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1. Introduction

Cancer cells that develop in epithelial tissues destroy the 
basement membrane and invade stromal tissues (1,2). 
During invasion, some matrix metalloproteinases (MMPs) 
are involved in the degradation of extracellular matrix 
components such as type IV collagen in the basement 
membrane and type I collagen in stromal tissues (3,4). 
Since cancer cell invasion is an initial stage of metastasis, 
the ability to observe and control that invasion would 
benefi t cancer research.
 A Boyden chamber assay is typically used to assess 
cancer cell invasion by comparing the number of cells on 
a gel surface to the number that reach the bottom of the 
gel (5-7). This method is convenient but it does not allow 
the detailed observation of the invasive characteristics of 
individual cancer cells. A previous study used time-lapse 

microscopy to dynamically observe the disappearance 
of cancer cells from the surface of reconstituted type I 
collagen gel into the gel (8). Results suggested that the 
migratory behavior of cancer cells varies depending on 
their malignancy and that their behavior is unique even 
when they are members of the same cell population. 
This previously described method is suited to counting 
cells disappearing from the gel surface and the Boyden 
chamber assay is suited to counting cells that reach the 
bottom of the gel, but neither is suited to observing cells 
that migrate into the gel.
 The present study used type I collagen gel as a model 
of stromal tissue and it prepared frozen sections of that gel 
in order to microscopically observe cancer cells both on 
the gel surface and in the gel. Staining to visualize cells in 
collagen gels and the effects of several pharmaceuticals on 
cell migration were also investigated.

2. Materials and Methods

2.1. Cells

The human breast carcinoma cell line MDA-MB-231 
was obtained from the American Type Culture 
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Collection (ATCC; Rockville, MD, USA). The cells 
were maintained in high-glucose Dulbecco's modified 
Eagle's medium (DMEM; Invitrogen, Carlsbad, 
CA, USA) containing 10% fetal calf serum (FCS) 
supplemented with penicillin-streptomycin and 2 
mM glutamine. Cells were cultured at 37°C in a 5% 
CO2 atmosphere. The cells were harvested after pre-
incubation in serum-free medium for 24 h at 37°C and 
resuspended in the same medium before use.

2.2. Reconstitution of collagen gel

Reconstituted type I collagen gel was prepared as described 
before with some modifi cations (8). Briefl y, a solution of 
bovine skin type I collagen (Koken, Tokyo, Japan) was 
diluted to 1 mg/mL in 0.05 M acetic acid and mixed with 
10× DMEM and a reconstitution buffer (1 M Hepes buffer, 
pH 7.4, containing 10 M NaHCO3) at a ratio of 8:1:1 (v/v, 
type I collagen solution/DMEM/reconstitution buffer). Two 
hundred μL of the solution was added to each well of an 
8-well chamber slide (Nalge Nunc, Naperville, IL, USA) 
and the mixture was then incubated at 37°C for 18-20 h to 
form mature single-layer gels.
 Bilayer type I collagen gels were prepared as 
follows. A lower gel was fi rst prepared by mixing 100 
μL of 0.1% collagen solution with or without 10% 
FCS, DMEM, and reconstitution buffer (8:1:1, v/v) 
in an 8-well chamber slide. Two hundred μL of type 
I collagen gel without FCS (upper gel) formed on the 
solidifi ed gel containing 8% FCS, as described earlier.

2.3. Incubation of cells on reconstituted type I collagen 
gel and frozen sectioning

Two hundred and fifty μL of a cell suspension (4 × 
105 cells/mL) was loaded onto the reconstituted type I 
collagen gel in a chamber slide and incubated for 3 h 
at 37°C in a 5% CO2 atmosphere. After incubation, the 
gel surface was rinsed twice with 250 μL of phosphate-
buffered saline (PBS) and then DMEM containing 
0.1% BSA to remove unbound cells. The gel was 
subsequently incubated for 18 h at 37°C in a 5% CO2 
atmosphere to allow the cells to migrate into the gel.
 To investigate the effects of pharmaceuticals such as 
the matrix metalloproteinase inhibitor galardin (Cosmo 
Bio Co., Ltd., Tokyo, Japan), type I collagen gels were 
prepared in the presence of pharmaceuticals of interest. 
Cells were pre-incubated with the same concentration 
of the pharmaceuticals for 30 min at 37°C and then 
allowed to migrate into the gels.
 After removing the medium on the gel surface, the 
gel was then mounted with an embedding compound 
(Tissue-Tek O.C.T. Compound; Sakura Finetechnical, 
Tokyo, Japan) and frozen at –80°C. The frozen gel was 
sliced perpendicular to the gel surface with a cryostat 
in sections with a thickness of 20 μm and the sections 
were placed on glass slides.

2.4. Azan staining of frozen collagen gel sections

Frozen sections of reconstituted type I collagen gel into 
which cells had migrated were stained using conventional 
hematoxylin-eosin staining or azan staining that can 
stain cells and collagen fi ber different colors (9,10). For 
azan staining, the sections were fixed with 20% (v/v) 
formalin solution for 2 min, soaked in xylene, and then 
successively immersed in 80% ethanol and 100% ethanol 
for 3 min each. For metachroming, the sections were 
immersed in 10% (w/v) potassium dichromate solution 
containing 10% (w/v) trichloroacetic acid for 10 min 
and then stained with 0.1% (w/v) azocarmine G (Alfa 
Aesar, Ward Hill, MA, USA) for 3 h with occasional 
observation under an optical microscope. After staining 
with azocarmine G, the sections were soaked in 0.1% 
(v/v) aniline in 95% (v/v) ethanol for a few seconds and 
then in 0.1% (v/v) acetic acid in 95% (v/v) ethanol for 1 
min. After the sections were rinsed with water, they were 
immersed in 5% (w/v) phosphotungstic acid solution for 
1 h and then stained with aniline blue-orange G solution 
(Wako Pure Chemical Industries, Osaka, Japan) for 1 h 
with occasional observation under an optical microscope. 
The stained sections were mounted and then observed 
under a microscope (×200 or ×400; BX-51, Olympus, 
Tokyo, Japan).

2.5. Data processing

The distance each cell migrated from the gel surface 
was measured using at least 5 photographs of 
microscopic visual fi elds (× 200) or at least 150 cells. A 
Mann-Whitney U test was performed with StatMate III 
software (ATMS, Tokyo, Japan) and a p value less than 
0.05 was considered signifi cant.

3. Results

3.1. Enhanced visualization of cells in reconstituted 
type I collagen gel via azan staining

While conventional histochemical staining using 
hematoxylin-eosin is not suited to identifying the gel 
surface (Figure 1A), azan staining is often used to 
distinguish collagen fi bers in connective tissues (9,10). 
Azan staining was thus examined to microscopically 
observe the cancer cell distribution in frozen sections of 
reconstituted type I collagen gels. As shown in Figure 
1B, azan staining of frozen sections stained cancer 
cells red and it stained type I collagen fi bers blue. This 
facilitated the microscopic observation of the cancer 
cell distribution in reconstituted type I collagen gels.

3.2. Promotion of cell migration by FCS

Cell migration into reconstituted collagen gels was 
promoted by using FCS as a chemoattractant. The 
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changed dramatically and cell migration was promoted 
in the latter gel system using FCS. In the absence of 
FCS, 24.1% of cells remained on the gel surface and 
cells that migrated into the gel were distributed at a 
median distance of 17.5 μm (8.9, 21.1; n = 216) from 
the gel surface (data not shown). In contrast, the number 
of cells remaining on the gel surface decreased (11.9%) 
in the presence of FCS and the distance of migration 
from the gel surface increased to a median distance of 
26.4 μm (15.8, 40.7; n = 193) (data not shown).

3.3. Cell migration in the presence of galardin

During invasion, cancer cells produce MMPs to digest 
extracellular collagens (4). Galardin is a synthetic MMP 
inhibitor with a broad spectrum of activity against various 
MMP species (11,12). Figure 3 shows the distribution of 
the distance that cells migrated from the gel surface in the 
presence of lower gel containing 8% FCS for untreated 
cells and cells treated with various concentrations of 
galardin. The proportion of cells remaining on the gel 
surface was 2.9 ± 0.9% in the absence of galardin. This 
proportion increased to 6.8 ± 0.6% in the presence of 0.1 
μM of galardin, to 7.7 ± 1.3% in the presence of 1 μM of 
galardin, and to 12.4 ± 2.0% in the presence of 10 μM of 
galardin (data not shown). Some cells migrated a relatively 
long distance in the presence of galardin but the median 
distance that cells migrated from the gel surface was 
signifi cantly shorter than in the absence of galardin: 63.0 
± 2.1% in 0.1 μM of galardin, 57.1 ± 3.7% in 1 μM of 
galardin, and 45.7 ± 1.2% in 10 μM of galardin (p < 0.001).

following 2 types of gels were examined: i) bilayer gels 
without FCS and ii) bilayer gels with 8% FCS in the 
lower gel. As shown in Figure 2, the cell morphology 

Figure 1. Comparison of microscopic views of gels stained 
with hematoxylin-eosin and azan staining. MDA-MB-231 
cells were allowed to migrate into a type I collagen gel and 
frozen sections of the gel were stained with hematoxylin-
eosin (A) and azan (B) as described in the Materials and 
Methods. Original magnifi cation: ×200.

Figure 3. Distribution of cells migrating into type I 
collagen gels containing various concentrations of 
galardin. MDA-MB-231 cells were allowed to migrate into 
bilayer type I collagen gels containing the concentrations 
of galardin as indicated in the fi gure and 8% FCS in upper 
and lower gels, respectively. The frozen sections were 
stained with azan and then the cell distribution was observed 
microscopically. For data processing, the distance from the 
gel surface was taken into account only for cells distributed in 
the gel but not for cells remaining on the gel surface.

Figure 2. Typical microscopic views of gels where cells 
were allowed to migrate into the gels in the absence or 
presence of FCS. MDA-MB-231 cells were allowed to 
migrate into bilayer type I collagen gels without FCS (A) or 
with 8% FCS in the lower gel (B). The frozen sections were 
stained with azan and observed under a microscope. Original 
magnifi cation: ×400.
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4. Discussion

The present study devised a novel approach to assess 
the invasive ability of cancer cells. Cells of the human 
breast carcinoma cell line MDA-MB-231 served as 
model cancer cells and reconstituted type I collagen 
gel served as a model of stromal tissue. Cancer cells 
migrating into the gel were satisfactorily observed 
using a combination of FCS to promote cell migration 
on the bilayer gel (Figure 2B) and azan staining of 
frozen sections of the gel (Figure 1B). This approach 
allows the observation of cells on the gel surface and 
cells migrating into the gel. Invasive ability can be 
assessed based on the proportion of cells migrating into 
the gel and the distance cells have migrated from the 
gel surface. The distance of migration can also be used 
to assessment the invasive ability of an individual cell. 
Additionally, this approach is suited to observing the 
promotion of cell migration by chemoattractants (Figure 
2) and to assessing the inhibition of cell migration by 
pharmaceuticals such as galardin. Galardin is a known 
as MMP inhibitor (11-13) and is reported to prevent 
invasion and metastasis (14,15) (Figure 3).
 Recently, various quantitative methods of assessing 
cell migration and invasion have been reported (8,14-
19). Some of these methods facilitate the fl uorescence-
assisted quantification or real-time observation 
of migrating cells. The present method involves 
observation of frozen sections, and this approach would 
facilitate immunocytochemistry to detect molecular 
species expressed on the cell surface or released around 
cells.
 Cancer cells invading stromal tissues have routes 
of migration that involves various matrix-degrading 
metalloproteinases, such as MMPs, and cell adhesion 
molecules, such as integrins (2,4,20-22). Since most 
of the previous studies of the migratory ability of 
cancer cells have mainly dealt with cell populations 
but not individual cells, a detailed molecular basis for 
individual characteristics of migratory ability needed to 
be elucidated. A previous study involving the real-time 
observation of cancer cell invasion noted that individual 
cells invaded at different times (8). The present study 
found that some cells remained on the gel surface 
while others migrated into the gel a considerable 
distance from the gel surface (Figure 3), suggesting that 
migratory ability exhibits individual characteristics. 
The present approach could be used to examine the 
individual characteristics of that ability in combination 
with immunocytochemistry.
 Carcinoma cell migration and invasion play a 
role in the initial phase of metastasis, in which cells 
migrate from a tumor to invade normal stromal tissues 
and then the circulatory system. Therefore, cells may 
migrate a long distance in stromal tissues. The present 
study using a model of stromal tissues suggested that 
some cells migrated a relatively long distance (Figure 

3). In addition, the MMP inhibitor galardin was not 
very effective at inhibiting the long distance that cells 
migrated at the concentrations used in this study. 
Pharmaceuticals that can inhibit this cell migration step 
would help to prevent metastasis.
 In conclusion, the present study devised an approach 
to observe cancer cell migration into reconstituted type 
I collagen gel via a combination of frozen sectioning 
and azan staining. This approach is a useful way to 
assess the ability of individual cancer cells to migrate 
and to evaluate how effective certain pharmaceuticals 
are at inhibiting the fi rst step of invasion process.
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