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Abstract: In this study, we proposed an in vitro tumor model to simulate the mechanical microen-
vironment and investigate the effect of compressive stress on the invasion process of malignant tu-
mors. It has been pointed out that the biomechanical environment, as well as the biochemical envi-
ronment, could affect the transformation of cancer cell migration, invasion, and metastasis. We hy-
pothesized that the solid stress caused by the exclusion of surrounding tissue could transform tumor 
cells from noninvasive to invasive phenotypes. Colorectal cell spheroids were embedded and cul-
tured in agarose gels of varying concentrations to simulate the earliest stages of tumor formation 
and invasion. The spheroids embedded in gels at higher concentrations showed peculiar growth 
after 72 h of culture, and the external compressive loading imposed on them caused peculiar growth 
even in the gels at lower concentrations. In conclusion, the mechanical microenvironment caused 
the transformation of tumor cell phenotypes, promoting the growth and invasion of tumor cell 
spheroids. 
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1. Introduction 
Colorectal cancer substantially reduces the 5-year survival rate of patients and is the 

4th most commonly diagnosed malignancy and the 3rd most common cause of cancer 
deaths worldwide, with approximately 2 million new cases and almost 1 million deaths 
in 2018. Its burden is expected to increase by 60% by 2030 [1]. The frequency of metastasis 
in colorectal cancer is high, making it extremely important to diagnose and treat the dis-
ease at an early stage before malignant tumor cells begin to invade the surrounding tis-
sues. 

It is widely known that the biochemical environment is closely related to the trans-
formation of cancer cell migration and invasion. Recently, it has been shown that the in-
teraction between tumors and the surrounding mechanical microenvironment influences 
the migration transformation and invasiveness of cancer cells [2,3]. In colorectal cancer, 
the gastrointestinal tract itself can be deformed by physiological activities, subjecting col-
orectal cancer cells to various endogenous mechanical stresses. Furthermore, during the 
progression of cancer, the rapid proliferation of tumor cells combined with the inhibition 
of apoptosis by cell carcinogenesis leads to a rapid increase in compressive stress acting 
on malignant tumor tissue [4]. Simultaneously, deposition of the extracellular matrix 
(ECM) and collagen cross-linking around the tumor tissue increases its rigidity [5]. As 
described above, extremely complex mechanical microenvironments can be constructed 
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around the colorectal cancer, where the mechanical microenvironment affects the colorec-
tal cancer cells at all stages of cancer growth, including their development, migration, 
transformation, invasion, and metastasis. 

Several in vitro and in situ studies have reported that the mechanical microenviron-
ment surrounding cancer tissue affects its invasion and progression. Previous studies on 
colorectal cancers have reported that the mechanical stiffness of cells adapts to changes in 
the mechanical microenvironment to alter the proliferation and invasiveness of cells [6]. 
Taubenberger et al. also reported that confining breast cancer cell spheroids using poly-
ethylene glycol (PEG) hydrogels of different stiffness altered cell proliferation and inva-
siveness by adapting their mechanical stiffness based on the rigidity of the surrounding 
tissue [7,8]. However, these studies focused on the metastatic stage of cancer cells with 
vigorous proliferation and invasiveness. Moreover, it remains unclear what role the me-
chanical microenvironment plays during the earliest stages of cancer cell development, 
from the formation of cell aggregates to tumor growth and the transformation from a non-
invasive cell phenotype to an invasive phenotype. 

We hypothesized that during the earliest stages of colorectal cancer development, 
when the solid stress from the surrounding tissue due to the growth of cancer cell sphe-
roids exceeded a certain critical limit, the migration phenotypes would be transformed 
and invade the surrounding tissue. In this study, we constructed a confined three-dimen-
sional tumor model in which colorectal cancer spheroids were embedded in agarose gels 
of different stiffnesses. Agarose gel does not contain cell adhesion molecules to suppress 
the interaction with the surrounding matrix because the tumor cells in the earliest stages 
exhibit strong cell–cell interactions and are isolated from surrounding tissues [4]. Using 
this confined tumor model, we examined the effect of solid stress caused by the exclusion 
of the surrounding tissues on spheroid growth. By varying the mass concentration of the 
agarose gel, the solid stress from the surrounding matrix could be changed, and the effect 
of it on the growth and gene expression of tumor cells could be evaluated. Furthermore, 
an external compressive load was imposed on the spheroids via hydrogels to confirm the 
relationship between the mechanical environment and invasiveness of colorectal cancer 
spheroids during the earliest stages of colorectal cancer development. 

2. Materials and Methods 
2.1. Fabrication of Tumor Spheroids Confined in Agarose Gels 

Human colorectal cancer cells (DLD-1, Riken Bioresource Center, Ibaraki, Japan) 
were used to construct cell spheroids. The DLD-1 cell spheroids were embedded in aga-
rose gel to simulate a tumor confined in the surrounding tissue in vivo. To simulate the 
earliest stages of tumor development and invasion, the tumor spheroids were embedded 
in agarose gels of different mass concentrations—that is, 0.5, 0.75, 1.0, 1.5, and 2.0%. The 
DLD-1 cells were cultured in RPMI medium supplemented with 10% fetal bovine serum 
(FBS), 1% antimycotic-antibiotic solution under 5% CO2, 37 °C, and 95% humidity condi-
tions. The cells were passaged 2–3 times before spheroid fabrication. To fabricate the cell 
spheroids, expanded cells were collected using 0.25% trypsin and seeded in agarose gel 
microwells made using a commercial rubber template (3D Petri Dish, Sigma-Aldrich, MO, 
USA) at a concentration of 4.0 × 105 cells/mL. After 15 min of incubation in a CO2 incubator 
to sediment the cells in each microwell, the cells were cultured with 1 mL of fresh culture 
medium for 1 d to form spheroids. 

To enable the phase-contrast and fluorescent microscopy processes, and to observe 
the spheroid growth during external compression, we proposed two types of confined 
tumor culture models using a Petri dish and a disposable transparent cuvette. To construct 
the Petri-dish-based culture model, a polydimethylsiloxane (PDMS) template containing 
a 30 mm2 hole was set in a ϕ60-mm dish and 600 mL of agarose gel solution at each con-
centration was poured and gelled at 4 °C for 15 min to prevent cell adhesion to the dish 
(Figure 1a). Before encapsulation in the agarose gel, the spheroids were collected from the 
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agarose gel microwells and resuspended in the agarose solution at each concentration. 
After gelation of the basal agarose gel layer, 400 mL of agarose solution containing sphe-
roids was poured to overlay the basal layer. The gel layer containing spheroids was then 
incubated at 4 °C for 15 min to embed and confine the spheroids in the agarose gel. In this 
study, 0.5, 0.75, 1.0, 1.5, and 2.0% agarose gels were used to vary the stiffness of the gels. 
Finally, 1.5 mL of fresh culture medium was filled to overlay the gel layer containing the 
spheroids. To prepare control specimens, spheroids under free-swelling conditions were 
cultured in the agarose gel microwells. Phase-contrast microscopy images were obtained 
at 0, 24, 48, and 72 h after spheroid embedding in the agarose gel. Fluorescence microscopy 
images were obtained after 72 h of culture. The growth and viability of the tumor sphe-
roids in agarose gels at different concentrations were evaluated using the microscopy im-
ages. 

(a) 

(b) (c) 

Figure 1. Fabrication and observation procedures of tumor spheroid culture confined in agarose 
gels. Fabrication process of (a) a petri-dish-based culture and (b) a transparent cuvette-based culture 
with (c) a custom microscopy system to enable observation from the side of the cuvette. 

A transparent, disposable cuvette (Fisher Scientific) was used to construct the cu-
vette-based culture model. As was the case with the dish-based cultures, 300 µL of the 
agarose gel solution at each concentration was poured and gelled at 4 °C for 15 min to 
fabricate the base gel (Figure 1b). After gelation, 150 µL of the agarose solution containing 
spheroids was poured onto the basal gel and incubated at 4 °C for 15 min. The spheroids 
in the cuvette were then cultured in 210 µL fresh medium. To enable observation from the 
side of the cuvette, a custom-made microscopy system was developed by assembling a 
10× objective lens (Olympus, Tokyo, Japan), LED light, and CMOS camera (CS2100M-
USB, Thorlabs, NJ, USA) (Figure 1c). Bright-field images were obtained at 0 and 72 h after 
gel fabrication. The effect of the externally applied compressive stress on the growth di-
rection of spheroids was examined using the microscopy images. 
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2.2. Imposing External Compressive Stress on Tumor Spheroids by Mechanical Loading  
of Agarose Gel 

To confirm the relationship between the peculiar spheroid growth and the solid 
stress generated by the gel exclusion due to spheroid growth, the external compressive 
stress via the compression of the agarose gel was imposed on the tumor spheroids con-
fined in the agarose gel at a low concentration (0.5%). The agarose gel was subjected to 
compressive loading via a microporous membrane with a weight based on our previous 
reports [9,10]. For the petri dish culture, the agarose gel was subjected to compressive 
loading using an 8 µm pore size cell culture insert (BD Falcon Inc., East Rutherford, NJ, 
USA) with a ring-shaped weight to enable oxygen and nutrient exchange and observation 
of the spheroids through the microporous membrane (Figure 2a). To compensate for the 
difference in solid stress between 0.5 and 1.5% agarose gels, an SUS304 stainless steel ring-
shaped weight was placed on the lid of the dish to apply an additive compressive stress 
of 5.5 × 102 Pa, which is the difference in solid stress between 0.5 and 1.5% agarose gels, to 
the spheroids in the 0.5% agarose gel. Similarly, for the cuvette-based culture, a polycar-
bonate pipe (inner diameter: 5 mm, outer diameter: 8 mm, length: 10 mm) covered with 
an 8 mm pore size polyester (PET) membrane was fabricated to simulate the microporous 
membrane-based culture insert (Figure 2b). To impose a compressive stress of 5.5 × 102 Pa, 
a SUS304 stainless steel ring-shaped weight was placed on the polycarbonate pipe. The 
external compressive stress, 5.5 × 102 Pa, was determined based on the numerical analysis 
described in Section 2.4. 

  
(a) (b) 

Figure 2. Tumor spheroid culture subjected to external compressive stress using transparent PET 
membrane and ring-shaped weight. (a) Petri-dish-based culture and (b) cuvette-based culture. 

2.3. Morphometric Analysis of Tumor Spheroids 
To evaluate the peculiar growth and invasiveness of spheroids, the area and circular-

ity of the spheroids in the phase-contrast microscopy images were examined. Briefly, the 
outlines of the spheroids were manually extracted, and the areas and circularity were an-
alyzed using image analysis software (ImageJ, NIH, Bethesda, MD, USA). To evaluate the 
growth of the spheroids, the increase in the ratio of the area compared to the area at 0 h 
was calculated as follows: 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑠𝑝𝑒𝑟𝑜𝑖𝑑 𝑎𝑟𝑒𝑎 ൌ  𝑆𝑆଴ (1) 

where S0 is the total area of the spheroids at 0 h and S is the area measured at each time 
point (Figure 3). The circularity K of the spheroids was calculated as follows: 𝐾 ൌ  4𝜋 ൈ 𝑆𝐿ଶ  (2) 

where L is the perimeter at each time point (Figure 3). 
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Figure 3. Quantitative analyses for spheroid growth using phase-contrast microscopy images. 

2.4. Numerical Analysis of Growth-Induced Compressive Force on the Spheroids 
Numerical analyses were conducted using finite element software (COMSOL Mul-

tiphysics Version 5.2a, COMSOL Inc., Stockholm, Sweden). To determine the solid com-
pressive stress on the tumor spheroids by exclusion of the surrounding agarose gel, a two-
dimensional numerical model was constructed to simulate a spheroid embedded in aga-
rose gel. In the model, a perfect circular void simulating the spheroid was positioned in a 
square matrix (Figure 4a). The solid stress generated by the exclusion of the agarose gel 
was calculated by applying radial displacement to the surface of the voids to simulate the 
isotropic growth of cultured spheroids. The diameter of the void was set to 188 µm, which 
was the mean value of the measured diameter from the phase-contrast images at 0 h. The 
geometry of the square matrix simulating the agarose gel was 20 × 20 mm. The material 
parameters of the agarose gels of varying concentrations are listed in Table 1. The elastic 
modulus of each agarose gel was determined using a custom-made material testing device 
(Figure S1). The radial displacements applied to the void surface were set based on the 
measured diameters from the phase-contrast images on day 2. 

 

 

(a) (b) 

Figure 4. Numerical analysis models for (a) the petri-dish-based and (b) the cuvette-based spheroid 
culture models with external compressive stress. 
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Table 1. Material parameters of the agarose gels with different mass concentrations. 

Agarose 
Young’s Modulus 

(kPa) Poison Ratio (–) Mass Concentration (kg/m3) 

0.5 2.71 

0.5 1.0 × 103 
0.75 3.58 
1.0 9.93 
1.5 18.2 
2.0 34.5 

A three-dimensional numerical model was constructed to analyze the mechanical en-
vironment of the spheroids subjected to external compressive loading. In the three-dimen-
sional model, the agarose gel was modeled as a rectangular body (10 × 10 × 4 mm3), and 
the spheroid was modeled as a sphere (diameter: 200 µm) positioned at the centroid of the 
rectangular body (Figure 4b). Material parameters of the agarose gel were defined based 
on the experimental data (Table 1) and previous studies—that is, Young’s modulus, Pois-
son’s ratio, and the mass concentration of the 0.5% agarose gel were 2.7 kPa, 0.49 [11], and 
1.0 × 103 kg/m3, respectively. Young’s modulus, Poisson’s ratio, and the mass concentra-
tion of the spheroid were also defined as 4.2 kPa [12], 0.36 [13], and 1.0 × 103 kg/m3, respec-
tively. A compressive stress of 5.5 × 102 Pa was imposed on the circular area on the top 
surface of the rectangular body to simulate the experimental conditions. The side and 
lower surfaces of the rectangular body were constrained. 

2.5. RT-PCR Analysis 
The expression of mRNA, COL1A2 encoding collagen type I alpha 2, was quantified 

by reverse transcription quantitative polymerase chain reaction (RT-qPCR) in the sphe-
roid and monolayer cell cultures. It has been reported that the COL1A2 gene was ex-
pressed markedly in the mesenchymal phenotype of the DLD-1 cells to increase migration 
and invasive activity [14]. The total RNA of specimens cultured for 72 h was extracted 
using a NucleoSpin RNA (740955.50; Takara Bio Inc., Shiga, Japan) and quantified using 
a Thermal Cycler Dice Real-Time System Lite (TP700; Takara Bio Inc.). The RNA was re-
verse transcribed into cDNA using a PrimeScript Master Mix (Perfect Real Time) (RR036A; 
Takara Bio Inc.) with an oligo (dT) primer and random hexamer primer for 15 min at 37 
°C and 5 s at 85 °C. The concentration of cDNA was quantified using a biophotometer 
(6131; Eppendorf, Hamburg, Germany) and then diluted using RNase-free water (9012; 
Takara Bio Inc.) to 10 ng/µL of cDNA. RT-qPCR was conducted in a Thermal Cycler Dice 
Real-Time System Lite for 30 s at 95 °C and 60 cycles of 5s at 95 °C and 30s at 60 °C. The 
RT-qPCR mixed reagent contained 12.5 µL of TB Green Premix Ex Taq II (Tli RnaseH Plus) 
(RR820A; Takara Bio Inc.), 20 ng of cDNA, 0.4 µM of each forward and reverse primer, 
and 8.5 µL of RNase-free water. The primer sequences used are listed in Table 2. RT-qPCR 
was performed in triplicate for each primer pair and cDNA sample. Moreover, the reac-
tions were conducted in triplicate under similar conditions. To verify that the primer di-
mers were not responsible for the obtained fluorescence signals, melting curve analysis of 
the amplicons was conducted. Negative control reactions without templates were per-
formed to ensure data quality. The relative mRNA expression was normalized to GAPDH 
before being calibrated using the quantity relative to the quantity obtained from the sphe-
roids under free-swelling conditions. The fold-change was calculated using the 2−ΔΔCT 
method, where CT is the threshold cycle. 
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Table 2. RT-qPCR primer sequences used for gene expression analysis. 

Gene Name Gene Bank Number Sequence (5′–3′) 

Col1a2 NM_000089.4 

Forward  
GAGGGCAACAGCAGGTTCACTTA 

Reverse  
GCACCGTCAAGGCTGAGAAC 

Gapdh NM_002046.7 

Forward  
TCAGCACCACCGATGTCCA  

Reverse  
TGGTGAAGACGCCAGTGGA 

2.6. Statistical Analysis 
Most data are representative of three individual experiments using different cryo-

preserved cell stocks. For each experimental group, 4–10 samples (n = 4–10) were ana-
lyzed, with each data point representing the mean and standard deviation. The statistical 
significance of the experimental data was evaluated using the Tukey–Kramer test or Stu-
dent’s t-test. The statistical significance was set at p < 0.05. 

3. Results 
3.1. Effect of Hydrogel Stiffness on Invasion Process of Tumor Spheroid 

Phase-contrast microscopy images of the monolayer culture, spheroids under free-
swelling conditions, and spheroids confined in agarose gels are shown in Figure 5. Under 
all culture conditions, the area occupied by the spheroids increased with the increasing 
culture period. In the confined spheroid culture, the spheroids in the 0.5% and 0.75% aga-
rose gels showed a concentric and isotropic increase in the spheroid area over the entire 
culture period. The spheroids in the 1.0%, 1.5%, and 2.0% agarose gels showed a similar 
concentric increase in spheroid area as the spheroids inside the 0.5% and 0.75% agarose 
gels until 48 h of culture. Subsequently, peculiar growth of the spheroids was observed as 
a protrusion forming on the surface of the spheroids after 72 h of culture. The protruding 
part of the spheroids were formed within a short period of time (approximately 1 h), be-
fore cell aggregations were formed around the protruding part (Figure 6, Video S1). Fur-
thermore, the viability of the DLD-1 cells in the spheroids was maintained in all experi-
mental groups after 72 h of culture (Figure 7). This result indicates that the stiffness of the 
surrounding matrix did not affect cell viability in the confined three-dimensional tumor 
culture model. 
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Figure 5. Phase-contrast images of the DLD-1 cell spheroids cultured in agarose gels with different 
mass concentrations. Scale bar: 200 µm. 

 
Figure 6. Time course of peculiar growth of tumor spheroids cultured in the 2.0% agarose gel. Scale 
bar: 200 µm. 

 
Figure 7. Cell viability in the tumor spheroid culture under different conditions. Scale bar: 200 µm. 
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Moreover, to quantitatively evaluate the growth of cancer cell spheroids in the hy-
drogel, the increase ratio of the spheroid area was evaluated. This ratio in the 1.0%, 1.5%, 
and 2.0% agarose gels was considerably higher than that in the 0.5% agarose gel (Figure 
8a). The circularity of the spheroids in all experimental groups did not change until day 2 
(Figure 8b). Considering the increase in the area of the cultured spheroids, it could be 
considered that the spheroids grew isotropically under all experimental conditions until 
48 h of culture. Conversely, the spheroids in the 1.0%, 1.5%, and 2.0% agarose gels showed 
a substantial decrease in circularity after 72 h of culture. Considering the increase in the 
projection area of the spheroids, the spheroids in these experimental groups grew in a 
non-isotropic and specific manner from 48 to 72 h. 

  
(a) (b) 

Figure 8. Quantitative analyses of the tumor spheroids cultured in agarose gels. (a) Increase ratio of 
the spheroid area and (b) circularity of the spheroid. * indicates a significant difference compared 
to the 0.5% agarose gel groups (p < 0.05). 

3.2. Relationships between Spheroid Growth and Growth-Induced Compressive Force  
from Surrounding Hydrogel 

The stress field around the tumor spheroids was determined by numerical analysis 
assuming that the diameter of spheroids increased based on the isotropic growth of sphe-
roids until 48 h of culture. The diameter of the spheroids was measured by extracting 
outlines from the phase-contrast microscopy images, and the increase ratio of the diameter 
at 48 h to that at 0 h was evaluated. The increase ratios of the spheroids in the 0.5, 0.75, 
1.0, 1.5, and 2.0% agarose gels were 116, 117, 118, 122, and 124%, respectively. Based on 
the spheroid growth, the surrounding agarose gels were isotropically deformed and 
pushed away from the initial boundary between the gels and spheroids. The spheroids 
were subjected to solid stress from the surrounding gels toward their centers. The solid 
stress determined by numerical analysis increased with the increasing concentration of 
agarose (Figure 9). The values of solid stress were 67.83, 92.04, 280.8, and 1287 Pa for the 
0.5, 0.75, 1.0, 1.5, and 2.0% agarose gels, respectively. 
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Figure 9. Solid stress distribution and maximum values of von Mises stress in the numerical analysis 
model. 

3.3. Effect of External Compressive Force on Growth of Spheroids 
To verify the effect of solid stress generated by increasing spheroid size on the sphe-

roid growth in the stiffer agarose gels, an external compressive stress was applied to sphe-
roids confined in the 0.5% agarose gel. The spheroids in the 0.5% agarose gel subjected to 
superimposed compressive stress exhibited peculiar growth from 48 h to 72 h, similar to 
that observed in the 1.5% and 2.0% agarose gels without superimposed compressive stress 
(Figure 10). 

  
(a) (b) 

    
(c) (d) 

Figure 10. Phase-contrast images of the DLD-1 cell spheroids cultured in the 0.5% agarose gel (a) 
without and (b) with external compressive loading. Scale bar: 200 µm. Quantitative characterization 
of the cultured spheroids. (c) Increase ratio of spheroid area and (d) circularity of spheroids. * indi-
cates a significant difference compared to control groups (p < 0.05). 
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Furthermore, observations from the vertical side of the compressive direction 
showed that the spheroids in the 1.5% agarose gel without external compression grew in 
a random direction, whereas those in the 0.5% agarose gel subjected to external compres-
sion grew along the horizontal direction (Figure 11a). From the results of the numerical 
analysis, the stress generated by the external compression of the gel was at its maximum 
at the outermost horizontal edge of the spheroid (Figure 11b). 

 
 

(a) (b) 

Figure 11. (a) Photomicrograph of tumor spheroids in the 0.5% agarose gel observed from the ver-
tical side of the cuvette and (b) distribution of the von Mises stress from the numerical analysis 
simulating the external compressive loading on a spheroid in the agarose gel. 

3.4. Attenuation of Gene Expression of Tumor Spheroids in Hydrogels 
To evaluate the phenotypic transition of the DLD-1 cells in the spheroids confined in 

the agarose gels, the COL1A2 gene—which was expressed markedly at the mesenchymal 
phenotype—was evaluated [14]. The expression of the COL1A2 gene in the cells under 
monolayer culture was lower than that in the spheroids under all culture conditions (Fig-
ure 12). Furthermore, the gene expression in the spheroids confined in the agarose gel was 
significantly higher than that under free-swelling conditions. The gene expression in the 
spheroids confined in the agarose gels tended to increase with increasing agarose concen-
trations, plateauing at concentrations beyond 1.0% agarose gel. 

 
Figure 12. mRNA expression of the DLD-1 cells in the monolayer (mono) spheroids cultured under 
free-swelling conditions (sphe), and spheroids cultured in agarose gel of different mass concentra-
tions (0.5–2%). * indicates a significant difference compared to the sphe group (p < 0.05). ** indicates 
a significant difference compared to the 0.5% group (p < 0.05). 
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4. Discussion 
The aim of this study was to establish an in vitro model that simulates the earliest 

stages of cancer development and its transition to the invasive phase. Specifically, we in-
vestigated the relationship between the mechanical microenvironment and the transfor-
mation of non-invasive cell phenotypes to invasive phenotypes in tumor spheroids during 
the earliest stages of colorectal cancer. Previous studies have reported the external and 
internal mechanical environments of cancer cell spheroids [7,8,15]. However, their reports 
used hydrogels containing cell-adhesive matrixes to confine spheroids. Consequently, 
these culture models focused on the invasive phase of cancer and did not simulate the 
earliest stages of its development, when the tumor spheroids exhibited strong cell–cell 
interactions and were isolated from the surrounding matrixes. Helmlinger et al. reported 
the effect of solid stress on the growth of tumor spheroids [16]. They used differentiated 
cancer cells to establish an in vitro tumor model to simulate the invasive stages of cancer. 
In our culture model, the DLD-1 cell line, which could be used to simulate the epithelial-
mesenchymal transition process [14], was used to generate tumor spheroids during the 
earliest stages of cancer development. Furthermore, the spheroids were confined in aga-
rose gels containing no cell-adhesive matrixes to simulate isolation from the surrounding 
ECMs of cancer during the earliest stages. 

Our experimental results showed that the growth of tumor spheroids increased as 
the stiffness of the surrounding agarose gel increased. Specifically, the tumor spheroids 
exhibited peculiar growth when the agarose gel concentration around the spheroids ex-
ceeded 1.0%. Our results did not agree with those of a previous study which reported that 
increasing the stiffness of the surrounding gels inhibited the growth of spheroids [16]. It 
could be speculated that this disagreement in the effect of the gel stiffness on the spheroid 
growth was due to the difference in cancer cells expressing different phenotypes. In our 
study, the DLD-1 cells showed an epithelial-like phenotype and could undergo pheno-
typic transition under solid stress. From the gene expression analysis, the COL1A2 gene 
expression in the DLD-1 cell spheroids confined in agarose gels was larger than that in the 
monolayer culture and spheroids under free-swelling conditions. Furthermore, gene ex-
pression increased with increasing agarose concentration. It has been reported that the 
COL1A2 gene has been expressed in DLD-1 cells that acquire the invasive and migratory 
phenotype [14]. Consequently, it could be considered that the DLD-1 cells—subjected to 
solid stress with spheroid growth—acquired mesenchymal phenotypes that increased 
their invasiveness and migratory ability. 

To confirm the role of solid stress in the progression of tumor spheroids, an external 
compressive stress was imposed on the 0.5% agarose gel containing the DLD-1 cell sphe-
roids to reach a total solid stress similar to that of the 1.5% agarose gel. From observations 
using phase-contrast microscopy, the tumor spheroids subjected to external compressive 
stress in the 0.5% agarose gel exhibited peculiar growth similar to that in agarose gels of 
higher concentrations. Consequently, solid compressive stress could be considered to be 
one of the triggers causing the phenotypic transition of tumor cells. Many studies have 
reported the relationship between the metastatic/invasive potential of cancer cells and the 
mechanical environment [17–19]. Furthermore, in vivo compressive stress induces tumor-
igenesis [20]. However, these studies did not focus on phenotypic transitions to increase 
invasive and migratory potential during the earliest stages of tumorigenesis. Our results 
suggest that the mechanical environment caused a phenotypic transition, resulting in the 
peculiar growth of the tumor spheroids. 

5. Conclusions 
In conclusion, an in vitro confined tumor model was established to culture tumor 

spheroids in agarose gels of varying mass concentrations. The spheroids embedded in the 
agarose gels at all mass concentrations grew isotropically until 48 h, whereas the sphe-
roids in the gels at higher concentrations exhibited peculiar growth. From the results of 
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the numerical analyses, it could be surmised that the solid stress generated by the exclu-
sion of the surrounding gel progressed the peculiar growth of the spheroids. The expres-
sion of the COL1A2 gene—which was observed in mesenchymal phenotypic cells—in-
creased with increasing agarose gel stiffness. Furthermore, external compressive loading 
induced the peculiar growth of spheroids embedded in the agarose gel at lower concen-
trations. Moreover, the additional compressive stress induced a peculiar growth similar 
to that observed in spheroids embedded in agarose gels at higher concentrations and af-
fected the direction of spheroid growth. Finally, it could be suggested that solid compres-
sive stress triggered and progressed tumor growth with phenotypic transition. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/ijms23137091/s1. 

Author Contributions: Conceptualization, S.M. and R.N.; methodology, R.N., Y.O. and S.M.; vali-
dation, S.M. and R.N.; investigation, R.N., Y.O. and T.M.; resources, S.M.; data curation, R.N. and 
S.M.; writing—original draft preparation, R.N. and S.M.; writing—review and editing, S.M.; visual-
ization, R.N. and S.M.; supervision, S.M.; project administration, S.M.; funding acquisition, S.M. All 
authors have read and agreed to the published version of the manuscript. 

Funding: This research was partially supported by a research grant (Adaptable and Seamless Tech-
nology Transfer Program through Target-Driven R&D) from JST, JSPS KAKENHI grant number 
22H03943. 

Informed Consent Statement: Not applicable. 

Data Availability Statement:  The data that support the findings of this study are available from 
the corresponding author upon reasonable request. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Rawla, P.; Sunkara, T.; Barsouk, A. Epidemiology of colorectal cancer: Incidence, mortality, survival, and risk factors. Przegla̜d 

Gastroenterol. 2019, 14, 89–103. https://doi.org/10.5114/pg.2018.81072. 
2. Gjorevski, N.; Boghaert, E.; Nelson, C.M. Regulation of Epithelial-Mesenchymal Transition by Transmission of Mechanical 

Stress through Epithelial Tissues. Cancer Microenviron. 2012, 5, 29–38. 
3. Stylianopoulos, T.; Martin, J.D.; Chauhan, V.P.; Jain, S.R.; Diop-Frimpong, B.; Bardeesy, N.; Smith, B.L.; Ferrone, C.R.; Hornicek, 

F.J.; Boucher, Y.; et al. Causes, consequences, and remedies for growth-induced solid stress in murine and human tumors. Proc. 
Natl. Acad. Sci. USA 2012, 109, 15101–15108. https://doi.org/10.1073/pnas.1213353109. 

4. Northcott, J.M.; Dean, I.S.; Mouw, J.K.; Weaver, V.M. Feeling Stress: The Mechanics of Cancer Progression and Aggression. 
Front. Cell Dev. Biol. 2018, 6, 17. https://doi.org/10.3389/fcell.2018.00017. 

5. Liu, C.; Pei, H.; Tan, F. Matrix Stiffness and Colorectal Cancer. OncoTargets Ther. 2020, 13, 2747–2755. 
https://doi.org/10.2147/OTT.S231010. 

6. Ciasca, G.; Papi, M.; Minelli, E.; Palmieri, V.; De Spirito, M. Changes in cellular mechanical properties during onset or progres-
sion of colorectal cancer. World J. Gastroenterol. 2016, 22, 7203–7214. https://doi.org/10.3748/wjg.v22.i32.7203. 

7. Taubenberger, A.V.; Bray, L.J.; Haller, B.; Shaposhnykov, A.; Binner, M.; Freudenberg, U.; Guck, J.; Werner, C. 3D extracellular 
matrix interactions modulate tumour cell growth, invasion and angiogenesis in engineered tumour microenvironments. Acta 
Biomater. 2016, 36, 73–85. https://doi.org/10.1016/j.actbio.2016.03.017. 

8. Mahajan, V.; Beck, T.; Gregorczyk, P.; Ruland, A.; Alberti, S.; Guck, J.; Werner, C.; Schlüßler, R.; Taubenberger, A.V. Mapping 
Tumor Spheroid Mechanics in Dependence of 3D Microenvironment Stiffness and Degradability by Brillouin Microscopy. Can-
cers 2021, 13, 5549. https://doi.org/10.3390/cancers13215549. 

9. Morikura, T.; Miyata, S. Effect of Mechanical Compression on Invasion Process of Malignant Melanoma Using In Vitro Three-
Dimensional Cell Culture Device. Micromachines 2019, 10, 666. https://doi.org/10.3390/mi10100666. 

10. Morikura, T.; Miyata, S. Mechanical Intermittent Compression Affects the Progression Rate of Malignant Melanoma Cells in a 
Cycle Period-Dependent Manner. Diagnostics 2021, 11, 1112. https://doi.org/10.3390/diagnostics11061112. 

11. Subhash, G.; Liu, Q.; Moore, D.F.; Ifju, P.G.; Haile, M.A. Concentration Dependence of Tensile Behavior in Agarose Gel Using 
Digital Image Correlation. Exp. Mech. 2010, 51, 255–262. https://doi.org/10.1007/s11340-010-9354-2. 

12. Yokokura, T.; Nakashima, Y.; Yonemoto, Y.; Hikichi, Y.; Nakanishi, Y. Method for measuring Young's modulus of cells using a 
cell compression microdevice. Int. J. Eng. Sci. 2017, 114, 41–48. https://doi.org/10.1016/j.ijengsci.2017.02.002. 

13. Trickey, W.R.; Baaijens, F.P.; Laursen, T.; Alexopoulos, L.G.; Guilak, F. Determination of the Poisson's ratio of the cell: Recovery 
properties of chondrocytes after release from complete micropipette aspiration. J. Biomech. 2006, 39, 78–87. 
https://doi.org/10.1016/j.jbiomech.2004.11.006. 



Int. J. Mol. Sci. 2022, 23, 7091 14 of 14 
 

14. Tanaka, S.; Kobayashi, W.; Haraguchi, M.; Ishihata, K.; Nakamura, N.; Ozawa, M. Snail1 expression in human colon cancer 
DLD-1 cells confers invasive properties without N-cadherin expression. Biochem. Biophys. Rep. 2016, 8, 120–126. 
https://doi.org/10.1016/j.bbrep.2016.08.017. 

15. Taubenberger, A.V.; Girardo, S.; Träber, N.; Fischer-Friedrich, E.; Kräter, M.; Wagner, K.; Kurth, T.; Richter, I.; Haller, B.; Binner, 
B.; et al. 3D Microenvironment Stiffness Regulates Tumor Spheroid Growth and Mechanics via p21 and ROCK. Adv. Biosyst. 
2019, 3, 1900128. 

16. Helmlinger, G.; Netti, P.; Lichtenbeld, H.C.; Melder, R.J.; Jain, R.K. Solid stress inhibits the growth of multicellular tumor sphe-
roids. Nat. Biotechnol. 1997, 15, 778–783. https://doi.org/10.1038/nbt0897-778. 

17. Kalli, M.; Stylianopoulos, T. Defining the Role of Solid Stress and Matrix Stiffness in Cancer Cell Proliferation and Metastasis. 
Front. Oncol. 2018, 8, 55. https://doi.org/10.3389/fonc.2018.00055. 

18. Shen, Y.; Wang, X.; Lu, J.; Salfenmoser, M.; Wirsik, N.M.; Schleussner, N.; Imle, A.; Valls, A.F.; Radhakrishnan, P.; Liang, J.; et 
al. Reduction of Liver Metastasis Stiffness Improves Response to Bevacizumab in Metastatic Colorectal Cancer. Cancer Cell 2020, 
37, 800–817.e7. https://doi.org/10.1016/j.ccell.2020.05.005. 

19. Kulwatno, J.; Gearhart, J.; Gong, X.; Herzog, N.; Getzin, M.; Skobe, M.; Mills, K.L. Growth of tumor emboli within a vessel model 
reveals dependence on the magnitude of mechanical constraint. Integr. Biol. 2021, 13, 1–16. 
https://doi.org/10.1093/intbio/zyaa024. 

20. Nia, H.; Datta, M.; Seano, G.; Huang, P.; Munn, L.L.; Jain, R.K. Quantifying solid stress and elastic energy from excised or in 
situ tumors. Nat. Protoc. 2018, 13, 1091–1105. https://doi.org/10.1038/nprot.2018.020. 


