
Materials Today Bio 26 (2024) 101097

Available online 22 May 2024
2590-0064/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Cellular memory function from 3D to 2D: Three-dimensional high density 
collagen microfiber cultures induce their resistance to reactive 
oxygen species 

Asuka Yamada a,b,c, Shiro Kitano a,b,**, Michiya Matsusaki b,c,* 

a TOPPAN HOLDINGS INC. Business Development Division, Technical Research Institute, Takanodaiminami, Sugito-machi, Saitama 345-8508, Japan 
b Joint Research Laboratory (TOPPAN) for Advanced Cell Regulatory Chemistry, Graduate School of Engineering, Osaka University, Yamadaoka, Suita, Osaka 565- 
0871, Japan 
c Division of Applied Chemistry, Graduate School of Engineering, Osaka University, Yamadaoka, Suita, Osaka 565-0871, Japan   

A R T I C L E  I N F O   

Keywords: 
3D culture 
Collagen microfibers 
Cancer tissue 
Reactive oxygen species 
Cellular memory function 

A B S T R A C T   

Cell properties generally change when the culture condition is changed. However, mesenchymal stem cells 
cultured on a hard material surface maintain their differentiation characteristics even after being cultured on a 
soft material surface. This phenomenon suggests the possibility of a cell culture material to memorize stem cell 
function even in changing cell culture conditions. However, there are no reports about cell memory function in 
three-dimensional (3D) culture. In this study, colon cancer cells were cultured with collagen microfibers (CMF) in 
3D to evaluate their resistance to reactive oxygen species (ROS) in comparison with a monolayer (2D) culture 
condition and to understand the effect of 3D-culture on cell memory function. The ratio of ROS-negative cancer 
cells in 3D culture increased with increasing amounts of CMF and the highest amount of CMF was revealed to be 
35-fold higher than that of the 2D condition. The ROS-negative cells ratio was maintained for 7 days after re- 
seeding in a 2D culture condition, suggesting a 3D-memory function of ROS resistance. The findings of this 
study will open up new opportunities for 3D culture to induce cell memory function.   

1. Introduction 

Cell properties typically change as the form of culture changes. In 
particular, stem cells are said to respond to mechanical signals presented 
by the extracellular matrix (ECM). Studies in this area have been based 
on the principle of cellular mechanotransduction, the hypothesis that 
cells sense and integrate mechanical cues from the ECM, ultimately 
directing gene expression and cell fate decisions. Anseth and co-worker 
have suggested that mechanical stimuli, related to tissue stiffness, are 
retained as a historical influence and affect differentiation, particularly 
in mesenchymal stem cells [1]. As a mechanism, they concluded that it is 
associated with a state in which the known inactivation target molecules 
of the Hippo signaling pathway, such as Yes-associated protein (YAP) 
and Runt-related transcription factor 2 (RUNX2), remain migrated and 

maintained in the nucleus. Elsewhere, it has been reported that in 
skeletal muscle cells, hydrogel stiffness activates myocytes and induces 
proliferation and migration [2]. It has also been reported that fibroblasts 
cultured on stiff hydrogels maintain their cytoskeleton on stiff gels even 
after the gels soften [3]. This is an important and interesting study 
because of the various possible applications regarding the effect of 
culture history on the long-term properties of cells, but no similar studies 
by other groups have been reported. In addition, in the above study, 
synthetic polymers such as polyethylene glycol (PEG) were used as 
models for the scaffold material hydrogel. Synthetic polymers do not 
have cell adhesion domains, so it is not possible to evaluate the influence 
of adhesion signaling by the ECM. For example, in cancer, the stiffness of 
the stromal tissue consisting of the ECM is said to affect prognosis. In 
fact, clinical studies of colorectal cancer have reported that patients with 
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high tumor elasticity tend to have lower survival rates and more 
advanced tumor stages compared to patients with low elasticity [4]. 
There are reports that the combination of drugs that soften stromal tis-
sue and molecularly-targeted drugs actually improved the survival rate 
of patients with colorectal cancer [5]. Thus, colon cancer cells are 
thought to be affected by the surrounding environment, but the histor-
ical effects of the surrounding environment have not been reported. It is 
important to study in vitro cancer models that can control both ECM and 
stiffness in both drug and pathological evaluation models over an 
extended period. Cell memory function in 3D culture is another key area 
for future study. 

One of the difficulties in developing in vitro cancer models for eval-
uating anticancer drugs is the reproduction of drug resistance. Malig-
nant cancer cells, including cancer stem cells, are resistant to 
chemotherapy, causing postoperative recurrence and metastasis [6]. It is 
reported that this is due to the resistance to long-term stress. Malignant 
cancer cells are said to be constantly exposed to oxidative stress due to 
the generation of reactive oxygen species (ROS) by anticancer drugs and 
metabolites [7]. Cancer cells can survive for long periods of time 
because they are resistant to such stress. Hence, even though cancer 
stem cells are present in only small numbers, they have the ability to 
form tumors similar to the original major tissues. Most cultured cancer 
cells, including cell lines, have lost this stem cell nature [8], and the 
results of drug efficacy evaluation are often more responsive than in vivo 
results [9]. 

One reason for this is that in vitro models do not replicate the human 
body’s environment, including collagen and other ECM components, 
and the oxygen levels are in a unique hypoxic state known as intra-
tumoral hypoxia [10]. Spheroids, a conventional 3D technology, have 

the advantage of promoting intercellular adhesion by stacking cells in a 
spherical shape. It has been reported that spheroids co-cultured with 
stromal cells other than cancer cells show a difference in efficacy 
compared to spheroids composed of single cells, especially in pancreatic 
cancer, which is greatly affected by stromal tissue [11]. However, 
spheroids have a very high density of cells, and above a certain size the 
central part is prone to necrosis because it is difficult to supply nutrients 
to the interior [12]. For this reason, porous scaffolds with oxygen 
permeability have also been considered in scaffold-based 3D technology. 
Because of their ability to supply nutrients internally and to withstand 
long-term incubation, their development for numerous transplantation 
applications have been reported [13]. However, for application to in 
vitro models, it is difficult to disperse cells within the scaffold. While 
numerous methods have been reported for embedding cells uniformly in 
hydrogels [14], it is challenging to reproduce ECM, particularly inter-
stitial tissues with significant collagen content, using hydrogels made 
solely of synthetic polymers like PEG. 

To construct more complex tissues, some authors have reported the 
introduction of vascular networks and lymphatic vessels within the 3D 
model by coating ECM and multiple cells. In this system, researchers 
succeeded in reproducing the lumenal structure in cancer stromal tissue 
and liver tissues [15,16]. In terms of scaffolding materials, collagen is 
the most widely used ECM because of its high cell adhesion and gelation 
properties. However, collagen has low solubility in water [17], making it 
difficult to prepare collagen solutions with concentrations above a 
certain level. In vitro 3D models with higher density ECM are needed to 
reproduce the interstitial tissues of living organisms [18]. 

Previously, it was discovered that collagen microfibers (CMF) with 
micrometer-level fiber length can be created by homogenizing 

Fig. 1. (A) Fabrication process of CMF, collagen sponge was homogenized at 0.1 mg mL− 1 in 85 % ethanol for 6 min and in 70 % ethanol for 1 min subsequently at 
4 ◦C. The obtained CMF was washed with ultra-pure water and lyophilized for 4 days. (B) Schematic illustration of “memory function” of tumor cells isolated from 
CMF 3D composed of CMF and colorectal cancer cells (HCT116). HCT116 were pre-cultured for 7 days in three different conditions, CMF 3D, spheroid and 2D 
respectively. The isolated cancer cells were cultured in a monolayer condition for 11 days and the consumed amount of ROS added in culture medium was measured 
during the culture period to evaluate ROS resistance. 
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lyophilized collagen in an aqueous solution (Fig. 1A). This CMF does not 
dissolve in the culture medium and can be mixed with cells in suspen-
sion to create 3D tissues with as much as 20–30 % dense collagen [19, 
20]. This proprietary material was applied to gingival models with 
collagen-dense dermal layers and to adipose tissue models with mature 
fat and vascular networks, which are difficult to achieve with conven-
tional 3D culture [21,22]. In non-human animal species, CMF has been 
used as an ink for 3D bioprinters due to its low viscosity relative to 
concentration when forming cultured meat using three cell types iso-
lated from cattle [23]. However, there have been no reports of the use of 
CMF in cancer models, where the contribution of collagen cells is 
considered important. In addition, the effects of conventional 3D tech-
niques on cancer cell properties, such as drug resistance and stemness, 
have been observed to be different from those of 2D culture. 

Herein, we report that colon cancer cells (HCT116) were cultured 
with CMF in 3D to evaluate their resistance to ROS in comparison with a 
monolayer (2D) culture condition and to understand the effect of 3D-cul-
ture on cell memory function. The ratio of ROS-negative cancer cells in 
3D culture increased with increasing amounts of CMF and the highest 
amount of CMF was revealed to be 35-fold higher than that of the 2D 
condition. It was suggested that this property is maintained at the ge-
netic level even after the scaffold material is removed and the cells are 
returned to 2D culture (Fig. 1B). 

2. Experimental section 

2.1. Fabrication of CMF 

17 mL of 3 mg mL− 1 collagen solution (PSC-1-200-100, NIPPI, 
Tokyo, Japan) was gelated with neutralization buffer containing 0.05 N 
sodium hydroxide (Nacalai Tesque, INC., Kyoto, Japan) and 10 ×
phosphate-buffered saline (PBS) (07269-84, Nacalai Tesque. INC.) 
mixed at a ratio of 1:1 for 1 h at 37 ◦C. Collagen gel was frozen by liquid 
N2 and lyophilized for 72 h with a freeze dryer (FDU-2200, EYELA, 
Tokyo, Japan). Dried collagen gel was homogenized with a homogenizer 
(T 10 basic ULTRA-TURRAX, IKA® Japan K⋅K., Osaka, Japan) in 85 % 
ethanol. The collagen suspension was centrifuged for 3 min at 9000×g. 
After removal of the supernatant, collagen pellets were homogenized in 
70 % ethanol. Collagen suspension is centrifuged for a further 3 min at 
9000×g. After removal of the supernatant, collagen pellets were washed 
by distilled water 2 times. The collagen suspension was sonicated by an 
ultrasonicater 10 times for 20 min with 50 W at 20 kHz (VC-50, Sonics & 
Materials, Inc., Newtown, CT, USA) and lyophilized for 72 h. 

2.2. Scanning electron microscope (SEM) imaging 

Dried collagen sponge and CMF were coated with osmium for con-
ductivity and observed using a Field Emission SEM (Merlin, Carl Zeiss 
AG, Oberkochen, Germany) with an acceleration voltage of 0.8 kV. 

2.3. Circular Dichroism (CD) spectrum 

CMF and native collagen were dissolved in 5 mM acetic acid to 5 μg 
mL− 1. Circular Dichroism (CD) measurements were taken using a 
spectropolarimeter (J–1100, JASCO, Tokyo, Japan). The optical path 
length was 10 mm and the scanning speed was 100 nm min− 1. All the CD 
measurements were taken at 25 ◦C. 

2.4. Hydrophobicity assay 

CMF and native collagen were dissolved in PBS to 5 mg mL− 1. 
Magnesium [II] 8-Anilino-1-naphthalenesulfonate (ANS-8 Mg) (A5353, 
TCI, Tokyo, Japan) was dissolved in 1 × PBS to 250 μM 200 μL of ANS- 
Mg/PBS solution were added to 500 μL of collagen sample and incu-
bated for 1 h at 25 ◦C. The excitation wavelength for ANS fluorescence 
was set at 380 nm and the emission spectra were recorded from 400 to 

600 nm by spectrophotometer (Nanodrop-3300, Thermo Fisher Scien-
tific, Eugene, MA, USA). 

2.5. Cell culture 

HCT116, MDA-MB-231 and HT29 cells were obtained from USA 
Type Cell Collection (Manassas, VA, USA). Normal human dermal 
fibroblast (NHDF) cells were obtained from Lonza Japan (Tokyo, Japan). 
HCT116, MDA-MB-231 and NHDF cells were maintained in Dulbecco’s 
modified Eagle medium (DMEM) (08458-16, Nacalai Tesque, INC.) 
supplemented with 10 % fetal bovine serum (FBS) (Thermo Fisher Sci-
entific), 100 U mL− 1 penicillin, 100 μg mL− 1 streptomycin and 0.25 μg 
mL− 1 amphotericin B (02892-54, Nacalai Tesque. INC.). HT29 was 
maintained in McCoy’s 5A (Modified) Medium (Thermo Fisher Scienti-
fic) with 10 % FBS. After 7 days culture in 5 % CO2 at 37 ◦C, cells were 
trypsinized and suspended in the culture medium. 

2.6. Development of CMF 3D tissue 

60 mg of dried CMF was mixed with 6 mL of distilled water by 
vigorous shaking. The CMF suspension was centrifuged for 1 min at 
9000×g. After removal of the supernatant, 3600 μL of distilled water 
was added into the tube and then mixed by pipetting. 1, 5 and 10 mg of 
CMF suspension were dispensed into 1.5 mL tubes. 1.0 × 106 of cells in 
the medium was mixed with each CMF suspension by pipetting. The 
mixture of CMF and cells was centrifuged for 1 min at 9000×g. After 
removal of the supernatant, each sediment was dispersed into the me-
dium by pipetting and seeded on a Transwell® (#3470, Corning, 
Corning, NY, USA). 

2.7. Compression test 

CMF tissues were fabricated as described in 2.5. using 1, 5 and 10 mg 
of CMF and 1.0 × 106 HCT116 cells and then incubated at 37 ◦C for 7 
days in 24 well insert. Obtained CMF tissues were cylindrical and 6.5 
mm in diameter. Sample height of 1,5 and 10 mg of CMF tissue was 0.5 
mm 2 mm and 3 mm, respectively. The elastic moduli of the CMF tissues 
were measured using a compression tester (EZ-Test, SHIMADZU, Kyoto, 
Japan). Compression test was performed the speed at 1 mm sec− 1 with at 
room temperature using 5 mm spherical probe and 20 N load cell. The 
elastic modulus E (kPa) was calculated using the following equation, 
where S is the slope of the stress-strain curve (mN mm− 1), H is the height 
of the gel (mm) and C is the contact area of the testing jig with the gel 
(mm2) 

E= S × H/C 

The slope of the graph was selected to follow the rising edge of the 
stress-strain curve at strains between 5 and 10 %, the height of the gel 
was measured using a digital caliper (Digimatic Caliper CD-15CP, Mit-
sutoyo, Kanagawa, Japan), and the contact area of the jig was calculated 
by integrating the strain values in the stress-strain curve. 

2.8. 2D culture and spheroid culture 

Monolayer 2D cultures were performed using a 6-well plate (1810- 
006 N, AGC TECHNO GLASS, Shizuoka, Japan). Spheroid cultures were 
performed using a PrimeSurface® 96 slit-well plate (MS-9096S, Sumi-
tomo Bakelite, Tokyo, Japan). HCT116 cells were seeded at 1.0 × 104 

per well for 2D and 5.0 × 103 per well for spheroids. All cells were 
cultured at 37 ◦C in 5 % CO2. 

2.9. ROS analysis 

After 7 days culture for each method, cells were isolated with 
Accumax (17087-54, Nacalai Tesque, INC.) and 2 mg mL− 1 collagenase 
(9001-12-1, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) 
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from scaffolds. Cells were passed through 100 μm and 40 μm filters 
sequentially. 100 μM of tert-Butyl hydroperoxide (TBHP) was added to 
each sample as the source of ROS. After 30 min incubation in 37 ◦C, 
TBHP was removed by centrifugation and intracellular ROS levels of 5.0 
× 105 of cells for each culture method were assayed by CellROX™ Deep 
Red Flow Cytometry Assay Kit (C10491, Thermo Fisher Scientific) using 
FACS Melody (Becton Dickinson, New Jersey, USA). ROS-negative cells 
were defined as the population of ROS-negative cells in the subset of 
cells negative for dead cell staining using SYTOX™ Blue Dead Cell Stain, 
after the removal of doublets. As a negative control, 1000 μM of N-acetyl 
cysteine was added to the sample 30 min before TBHP. 

2.10. RT-qPCR analysis 

Total RNA and protein were extracted from cells with NucleoSpin® 
RNA/Protein (740933.50 [U0933A], Macherey-Nagel, Nordrhein- 
Westfalen, Germany). Total RNA was purified by ethanol precipitation. 
500 μg RNA was reverse transcribed to cDNA by a QuantiTect Reverse 
Transcription Kit (205313, QIAGEN, Hilden, Germany). Real-time (RT) 
-qPCR analysis was performed using a TaqMan® Fast Advanced Master 
Mix (4444556, Thermo Fisher Scientific) by StepOnePlus™ (Thermo 
Fisher Scientific). Taqman® assays used for analysis are listed in Sup-
plementary Table1. ΔΔCt methods were performed in each analysis 
using peptidylprolyl isomerase A (PPIA) as an internal control gene. 

2.11. Western blotting 

Protein was measured using BCA assay (23250, Thermo Fisher Sci-
entific). Primary antibodies used for analysis are listed as follows: 
Glutamate-cysteine ligase (GCL) (ab53179, Abcam, Cambridge, UK), 
Glutathione reductase (GSR) (LS-C133223, LSBio, Lynwood, WA, USA) 
and β-Tubulin (Rhodamine conjugated) (#12004166, Biorad). Second-
ary antibodies used for analysis are listed as follows: StarBright™ Blue 
520 Goat Anti-Rabbit IgG (#12005869, Biorad) and StarBright Blue 700 
Goat Anti-Mouse IgG (#12004158, Biorad). The membrane was visu-
alized on ChemiDoc (Biorad). The obtained pictures were analyzed with 
ImageJ (NIH, Bethesda, MD, USA). 

2.12. Oxygen measurement 

Partial pressure of oxygen (PaO2) was measured using an Oxoplate® 
(OP96F, PreSens, Regensburg, Germany) with HCT116. For 2D culture, 
cells were seeded at 5.0 × 104 per well and cultured overnight. Spher-
oids were cultured overnight in a PrimeSurface® 96 slit-well plate at 1.0 
× 104 per well. Spheroids were transferred to an Oxoplate at 32 
spheroids per well before measurement. CMF 3D was made by mixing 5 
mg of CMF with 1.0 × 106 cells and cultured overnight. 200 μL of air- 
saturated (K100) and 400 μL of oxygen-free water (1 % sodium sulfite, 
K0) were prepared and added to each well for calibration. Each method 
was cultured in phenol red-free DMEM containing 10 % FBS and 1 % 
antibiotics. Oxygen-free water wells were sealed with opaque film 
immediately after adding the oxygen-free water to the well. Two 
wavelengths (IIndicator; Ex. 540/Em. 640 and IReference; Ex. 540/Em. 590) 
were measured by microplate reader (SH-9000/CORONA ELECTRIC Co. 
Ltd., Ibaraki, Japan). PaO2 was calculated using the following equation:  

PaO2 (mmHg) = 155 × (K0 × IR− 1-1) × (K0 × K100
− 1 -1)− 1 IR = IIndicator ×

IReference
− 1                                                                                               

All samples were run in triplicate. 

2.13. Memory function analysis 

After culturing for 7 days in each method, cells were collected from 
each scaffold using the same method described in 2.9 and seeded to a 24- 
well plate at a density of 5.0 × 104 cm− 2. Cells were collected on 1, 4, 7 

and 11 days after seeding and assayed for intracellular ROS levels using 
the method described above. 

2.14. Histological analysis 

After culturing for 7 days in CMF, tissues were fixed in 4 % para-
formaldehyde for 3 h, rinsed with PBS several times and embedded into 
paraffin using CT-Pro20 (Genostaff, Tokyo, Japan). Paraffin blocks were 
sectioned to 5 μm-thickness, stained with hematoxylin and eosin (HE) 
and visualized with an optical microscope. For immunological staining, 
sections were blocked by 1 % bovine serum albumin (BSA) (A3294, 
Merck, Rahway, NJ, USA)/PBS solution for 20 min at 25 ◦C and were 
probed with the primary antibodies diluted in 1 % BSA/PBS solution 
overnight at 4 ◦C. Primary antibodies used for analysis are listed as 
follows: Hypoxia inducing factor 1a (HIF1α) (sc-13515, Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA), SLC2A1 (sc-377228, Santa Cruz 
Biotechnology, Inc.), Bcl-2 interacting protein 3 (BNIP3) (#701696, 
Thermo Fisher Scientific), Pyruvate dehydrogenase kinase 1 (PDK1) 
(#MA5-15797, Thermo Fisher Scientific). After washing with PBS, the 
sections were incubated with secondary antibodies diluted in 1 % BSA/ 
PBS solution for 1 h at 25 ◦C. Secondary antibodies used for analysis are 
listed as follows; N-Histofine® Simple Stain™ MAX PO(M) (414132F, 
Nichirei Biosciences Inc., Tokyo, Japan) and N-Histofine® Simple 
Stain™ MAX PO(R) (414142F, Nichirei Biosciences Inc.). A Liquid DAB 
+ Substrate Chromogen System (K3468, Agilent, Santa Clara, CA, USA) 
was used for detection and hematoxylin was used for counter staining. 

3. Results and discussion 

3.1. Characterization of CMF 

The white, dried CMF was obtained by homogenizing lyophilized 
collagen sponge in ethanol. According to the phase contrast photograph 
(Fig. 2A), the fibers of CMF treated with ethanol were observed to be 
separated from each other. On the other hand, the fibers of collagen 
sponge were observed to aggregate in water. In addition, general 
collagen sponge dissolved easily in the medium, but the dried CMF 
processed in ethanol did not dissolve once washed in the water. SEM 
evaluation showed that the collagen sponge was a fiber with a layered, 
bundled structure and its diameter was around 8 μm, while the fiber 
diameter of CMF was around 600 nm, and the fibers were disentangled 
from each other as in the phase contrast microscope images (Fig. 2B and 
C). 

In a previous report, CMF thermally cross-linked in vacuum was also 
found to be highly dispersible in water. This may be due to dehydration 
of the surface of collagen molecules at high temperatures, making them 
hydrophobic, and it is possible that similar dehydration occurs with 
collagen treated in ethanol. It has been reported that alcohols act on the 
hydrophobic groups of proteins and stabilize their structure by changing 
the balance between bulk water and bound water [24], and dehydration 
with high concentrations of 2-propanol is reported to result in the 
shrinkage of the D region and the fibril diameter of collagen [25]. 
Although a higher concentration of hydrous ethanol in the treatment is 
desirable for the surface dehydration effect, a certain amount of water is 
necessary to remove the salts in the collagen. Since the amount of triple 
helix in collagen decreased at ethanol concentrations below 50 %, ho-
mogenization and washing were performed in steps of 85 % and 70 % 
(Figure S1. Supporting Information). 

To evaluate the hydrophobicity of the surface of CMF, the fluores-
cence intensity of sodium 8-Anilino-1-naphthalenesulfonate (ANS-8) 
was measured. ANS-8 emits only negligible fluorescence at around 540 
nm in an aqueous solution, but when ionically bound to hydrophobic 
sites exposed on the protein surface, the fluorescence intensity increases 
[26–28]. Fluorescence spectra of the ANS-8 aqueous solution, in which 
CMF and native collagen were dissolved (Fig. 2D), revealed weak fluo-
rescence detected at around 540 nm under the control condition of PBS 
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+ ANS-8 without protein. With native collagen, a shift of the fluores-
cence peak to around 450 nm was observed. Furthermore, in CMF, the 
peak was observed to be more than eight times larger than that in CMF, 
suggesting that CMF has many hydrophobic domains. 

It is commonly reported that proteins, including collagen, may lose 
their higher-order structure and denature when polar organic solvents 
are added [29]. With regard to collagen in solution and polar solvents, it 
has been reported that when collagen is mixed with ethanol at low 
temperatures, there is no denaturation in the low ethanol concentration 
range and that the triple helix does not decrease even at around 37 ◦C up 
to an ethanol concentration of 40 % [30], but there are few reports 
evaluating the properties of collagen in a dry state with ethanol. Hence, 
CD spectral analysis was conducted to evaluate the unique triple helix 
structure of collagen. The CD spectrum (Fig. 2E) showed that the peak at 
around 222 nm for CMF was the same as that of the collagen sponge; 
there was also a peak at the lower wavelength side at around 197 nm, 
which was slightly reduced in CMF. In general, it has been reported that 
222 nm is related to the n-π* transition of amide, and 197 nm is related 
to the π-π* transition [31]. The positive peak represents the entire triple 
helix [32], while the negative peak represents structural changes in the 
peptide chain in collagen [33]. Therefore, the homogenization in 
ethanol changed the state of some peptides while retaining the 
higher-order structure of collagen. 

3.2. Comparison of ROS resistance in CMF 3D tissue with other culture 
methods 

CMF was considered suitable as a material that could reproduce the 
high collagen content in the tissue than gel culture due to its hydro-
phobicity. To construct the 3D model, CMF was mixed with NHDF and 
HCT116 and precipitated by centrifugation (Fig. 3A), and then CMF 3D 
tissue was cultured for 7 days. In both cases, HE staining of tissue sec-
tions confirmed that the cells were dispersed from the top to the bottom 
of the 3D tissue (Fig. 3B). Since collagen type I is said to affect the 
malignancy and stemness of cancer [34], we decided to use this CMF to 
create and evaluate a 3D cancer model. Although there are reports that 
collagen plays an important role as a signal source as well as having a 
physical effect such as on mechanical strength [35], there have been no 
reports of models that mimic collagen levels comparable to those of 
living organisms. To evaluate material cytotoxicity, DNA was extracted 
and quantified from each tissue and the number of viable cells in the 
tissue was calculated using a calibration curve of cell counts and DNA. 
The viability of cancer cells in CMF 3D was more than 95 % (Fig. 3C), 
and no marked difference was observed between CMF 3D and 2D or 
spheroids. 

To assess the characteristics of CMF 3D, tissues were prepared with 
three different amounts (1, 5 and 10 mg) of CMF, and their elastic 
modulus was measured. The results indicate that the elastic modulus 
increases with the amount of CMF (Fig. 4A). Concerning the elasticity of 
cancer tissue, cancer cells have been reported to exhibit increased 

Fig. 2. Structural analyses of CMF. (A) Phase-contrast (Ph) images of collagen sponge fibers and CMF dispersed in water after lyophilization, respectively. (B) Optical 
microscope (OM) and SEM images of lyophilized collagen sponge and CMF, respectively. (C) Fiber diameter of collagen sponge and CMF calculated from SEM images 
(n = 6). (D) Fluorescence spectra of 71.4 μM ANS-Mg in CMF and native collagen solution in PBS at 3.5 mg mL− 1 at 25 ◦C. Excitation wavelength was 380 nm. (E) CD 
spectra for CMF, native collagen and gelatin dissolved in 5 μM acetic acid solutions at 5 μg mL− 1 at 25 ◦C. Statistical comparison between two groups was analyzed by 
Student’s t-test. p value, ***<0.001 denotes statistically significant. 
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resistance to cytotoxic drugs in an elasticity-dependent manner in breast 
cancer and colorectal cancer [36–38]. We evaluated HCT116, a colon 
cancer cell line, and MDA-MB-231, a breast cancer cell line, as they are 
known to be affected by the stiffness of their external environment. 
Based on these reports, we hypothesized that a resistance mechanism, 
independent of a specific mode of action, may be involved in these 
phenomena, given the several types of drug resistance reported. Thus, 
we focused on resistance to ROS, which are involved in cell death and 
are widely generated stresses in cells. Cancer cells were collected from 
the scaffold using enzymatic digestion, and ROS were induced by TBHP. 
After gating living cells using dead cell staining reagent, the number of 
cells that accumulated ROS was measured using a fluorescent probe for 
ROS using FACS. The threshold was determined using the fluorescence 
intensity of the negative control without TBHP and the group of cells 
below the threshold was defined as ROS-negative cells. According to the 
histogram of HCT116, cancer cells in CMF 3D exhibited lower ROS 
accumulation with a fluorescence intensity similar to that of the nega-
tive control (Fig. 4B). Then, to calculate the effect of CMF presence on 
the ROS-negative cells population, CMF 3D tissues were prepared by 
varying the amount of CMF input to 1, 5, and 10 mg as the conditions for 
CMF tissue. 2D culture and spheroids were employed as control groups. 
As mentioned above, the percentage of ROS-negative cells per total cells 
via gating doublet removal were calculated from the histogram. As 
qualitatively confirmed on the histogram, the percentage of 
ROS-resistant cells was highest in CMF tissue, with a marked difference 
between spheroids and 2D cultures both in HCT116 and MDA-MB-231 
(Fig. 4C). This suggested that the cells in the CMF may be scavenging 
the given ROS. While it has been reported that external stiffness has the 
highest impact on CD44 expression in HCT116 on 25 kPa scaffold ma-
terial, and HCT116 cultured on 20 kPa scaffold material exhibits high 
intracellular accumulation of ROS [39], there are no reported cases 
regarding resistance to the generated ROS. Moreover, an increase in the 
ROS-resistant cell population, especially in HCT116, was observed 

depending on the amount of CMF. 
To assess the impact of scaffold stiffness at the gene level, we 

analyzed the expression of yes-associated protein (YAP) and WW 
Domain Containing Transcription Regulator (WWTR or TAZ), a drug 
resistance-related gene in cancer cells linked to scaffold stiffness [40]. 
However, unlike resistance to ROS, no tendency for gene expression to 
increase with tissue CMF content was observed (Figure S2. Supporting 
Information). The stiffness of the CMF tissue may not be the only factor 
contributing to resistance to ROS, as the CMF tissue can be as stiff as 1–4 
kPa. 

To investigate the mechanism of this ROS resistance in CMF 3D, we 
focused on the ROS scavenging process. We focused on GSH, the most 
abundant endogenous antioxidant, as a ROS scavenger. GCL and GSR, 
two enzyme genes directly involved in GSH synthesis, were evaluated. 
GCL is the rate-limiting enzyme gene in the GSH synthetic pathway. GSR 
is not an enzyme that directly catalyzes GSH biosynthesis, but it cata-
lyzes the reaction of oxidized glutathione (glutathione disulfide) with 
NADP + back to its reduced form. Quantitative-PCR analysis showed 
that the expression of GSH-related genes was 2 to 6-fold higher in 
HCT116 in CMF 3D than in 2D culture, indicating that ROS resistance in 
CMF 3D is related to the reduction of ROS by GSH (Fig. 4D). MDA-MB- 
231 also exhibited a trend toward higher expression in CMF tissue 
compared to spheroids, though the difference was less pronounced than 
in HCT116. Considerable expression of this gene was also observed in 
protein evaluation by Western blotting (Fig. 4E and F) in HCT116. 

However, there was no stiffness-dependent increase in CMF expres-
sion of glutathione-related genes in any of the tissues, and since the 5 mg 
condition resulted in the highest expression (Figure S3. Supporting In-
formation), following studies were also limited to 5 mg for evaluation. 
Additionally, we also evaluated HT29, another colon cancer cell line, to 
confirm whether the observed trend of ROS resistance and gene 
expression are common in colon cancers. HT29 showed a similar in-
crease in GSR, GCL, YAP, and TAZ expression in the presence of CMF, 

Fig. 3. Developing 3D tissue using CMF. (A) Schematic illustration of the development of CMF 3D tissue. CMF was mixed with a cell suspension and centrifuged at 
1150×g for 15 min. (B) HE staining images of 3D tissue using 5 mg of CMF mixed with 1.0 × 106 of NHDF and HCT116. (C) Cell viabilities in three culture methods 
(2D, spheroid, and CMF 3D) based on the cell count after day 1 of culture, relative to the initial seeding cell number. The cell count was calculated from DNA quantity 
normalized with the calibration curve against the cell number. Statistical comparisons were performed by one-way ANOVA followed by post hoc Tukey-Kramer 
multiple comparison tests. “n.s.” denotes no significant differences. 
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despite the lack of confirmed resistance to ROS (Figure S4. Supporting 
Information). No stiffness-dependent increasing trend of CMF was 
observed in each gene of HT29 because CMF 1 mg exhibiting the highest 
expression level. The optimal amount of CMF may be freely adjustable, 
although it varies depending on the state of the cancer cells. 

3.3. Comparison of partial oxygen pressure and hypoxic marker 
expression in CMF3D tissue with other culture methods 

The differences in ROS resistance and GSH-related enzymes between 
CMF 3D and other culture methods identified in this study can be 
attributed to their different tissue sizes. The spheroids created in this 
study were approximately 100 μm in diameter, whereas the CMF 3D 
tissue was approximately 3 mm thick (Figure S6, Supporting Informa-
tion). It was suggested that this CMF 3D thickness may create hypoxic 
conditions. Therefore, we attempted to measure oxygen partial pressure 
(Fig. 5A). The general “normal oxygen” environment is said to be around 

150 mmHg [41]. On the other hand, spheroids, which are said to mimic 
hypoxic conditions as a conventional culture method, showed a lower 
oxygen concentration than 2D at 16 mmHg. However, since the hypoxic 
environment, commonly referred to as “hypoxia”, is 8–10 mmHg, 
spheroids are not able to replicate the in vivo tumor environment. On the 
other hand, the partial pressure of oxygen in CMF 3D is about 10 mmHg 
[42], suggesting that only CMF mimics the oxygen concentration of 
tumors in vivo in the same 3D culture. 

To assess whether this oxygen state is actually linked to the expres-
sion of hypoxia-related genes in the cell, quantitative-PCR analysis was 
performed on the commonly used hypoxia marker gene HIF1α and other 
hypoxia marker genes derived from HIF1α (SLC2A1, PDK1, BNIP3). 
HIF1α is a gene that synthesizes a transcription factor that is activated 
when cells are hypoxic and is widely used as a general hypoxia marker. 
However, gene expression analysis in this study showed slight difference 
in HIF1α expression among the three culture methods. Rather, expres-
sion was lower in CMF 3D than in the other two, even though CMF 3D 

Fig. 4. Evaluation of ROS resistance in CMF 3D. (A) Elastic moduli of CMF tissue constructed under 1, 5, and 10 mg CMF and 1.0 × 106 of HCT116 cells at 25 ◦C (n =
6). p value, ***<0.001 denotes statistically significant. (B) Comparison of histograms of FACS analysis using CellROX™ Deep Red Reagent between 2D, spheroid and 
CMF 3D culture in HCT116. Cells were cultured using three methods for 7 days and then isolated from the scaffolds. Cells were treated with 100 μM of tert-Butyl 
hydroperoxide (TBHP) and double stained with 1 μM SYTOX™ Blue Nucleic Acid Stain and CellROX™ Deep Red Reagent. Cells below a threshold in the 448/45 
channel were defined as live cells and cells below a threshold in the 660/10 channel among live cells were defined as ROS-negative cells. To determine the threshold, 
2D cultured cells without TBHP were used as a negative control. (C) The population of ROS-negative cells in total cells via gating of doublet removal of HCT116 and 
MDA-MB-231 cultured in 2D, spheroid and 1, 5, and 10 mg of CMF 3D for 7 days (n = 3). *** denotes that “CMF 10 mg” is statistically significant at p < 0.01 
compared to all other samples. ** denotes that “CMF 5 mg” is statistically significant at p < 0.05 compared to “CMF 1 mg” and p < 0.01 compared to “2D” and 
“Spheroid”. * denotes that “CMF 1 mg” is statistically significant at p < 0.05 compared to “2D”. yyy denotes that “CMF 10 mg” is statistically significant at p < 0.01 
compared to “2D” and “Spheroid”. yy denotes that “CMF 5 mg” is statistically significant at p < 0.01 compared to “2D” and “Spheroid”. y denotes that “CMF 1 mg” is 
statistically significant at p < 0.01 compared to “2D” and “Spheroid”. (D) Quantitative-PCR analysis of GSH related genes, GSR and GCL analyzed by the ΔΔCt 
method from HCT116 and MDA-MB-231 cultured in 2D, spheroid and CMF 3D (5 mg) for 7 days (n ≥ 3). Each target was normalized using PPIA as an internal 
control. Target expressions were compared as a percentage against 2D culture values. p value, * <0.05 denote statistically significant. (E) Fluorescence images of WB 
signals of GSR, GCL and β-tubulin as an internal control from HCT116 cultured in 2D, spheroid and CMF 3D culture for 7 days (n = 3). Full blotting image was 
displayed in Figure S5. of the Supporting Information. (F) Comparison of GSR and GCL protein expression of HCT116 cultured in 2D, spheroid and CMF 3D (5 mg) for 
7 days (n = 3). Each protein expression was calculated from fluorescence intensity from WB images using ImageJ and normalized using β-tubulin as an internal 
control. Target expressions were compared as a percentage against 2D culture values. p value, * <0.05 denote statistically significant. Statistical comparisons were 
performed by one-way analysis of variance (ANOVA) followed by post hoc Tukey-Kramer multiple comparison tests. 
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has the lowest partial pressure of oxygen in the tissue (Fig. 5B). 
In contrast, expression of the other three genes was increased in 2D 

< spheroids < CMF, suggesting that CMF cells are still affected by other 
hypoxia marker systems. As for HIF1α, there were differences between 
gene expression and immunostaining results (Fig. 5C), but it has been 
reported that HIF1α often produces results that do not correlate with 
gene expression and protein expression [43]. One possible reason for 
this is that HIF1α is a marker expressed in response to acute hypoxia. It 
has been reported that in prostate cancer, HIF1α expression is maximal 
within 4 h of being placed in hypoxic conditions, and then decreases 
with continued incubation under hypoxic conditions [44]. Since the 
culture conditions in this study were 7 days, the HIF1α gene was prob-
ably already degraded at the time of assay. In relation to glutathione 
synthesis, SLC2A1 and PDK1 are involved in the supply of NADPH 
required for GSH reduction through glycolysis activation [45]. 

3.4. “Cell memory function” in CMF 3D tissue 

In the previous section, it was revealed that cancer cells cultured in 
CMFs tend to acquire ROS resistance and become malignant through 
hypoxia-mediated modulation of the GSH synthesis pathway. It is well 
known that any cancer cells that remain in the body after surgical 
removal can become malignant and survive in vivo, causing recurrence 
and metastasis. In other words, malignant cancer cells are thought to 
maintain their acquired characteristics for a long period of time despite 
changes in the surrounding environment though few reports have 
evaluated whether in vitro models can maintain the acquired malignancy 
of cancer cells. HCT116 cultured by each of the three methods were 
isolated from the scaffold and seeded in 2D. Cells were collected 0, 1, 4, 
7, and 11 days after 2D seeding and evaluated for ROS resistance 

(Fig. 6A). The results showed that cells isolated from CMF 3D (Ex CMF) 
remained highly ROS resistant from immediately after isolation from the 
scaffold until day 11 (Fig. 6B). Conversely, cells isolated from 2D (Ex 2D) 
and spheroids (Ex spheroid) had low ROS resistance at the beginning of 
isolation, and the number of resistant cells gradually increased as the 
number of days of culture increased. Finally, all culture methods 
resulted in a higher percentage of ROS resistant cells on day 11. The 
gradual increase in ROS resistance observed in Ex 2D and Ex spheroids 
after isolation may be due to increased intercellular adhesion due to 
increased cell density, rather than to the retention of properties acquired 
by cells during culture, as in Ex CMF. This is probably due to the pro-
pensity of cancer cells to continue to proliferate after becoming 
confluent; it is unlikely that such a phenomenon would occur in normal 
cells. 

To corroborate these results, the changes in GSR and GCL gene 
expression over time were also evaluated. It was found that GSR 
expression at the time of collection (Day 0) was higher in Ex CMF than in 
the other two culture methods, but then gradually decreased in a 
manner similar to the trend observed for ROS resistance (Fig. 6C). In 
GCL, the same trend of higher Ex CMF on Day 0 was observed, but the 
cells behaved differently from ROS resistance and GSR expression, with 
Ex CMF and Ex spheroids having the highest expression on Day 1. This 
difference may involve the regulatory pathways of GSR and GCL. Unlike 
GSR, GCL is known to be directly regulated by GSH levels. Upon 
collection from Day 0 tissue, both spheroids and CMF 3D recover from 
their 3D dense cell-to-cell state and return to two dimensions, resulting 
in a change in the flux of medium volume per cell [46]. Thus, it is 
possible that the GCL is upregulated after 1 day in response to feedback 
from the temporary decrease in pericellular GSH content. To confirm 
this, it is necessary to quantify the amount of GSH at the time of 

Fig. 5. Evaluation of hypoxic condition in CMF 3D. (A) Comparison of Partial O2 pressure in tissue using an Oxoplate® (n = 3). HCT116 were seeded on each well of 
an Oxoplate in 2D, spheroid and CMF 3D. The bottom fluorescence intensity of the plate was measured. Fluorescence intensity at Ex. 540 nm/Em 650 nm was used as 
an indicator, while Ex. 540 nm/Em 590 nm was used as a reference. Both were used for calculation of O2 saturation (%) after calibration using O2 saturated water and 
O2 free water at 25 ◦C. Oxygen partial pressure (mmHg) was calculated from oxygen saturation at 20 ◦C and atmospheric pressure of 1013 hPa. (B) Quantitative-PCR 
analysis of hypoxia related genes, HIF1α, SLC2A1, BNIP3 and PDK1 analyzed by the ΔΔCt method from HCT116 cultured in 2D, spheroid and CMF 3D (5 mg) for 7 
days (n = 3). Each target was normalized using PPIA as an internal control. Target expressions were compared as a percentage against 2D culture values. (C) 
Immunohistochemical images of paraffin cross sections of 2D, spheroid and CMF 3D tissues. Statistical comparisons were performed by one-way ANOVA followed by 
post hoc Tukey-Kramer multiple comparison tests. p value, * <0.05 and ** <0.01 denote statistically significant. 
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collection and in subsequent cultures. 
What contributes to this long-term change in cellular properties re-

quires further analysis, but there are several possible factors. First, 
hypoxia is known to activate various pathways in cancer cells and has 
been reported to increase invasive potential and to transform cancer 
cells into a more undifferentiated state [47,48]. To assess this hypoth-
esis, gene expression analysis using CD44 and CD44v9, commonly used 
as stem cell markers for colon cancer cells, revealed a gradual decrease 
in expression in both Ex spheroid and Ex CMF. Although there was no 
difference between the Ex spheroid and Ex CMF tissues, both confirm 
that the 3D culture history affected the properties of the cells (Figure S7. 
Supporting Information). Another hypothesis is that the stiffness of the 
scaffold material plays a role. This is because YAP induced by the 
hardness of the external environment has been reported to interact with 
histone methyltransferase MII1, an epigenetics-related gene, in colo-
rectal cancer, possibly causing persistent genetic mutations, which may 
be related to cancer cell plasticity [49]. It is possible that CMF-induced 
changes in the stiffness of the scaffold may affect long-term changes in 
the properties of the cells via YAP activation. 

It is also known that ECM receptors on the cell surface can alter the 
properties of cancer cells [50]. In particular, the binding of excess 
amounts of collagen to integrin β-subunits is known to activate src 
family kinases, leading to the formation of focal adhesion, which in turn 
promote cancer cell proliferation. In addition, the downstream signaling 
cascade, such as MEK (Mitogen-activated protein kinase) and ERK 
(Extracellular signal-Regulated Kinase), are known to activate the 
aforementioned hypoxia-related genes, which may also contribute to the 
acquisition of ROS resistance via hypoxia-induced signaling [51,52]. 

From these considerations, it is likely that the unique properties of CMF, 
which combine high collagen density, hypoxia, and moderate stiffness, 
combine to affect the memory function of cancer cells. To investigate 
this mechanism in more detail, the effects of the presence or absence of 
CMF would need to be investigated using comprehensive genetic anal-
ysis to examine the expression associations of ECM receptors, 
hypoxia-related genes, and their downstream signaling pathways. 

4. Conclusion 

Homogenization in ethanol was used to create CMF that were highly 
dispersible in a dry state. Cancer cell line embedded in CMF were pre-
pared by centrifugal sedimentation as CMF 3D tissue, and the cells in 
CMF tended to have higher ROS resistance to cancer cells compared to 
spheroid and 2D culture. This may be due to an increase in GSH 
synthesis-related genes, suggesting that hypoxia in the CMF tissue is 
involved. The ROS resistance of the cells in the CMF was maintained for 
about a week after the cells were separated from the scaffold and 
returned to 2D culture. 
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