytometry (Becton Dickinson, USA),

Figure 1. Growth characteristics of gastric cancer cell lines in monolayer (a, BGC823; b, SGC7901) and in collagen gel matrix
for 2 days (c, BGC823; d, SGC7901); for 5 days (e, BGC823; f, SGC7901); for 12 days (g, BGC823; h, SGC7901) and MKN28 cells in
monolayer (i) and in collagen gel matrix for 7 days (j). Original magnification: a–d, g–j,3100; e and f,3200.
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10,000 unfixed cells from each sample were acquired and ana-
lyzed with the CellQuest software (Becton Dickinson). Three
or more independent experiments were carried out. For nega-
tive controls, cells were incubated with isotypic antibodies.

Statistics

Data were expressed as mean 6 SD (most from more than
three separate experiments). Differences between groups
were analyzed using the unpaired Student t tests and p values
< 0.05 were considered statistically significant.

RESULTS

Cells in collagen gel

The experiment with the three types of cell (BGC823,
SGC7901, and MKN28) growing in collagen gels
revealed that only two cell lines could proliferate and
form multilayer structures at last, although all three ad-
herent cell lines grew well in the flask with a classical
monolayer culture [Fig. 1(a,b,i)]. Light microscopy dem-

Figure 2. Growth characteristics of gastric cancer cells co-culture with fibroblasts (f) in collagen gel matrix for 2 days (a,
BGC823þF; b, SGC7901þF); for 5 days (c, BGC823þF; d, SGC7901þF); for12 days (e, BGC823þF; f, SGC7901þF); MKN28 cells in
monolayer (g) and co-culture with fibroblasts in collagen gel matrix for 7 days (h). Original magnification: a–d,3200; e–h,3100.
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onstrated that BGC823 and SGC7901 cells attached the
gel layers within 24 h. After the second collagen gel
layers were overlaid and the gels were released from
the plastic substratum and floated in the medium, the
cells began to proliferate. The cells became confluent
quickly and then grew into multilayers after 5 days. The
borders between the cells became illegible [Fig. 1(e,f)].
H&E staining of paraffin sections of fixed collagen gel
cultures revealed that the cells had begun to overlap
each other [Fig. 3(c,d)]. On day 13, the cells formed a
multilayer structure with an unclear border [Figs. 1(g,h)

and 3(e,f)]. In contrast, although MKN28 cells attached
to the gel matrix within 2 days, they did not form amul-
tilayer structure, remaining non-confluent [Fig. 1(i,j)] af-
ter 8 days in culture in collagen gels, but rarely prolifer-
ation was evaluated with cell counting. The same phe-
nomena occured in MKN28 co-cultures [Fig. 2(h)]. Only
BGC823 and SGC7901 co-cultures grew well in the gel
matrix and formed a multilayer structure after 11 days
in culture, while MKN28 co-cultures proliferated less
[Fig. 2(g,h)]. Both BGC823 and SGC7901 co-cultures
showed deeper invasion features than the same cells

Figure 3. Paraffin sections of collagen gel cultures for 2 days (a, BGC823; b, SGC7901); 5 days (c, BGC823; d, SGC7901); 12 days
(e, BGC823; f, SGC7901; g, BGC823þF; h, SGC7901þF). H&E staining, a–d,3400; e–h,3200.
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alone in a collagen gel matrix, and SGC7901 co-cultures
seemed to form some tubular-like structure [Fig. 3(g,h)].
Both of them grew to form clumps in the matrix, which
can be seen using SEM (Fig. 4).

Cell viability

Cells in collagen gels must be released before flow
cytometric analysis can be conducted. Thus, it was nec-

essary to evaluate cell damage in each cells obtained
through digesting the collagen gels. Trypan blue analy-
sis showed that most of BGC823 and SGC7901 cells
harvested from collagen gels were viable after diges-
tion from 5 days and 11 days cultures. Quantitative
evaluation revealed that about 2.3 and 2.0% of apopto-
tic cells in BGC823 and SGC7901 cells, and 1.3 and 2.3%
in BGC823 and SGC7901 co-cultures, respectively. In
addition, only 2.7, 3.3, 3.0, and 2.7% of necrotic cells

Figure 4. SEM scanning images of collagen gel cultures for 11 days (a, BGC823, 3400; b, BGC823, 32500; c, BGC823þF, 3400;
d, BGC823þF,32000; e, SGC7901,3400; f, SGC7901,33000; g, SGC7901þF,3300; h, SGC7901þF,35000).
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were present in each sample. These results demon-
strated that growth in collagen gels as well as the
digesting procedure did not induce significant damage
to the cells obtained from a collagen gel matrix.

Cell cycle analysis

The cells in collagen gels grew more slowly than the
cells in monolayers. To determine the reason for the
slower growth of cells in collagen gels, cell cycle of
the cells in collagen gels and in monolayers were ana-
lyzed with flow cytometry. The results revealed that
BGC823 cells growing in collagen gels had an unappar-
ent change in cell cycle, but their co-cultures had an
apparent increase in the G2/M phase and a decrease in
the G0/G1 phase in comparison to those in monolayer
cells, while SGC7901 cells had an increased G0/G1

phase and a decreased G2/M phase. The co-cultures
had similar changes (Table I).

Measurement of metabolism for Glucose and LDH

Glucose consumption of the cells in the collagen gels
and monolayers was examined to understand the
growth status of cells in the collagen gel matrix. The ac-
tivity of LDH also was examined for the same purpose.
As can be seen in Table II, both glucose consumption
and LDH activity showed a decreased trend, especially
for SCG7901 cells growing in collagen gels, and the
change for BGC823 was inapparent, which denotes that
the metabolism was downregulated in these cells. The
co-cultures had similar changes to gastric cancer cells
alone in the collagen gel matrix (Table II).

CAM expression

To evaluate the possible difference of CAM expres-
sion in cells grown in collagen gels and monolayers
cells for the same cancer cell lines, flow cytometric anal-
ysis was conducted. In addition, to better comprehend
the reason for the postponed growth of MKN28 cells in
collagen gels, CAM expression were evaluated. The
cell surface expressions of CD44s, CD54, and E-cad-
herin were analyzed. As can be seen in Table III, com-
pared to monolayer cultures, there was an obvious
decreased expression of CD44s and CD54 in BGC823
cells, and a slight decrease of CD44s and CD54 in
SGC7901 cells harvested from collagen gels after the 11
day culture. E-cadherin expression in both of the cell
lines decreased much more steeply in the collagen gels.
The co-cultures showed a similar change trend com-
pared to the monolayer albeit different in extent (Ta-
ble III). Finally, the expression of CD44s and CD54 was
very low, while the E-cadherin had an expression with
a mean fluorescence value of 20.37 in MKN28 mono-
layer cells.

DISCUSSION

The above results indicate that the human gastric
cancer cells in a collagen gel matrix exhibit evident 3D
growth characteristics. Three-dimensional growth of
cells is a useful system for drug sensitivity tests in vitro,
especially for cytotoxic drugs.10,14–16 However, the
mechanism of 3D growth is not very clear. In this
study, the growth and metabolic style of cells growing
in collagen gels was analyzed further. The results

TABLE I
Cell Cycle inMonolayer and in Collagen Gel Matrix for 5 Days

Cell Lines Cell Culture G0/G1 G2/M S

BGC823 In monolayer 62.646 1.52 8.756 1.21 28.706 2.21
In collagen(5d) 61.946 2.70 9.806 1.76 28.266 1.15

BGC823þHDF In collagen(5d) 59.096 1.08a 10.056 1.40a 30.366 1.99
SGC7901 In monolayer 56.706 3.99 12.926 2.04 30.386 3.54

In collagen(5d) 61.026 0.88a 11.486 2.65 27.316 1.78
SGC7901þHDF In collagen(5d) 61.316 1.13a 9.096 0.42a 29.606 0.71

aSignificant difference between the average of mean fluorescence value of cells in collagen gels and in monolayer. p < 0.05.

TABLE II
Glucose Consuming and LDHActivity of Cells inMonolayer and in Collagen Gel Matrix

Cell Lines Cell Culture Glucose Consuming (mg/106 cells) LDH Ability (U/106 cells)

BGC823 In monolayer 0.976 0.04 22.946 2.38
In collagen(6d) 0.946 0.10 18.296 3.77

BGC823þHDF In collagen(6d) 0.926 0.16 19.346 1.87a

SGC7901 In monolayer 0.926 0.05 16.536 1.40
In collagen(6d) 0.826 0.08a 14.576 1.75a

SGC7901þHDF In collagen(6d) 0.886 0.15 16.256 1.54

aSignificant difference between the average of mean fluorescence value of cells in collagen gels and in monolayer. p < 0.05.
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showed that the cells grew more slowly in collagen gels
than in the monolayers with a changed G2/M or G0/
G1(occurred due M–>G1 shifting), and glucose con-
sumption and LDH activity decreased correspond-
ingly. This most likely is due to the formation of a bar-
rier for cells to access to nutrients, oxygen, metabolites,
growth factors and so forth especially for the inner cells
in the clump. The growth in collagen gel matrix may
cause no intrinsic change of cells for the cells could
recover in the monolayer culture (data not shown);
once they were harvested from collagen gels after sev-
eral days culture (e.g. 8 days) and converted into mono-
layer cultures.

The pivotal role played by CAMs in tumor biology,
including tumorigenesis, over growth, invasion, metas-
tasis, and MCR is of particular significance.17–20 A few
studies have examined CAM expression in the 3D sys-
tem.21 As a result, an obvious or slightly lower but still
rather high amount of CD44 and CD54/(ICAM-1) mol-
ecules was expressed in both BGC823 and SGC7901
cells growing in collagen gel matrix when compared
with the same cell lines in the monolayers. CD44, one
of the most important CAMs involved in cell-substra-
tum interactions, is the receptor for various extracellu-
lar matrix ligands including hyaluronic acid, while
CD54 is a member of the immunoglobulin (Ig) super-
family that binds to integrins. They have been demon-
strated to modulate a series of events such as cell
migration, cell proliferation, tumorigenesis, and metas-
tasis.14–16 Both favor the early stages in metastatic
spread but CD44s may be down-regulated in later
stages of tumor development.22–24 E-cadherin is a
Ca2þ-dependent CAM that determines epithelial devel-
opment in embryo and maintains differentiated epithe-
lium and homeostasis in the adult. E-cadherin-medi-
ated cell–cell adhesion is reduced in epithelial tumors,
which is thought to be a prerequisite to acquiring inva-
sive ability.25 As a result, the E-cadherin expression of
cells in the collagen gel matrix was much lower than
that of cells in the monolayer. This indicates that, as a
model, the 3D culture in the collagen gel matrix is bet-
ter than the conventional monolayer culture for tumor

biology research. When comparing BGC823 cells with
SGC7901 cells growing in collagen gels, the BGC823
showed a relatively high expression of E-cadherin, but
the SGC7901 cells revealed a relatively lower expres-
sion of E-cadherin. This may be consistent with its ori-
gin: BGC823, a poorly differentiated solid tumor; the
SGC7901 cells, with moderate differentiation and meta-
static feature. Considering the 3D growth characteris-
tics of cells in the collagen gel matrix, these data sug-
gest that the cells in 3D culture may revert to some
characteristics of early gastric cancer in vivo, namely
invasive or metastatic ability.26–28

In this study, the cells also were co-cultured in three-
dimension to detect their interaction. Fibroblasts have
been reported to be involved in the loss of epithelial in-
tegrity during the neoplastic process.29,30 They can
stimulate invasion of gastric cancer cells and also stim-
ulate proliferation through a process mediated by solu-
ble factors.21,31 In this study, the effect of normal fibro-
blast to gastric cancer cells in this 3D model system
was examined. The results showed that the co-cultures
had similar 3D growth characteristics as gastric cancer
cells alone in collagen gels, and they showed a similar
change trend in CAMs expression regulation in com-
parison to the monolayer, which may also represent
some characteristics of gastric cancer cells in vivo. But
gastric cancer cell co-cultures with fibroblasts in colla-
gen gels showed different extents of change in invasion
of the cancer cells to collagen gels [Fig. 3(e,f,g,h)] and
CAMs expression style (Table III). Although the
growth of fibroblasts in collagen gel matrix was
depressed, the cell-to-cell interaction between fibro-
blasts and cancer cells or some soluble factors would
affect the growth pattern and CAM expression of can-
cer cells. Related mechanisms should be further stud-
ied. The MKN-28 cells utilized here did not grow into
multilayers in the collagen gel matrix up to 8 days of
culture. Their expression of CD44 and CD54 was very
low while E-cadherin was expressed. Taken together,
the results suggest that CD44, or CD54, or both are nec-
essary for growth in collagen gel matrix. Moreover,
CD44 is related to the formation of gastric cancer cell

TABLE III
CAMs Expression of Cells inMonolayer and in Collagen Gel Matrix for 5 Days and 11 Days

Cell Lines Cell Culture CD44s CD54 E-cadherin

BGC823 In monolayer 98.276 1.33 94.076 5.14 90.856 4.03
In collagen(5d) 92.286 2.22a 82.426 2.13a 54.096 7.06a

In collagen(11d) 84.496 6.78a 76.906 6.09a 48.276 7.98a

BGC823þHDF In collagen(5d) 93.756 0.38a 78.696 2.61a 41.276 1.61a

In collagen(11d) 89.536 6.03a 70.676 2.78a 41.736 3.83a

SGC7901 In monolayer 97.516 2.10 94.926 3.78 88.016 2.99
In collagen(5d) 96.016 3.15 94.226 2.38 27.136 0.55a

In collagen(11d) 94.826 1.55a 85.876 6.11 37.526 6.65a

SGC7901þHDF In collagen(5d) 96.626 0.22 65.786 7.83a 45.736 6.23a

In collagen(11d) 97.266 1.40 74.896 5.96a 60.606 3.85a

aSignificant difference between the average of mean fluorescence value of cells in collagen gels and in monolayer. p < 0.05.
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spheroids, another 3D growth model.3 The implications
of these observations for study of solid tumors in vivo
and 3D cultures in vitro should be further investigated.

In conclusion, human gastric cell grown in the mono-
layer and collagen gel matrix was significantly different
in many aspects including morphology, cell growth
style, metabolism, CAM expressions and so forth.
Therefore, great care should be taken in choosing an ex-
perimental model for a particular investigation in can-
cer biology. Since both 3D growth and CAM expression
are related to the drug resistance of solid tumors in vivo
and tumor models in vitro, that is, MCR,7,32 more care
should be taken in the choice of preclinical models for
tumor chemotherapy.
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