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A B S T R A C T   

With the development of various radiation-based cancer therapies, radiobiological evaluation methods instead of 
traditional clonogenic assays with monolayer single cell culture are required to bridge gaps in clinical data. 
Heterogeneity within cancer tissues is the reason for bridging the gap between basic and clinical research in 
cancer radiotherapy. To solve this problem, we investigated an evaluation assay using a three-dimensional (3D) 
model of cancer tissue. In this study, a 3D model consisting of tumor and stromal layers was used to compare and 
verify radiobiological effects with conventional two-dimensional (2D) methods. A significant difference in the 
response to radiation was observed between the 2D and 3D models. The relative number of cancer cells decreased 
with X-ray dose escalations in the 2D and 3D models. In contrast, the relative number of normal cells was quite 
different between the 2D and 3D models. Considering the ability of cells to recover from radiation-induced 
damage, the histological results of the 3D model were reflected in the clinical data. Histopathological analysis 
using a 3D model is a potential method for evaluating radiobiological effects on the tumor and tumor margins.   

1. Introduction 

Cancer is a highly heterogeneous tissue, and the tumor microenvi
ronment (TME) is complex and dynamic. Both cellular components, such 
as tumor cells and fibroblasts, and non-cellular components, such as the 
extracellular matrix (ECM), play important roles in tumor development, 
progression, and outcome of cancer treatment. Therefore, techniques for 
developing a three-dimensional (3D) cancer model consisting of cellular 
and non-cellular components to bridge the gap between conventional 
two-dimensional (2D) monolayer cell culture and animal models have 
emerged [1]. Compared with 2D, 3D cultures models allow for efficient 
and relatively easy drug safety and efficacy testing and are known to 
provide better data regarding the prediction of drug resistance [2] . In 
addition, compared with 2D and 3D cell culture models, these models 
can reflect factors that influence radiosensitivity, such as repair, 
oxygenation, and reoxygenation [3]. In recent years, the research and 
development of evaluation methods to replace animal experiments in 
the development of pharmaceuticals and medical devices has been 

required [4]. Verification of therapeutic effects using 3D culture models 
with metabolism, anatomy, and pharmacokinetics closer to those of 
humans is important because it can shorten the development period of 
medical devices and pharmaceuticals and is expected to have high 
predictability in human clinical trials [5]. 

Oral cancer patients are generally treated with surgery for early- 
stage cancers and with multidisciplinary therapy combining chemo
therapy and radiotherapy in addition to surgery for advanced cancers 
[6]. After cancer treatment, defects may occur in areas where the cancer 
has died, resulting in ulceration or necrosis of the tissue surrounding the 
cancer. When the cancer has progressed deep into the oral skin, the 
dermis is missing and fibroblasts produce collagen to supply the dermal 
tissue, which covers the oral skin surface. However, if the damage to the 
surrounding fibroblasts is significant, healing of the oral skin damage is 
difficult, and skin grafting is necessary. Therefore, it is important to 
minimize damage to the fibroblasts surrounding the cancer during 
cancer treatment. Recently, radiation therapy for cancer has enabled the 
development of devices that generate various types of radiation, such as 
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X-rays, proton beams, heavy particle beams, and neutron beams, as well 
as radiation irradiation methods to reduce the radiation dose to sur
rounding normal tissues, making high precision radiotherapy possible 
[7]. Although there are many simulation evaluation models for radio
therapy for head and neck cancer, the lack of appropriate clinical pre
dictive models is a challenge for radiotherapy. It is difficult to translate 
animal models into clinical practice because it is not possible to deter
mine whether an eating disorder is a side effect of treatment. In this 
study, we developed 3D oral cancer models reflecting TME using squa
mous carcinoma cells and fibroblasts as cellular components and type-1 
collagen as non-cellular components and histologically evaluated oral 
cancer with surrounding tissue after radiation therapy. 

2. Materials and methods 

2.1. Human 2D cell culture 

Human tongue squamous carcinoma (HSC-4, TIMS (JCRB) Bank, 
JCRB0624) and normal human dermal fibroblasts (NHDF-Neo, 
Lot.0000251354; Lonza, Basel, Switzerland),) were used for cell culture. 
HSC-4 cells were grown in Eagle’s minimum essential medium (MEM, 
Gibco) supplemented with 10% heat-inactivated fetal bovine serum 
(FBS) and 1% penicillin solution in a humified incubator at 37 ◦C and 5% 
CO2. NHDFs were grown in fibroblast medium-phenol red free (FM-prf, 
ScienCell) supplemented with 2% FBS (ScienCell), 1% Fibroblast 
Growth Supplement (FGS, ScienCell), and 1% Penicillin solution (P/S, 
ScienCell) under the same conditions as those used for HSC-4 cells. The 
medium was changed every 2 or 3 days. HSC-4 cells and NHDFs were 
seeded in 6-well plates at a density of 1 × 104 cells per well and cultured 
for three days. 

2.2. Fabrication of a human 3D oral cancer model using HSC-4 and 
NHDFs 

For fabrication of the 3D oral cancer model, the three elements 
composing the collagen gel matrix were prepared in specific pro
portions, such as 2800 µL of 0.3% Cellmatrix Type I-A, 800 µL of 5xDME 
agent and 400 µL Cellmatrix (Nitta gelatin, Osaka, Japan) . The 6-well 
Thincert plates (Greiner Bio-one, Austria) in which each well had a 
ThinCerts TC insert with a transparent PET membrane with 3.0 µm pores 
(Greiner Bio-one, Austria). 

On day 0, 1 mL of collagen gel matrix was deposited in each well and 
incubated for 20 min at room temperature. NHDFs (5 × 10 5 cells) with 
3 mL of collagen gel matrix were seeded on the acellular collagen gel 
matrix and incubated for 30 min at 37 ◦C. This developed a stromal layer 
in the model. Next, 20 and 2 mL of media were added to the ThinCerts 
and TC inserts, respectively. On day 2, the stromal layer detached from 
the insert wall. The stromal layer was then cultured under submerged 
culture conditions until day 7 with refreshing medium every 2 days. On 
day 7, after the medium was aspirated, HSC-4 (5 × 10 5 cells) resus
pended in 50 µL of medium were seeded on top of the stromal layer, 
resulting in the fabrication of a human 3D oral cancer model. This 3D 
model was incubated under submerged culture conditions for another 7 
days, until Day 14 [8]. The complete 3D model is the size of an oval 
pyramid with a base area of 9.5 square centimeters and a height of 
approximately 1 cm. 

2.3. Radiation treatment 

The treatment applied was X-ray radiation on 2D and 3D cultures 
using an X-ray desktop-operated machine (MX80-Labo Control, medi
Xtec Japan Corporation at 80 kV and 1.25 mA). The radiation doses were 
0, 5, 10, and 20 Gy (Fig. 1a). After irradiation, 2D and 3D cultures were 
cultured for another 5 days (Fig. 1b). The 3D models were cultured at the 
air–liquid interface with 18 mL of medium in each well, with no medium 
above the HSC-4 cells. All experiments were conducted in at least 
triplicate. 

2.4. Cell viability assay 

In the 2D cell culture, three wells for each radiation level (0, 5, 10 
and 20 Gy) were used for counting. On the fifth post-irradiation day in 
2D culture, cells were washed twice with PBS and detached with a 
detaching agent. The detaching agent was TrypLE Express with EDTA 
without Phenol Red (Gibco, Japan) for NHDFs and 0.5 g/l-Trypsin/0.53 
mmol/l-EDTA Solution with Phenol Red (Nacalai Tesque, Japan) for 
HSC-4 cells. Dead cells were excluded by staining with Trypan Blue 0.4% 
(Invitrogen, USA), and only live cells were counted using the Automated 
Cell Counter (Countess II FL, Invitrogen, USA). The survival rate of the 
cells was defined as the number of live cells treated with radiation 
divided by the number of live cells that were not treated[9]. Cells inside 
the 6-well plates were photographed using an inverse microscope 

Fig. 1. Protocol of cell culture: (a) Process of 2D cell culture with X-ray irradiation; (b) Process of 3D cell culture with X-ray irradiation.  
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(DMi1;Leica, Japan). 

2.5. Histological analysis 

Fixation and staining of the 3D culture model were performed 5 days 
after irradiation. 3D models were washed twice with D-PBS and fixed in 
4% paraformaldehyde phosphate-buffered saline (Fujifilm, Japan) for at 
least 2 h. The 3D models were dehydrated and embedded in paraffin. 
Each slice was then cut into very thin transversal slices (5 µm) and 
stained with Masson’s trichrome (MT). Each MT-stained slice was pho
tographed using a BZ-X800 microscope (Keyence, Osaka, Japan). For 
each dose of radiation, three MT-stained slices were photographed once 
at a magnification of 10, three times at a magnification (X20), and once 
at a magnification of 40. The blue-stained collagen-dominant area was 
defined as the stromal layer, and the purple-red-stained cytoplasmic 
layer in the upper portion of the stromal layer was designated as the 
cancer cell layer. The number of cancer cell layers was counted using 
magnification images (x40) in three different hot spots. A hot spot was 
defined as an area in which the density of fibroblasts was highest. The 
stromal and tumor area ratio were measured using ImageJ software 
(National Institute of Health, USA). The number and size of cancer cells 
and fibroblasts were measured using ImageJ software. The number of 
cancer cells was counted using three hot spots in each (x20) magnifi
cation image. A hot spot was defined as an area in which the density of 
cancer cells was highest. The relative number of cells was defined as the 
number of cells treated with radiation divided by the number of cells 
that were not treated, which indicates the reduction tendency of number 
of cells by X-ray irradiation. The number and size of fibroblasts were 
determined using the magnification images (x10), with the use of 
ImageJ [10]. 

2.6. Correlation in 2D and 3 D models 

Correlation in HSC-4 cells occupancy was calculated between the 2D 
and 3 D models. For the 2D data, the survival rate of the cells was 
calculated as the number of live and dead cells. For the 3D data, the 
relative number of cells was calculated as the number of cells treated 
with radiation divided by the number of cells that were not treated. Each 
relative number of cells had 3 points for each level of radiation (0, 5, 10 
and 20 Gy) and these points were matched to each other. The linear 
regression between both relative number of cells survival rates was 
calculated using the linear regression model in Python. 

2.7. Calculation of the linear–quadratic model 

The linear-quadratic (LQ) model was calculated such that the num
ber of surviving cells could be expressed as follows: 

S= e∧
(
− αD − βD2), (1)  

where S is the survival fraction of cells, D is the radiation dose and α and 
β constants. This expression is the most common way to define the lin
ear–quadratic model [11]. The constants α and β were calculated such 
that the curve found had the best fit. 

2.8. Statistics analysis 

The data are shown as three points representing the three values 
obtained or as means ± standard deviation. Data comparison was per
formed using multiple unpaired t-tests. P-values <0.05, <0.01 were 
considered statistically significant. All cell experiments were performed 
in triplicate. 

3. Results 

3.1. Cell viability of 2D culture after X-ray irradiation 

Cell viability in 2D culture evaluated by trypan blue exclusion assay 
showed a significant decrease in live cell numbers after X-ray irradiation 
with dose escalation for both cell types (Fig. 2a, 2b). NHDFs were less 
radiosensitive to X-ray irradiation than HSC-4, with 3% NHDF survival 
at 20 Gy and 1% HSC-4 survival at 20 Gy (Fig 2c, 2d). 

3.2. Effect of 3D culture after X-ray irradiation 

The number of cancer layers and the tumor area significantly 
decreased in an X-ray irradiation dose dependent manner (Fig. 3a, b). 
The stromal area follows an inverse trend to the tumor area with dose 
escalation. The size of the cancer cells increased as the irradiation dose 
increased, doubling with 20 Gy irradiation compared with 0 Gy 
(p<0.01). In contrast, the overall size of the NHDFs followed the same 
trend (Fig. 4a,b). The relative number of cells in 3D culture evaluated by 
histological assay showed that the sensitivity of NHDFs to X-ray irradi
ation was decreased (Fig. 4c). HSC-4 cells were more sensitive to X-ray 
radiation, with 30% relative cell numbers after X-ray irradiation at 20 
Gy (Fig. 4d). HSC-4 cells had the same radiosensitivity to both doses of 
10 and 20 Gy. 

3.3. Correlation of cell occupancy in 2D and 3D models 

The HSC-4 cell occupancy rate showed a correlation (R = 0.94) be
tween 2D and 3D cell cultures; however, 2D cell cultures had a higher 
radiosensitivity to X-ray radiation than 3D cell cultures (Fig. 5). For the 
same dose, the cancer cell occupancy of the 2D cell culture will be lower 
than that of the 3D cell culture. The NHDF cell occupancy rate in the 2D 
and 3D models did not correlate. 

3.4. Linear– quadratic model of 2D and 3D cell cultures 

For better comparability, the coefficients alpha and beta of the sur
vival curve were calculated (Table 1). HSC-4 showed higher values 
corresponding to higher radiosensitivity compared with NHDFs in both 
2D and 3D cell cultures. 

4. Discussion 

Particle therapy, a type of radiotherapy, has attracted attention 
because of its properties that make it suitable for cancer treatment in 
terms of both dose concentration and biological effects. The relative 
biological effectiveness (RBE) is used as an indicator to show that the 
intensity of biological effects varies with the type of radiation. Because 
the cell-killing effect of X-ray therapy is 1, the RBE value of proton 
therapy is 1.1–1.2 and that of carbon beam therapy is 2–3 [12]. That is, 
higher RBE values indicate higher cell-killing ability, which means that 
particle beams are more effective in cancer treatment than X-rays [13]. 
However, because it is important that particle therapy also has no 
damage to normal tissues, a high RBE to normal tissues surrounding the 
tumor is not applied for particle therapy because the damage to normal 
tissues is also high. On the other hand, the RBE value is calculated by 
performing cell irradiation experiments with dose escalation and fitting 
the LQ model to the cell viability using the colony assay method [14]. 
For the cell irradiation assay, human or animal cell lines are used, and 
there is a gap with human clinical trials and simulations [15] . While the 
colony assay is an effective method in tumor cells, it is difficult to 
quantify the biological effects of radiation in normal cells because 
normal cells usually do not form colonies regardless of irradiation [16]. 
To investigate a more clinically relevant method of quantifying biolog
ical effects, we developed a 3D model consisting of human normal and 
cancer cells to evaluate radiation treatment. In this study, the 
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radiobiological efficacy of both tumor and normal cells in 2D and 3D 
cultures was evaluated to assess the normal tissue surrounding the 
tumor region (Figs. 3 and 4). A correlation of tumor cell number rates 
was observed between 2D and 3D cell cultures (Fig. 5). However, there 
was no correlation between fibroblast cell number rates in 2D and 3D 
cell cultures. Because the LQ model has been best validated by experi
mental and clinical data, the LQ parameters α, β were calculated in the 
2D and 3D models (Table 1). In clinical radiotherapy, there is validation 
of LQ parameters [15],because tumors are highly heterogeneous struc
tures. There have been several reports comparing radiation tumor 
response between 2D and 3D cell culture models [3], but the tumor 
radiological response in 2D and 3D models was different in other studies 
as well as in our results [17]. Considering radio resistance, the evalua
tion assay using 3D model will assist in clinical radiation therapy 

studies. In addition, there are many radiobiological simulation models 
for experimental and clinical studies [18], however the radiobiological 
parameters in the model are calculated with the clinical 2D monolayer 
clonogenic assay. Currently, although there are guidelines for the 
measurement of RBE values to be reflected in radiotherapy planning for 
physical methods, there are no guidelines for biological methods, partly 
due to the difficulty of handling cell samples in the field [19]. This 
simple 3D model, consisting of cancer layers and stroma, can be deter
mined histologically as well as clinically, and thus is useful for evalu
ating biological effects as a clinical predictive model that reflects the 
clinical situation. In addition, this 3D oral model is an ideal system for 
observing histological changes after irradiation because the stroma is in 
contact with the medium and the tumor site with air, mimicking the 
tumor microenvironment of head and neck cancer, which interacts with 

Fig. 2. Cell viability assays after irradiation of 2D culture: (a) NHDF morphology after X-ray irradiation under a microscope (X); (b) survival rate of NHDF after X-ray 
irradiation (**p<0.01); (c) HSC-4 morphology after X-ray irradiation under a microscope (X); (d) survival rate of HSC-4 after X-ray irradiation (**p<0.01). 

Fig. 3. Effect of different doses of X-ray irradiation on 3D cell culture at 5 days after irradiation: (a) Masson’s trichrome-stained sections of 3D cell culture; (b)) 
Number of layers of cancer cells after X-ray irradiation; (c) Area ratio of the tumor and stromal tissue after X-ray irradiation. Data are presented as mean ±SEM 
(*p<0.05; **p<0.01). 
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both liquid and air (Fig. 2b). Considering radio resistance, the 3D model, 
including our model, will be an evaluation tool for the radiobiological 
response. In the future, it may be possible to develop a 3D model to 
directly evaluate biological doses in radiotherapy. 

5. Conclusion 

We successfully developed a 3D oral cancer model consisting of 
human oral squamous carcinoma cells and human fibroblasts to inves
tigate the effects of radiation therapy not only on the tumor regions but 

also on the peritumoral stroma. This 3D model was useful for examining 
histological changes in and around the tumor region after radiotherapy 
because biopsy-based examination is not performed after cancer treat
ment unless the cancer recurrence. The 3D model is a potential clinical 
prediction tool; however, it needs to be refined as a long-term post- 
treatment observation model. 
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