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Abstract: In recent times, homotypic and heterotypic 3D tumor spheroid (HTS) models have been 

receiving increasing attention and come to be widely employed in preclinical studies. The present 

study is focused on the generation of homotypic (A549 and MDA-MB-231, separately) and 

heterotypic (A549 + NIH/3T3; MDA-MB-231 + NIH/3T3) 3D tumor spheroids by using GrowDex® 

nanofibrillar cellulosic (NFC) hydrogel as the scaffold. Light microscopic observations and F-actin 

staining confirmed the formation of spheroids. The proliferation efficiency indicated an expansion of 

cell population and an increase in spheroid size over time. The distribution, interaction pattern and 

influence of fibroblasts on the epithelial cell types were observed in terms of the size and shape of 

the HTS against homo-spheroids. An interesting observation was that, with an increase in the size of 

HTSs, many more fibroblast cells were found to occupy the core region, which, perhaps, was due to 

the faster growth of tumor cells over normal cells. Thus, normal and tumor cells, especially with 

origins from two different species, can be cultured together in 3D format, and this can potentially 

enhance our knowledge of tumor microenvironments and cell-cell interaction. These spheroids could 
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be used to improve microphysiological systems for drug discovery and to better understand the 

tumor microenvironment. 
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1. Introduction 

In recent times, there has been a great shift toward using 3D cultures for in vitro toxicity testing 

and drug discovery [1]. Importantly, 3D cell culture models better represent the complex 

environment and architecture of tumors [2,3]. Although 3D cell models can be produced in hanging 

drop preparations, most of the models were produced by adopting various scaffolds. Hydrogels are 

attractive scaffolds that provide structural support to cells and allow them to grow in the 3D format. The 

use of a hydrogel to fabricate tumor spheroids offers a remarkable advantage over other scaffolds, as 

it can develop the extracellular matrix (ECM) to achieve realistic cellular responses, especially in the 

context of disease conditions. The network of interconnected pores present in the hydrogel enable 

retention of a high water content and facilitate the efficient transport of oxygen, nutrients and waste 

products [4]. The nanofibrillar cellulose (NFC) hydrogel GrowDex® is ideal for tissue engineering 

applications considering its intrinsic properties, such as high viscosity, even at low concentrations, non-

toxicity, non-animal origins, tunability and having a nano-structure [5,6]. Importantly, it does not require a 

cross-linker, and it can form a hydrogel even at low concentrations, typically down to 0.1–0.2 wt% [7]. 

Advantageously, GrowDex® hydrogel possesses a storage modulus close to 10 Pa at 0.5 wt%, which 

is suitable for the culture of soft tissues. In addition, the spontaneous gelation after shearing imparts 

the necessary mechanical support for both cell growth and differentiation. It has been successfully 

used to generate functional spheroids of several normal and cancer cells and stem cell types [8,9]. 

The HepG2 and HepaRG 3D spheroids thus generated are comparable to those produced using other 

commercially available hydrogel materials, such as Extracel™, HydroMatrix™ and PuraMatrix™ [7]. 

In this background, the present study focused on generating spheroids of A549 non-small cell lung 

cancer cells and MDA-MB-231 metastatic breast cancer cells by using GrowDex® hydrogel for the 

first time. The morphologies of the spheroids and their F-actin structure were analyzed. The 

difference in proliferation between spheroid culture and monolayer culture was also studied. 

Further, A549 and MDA-MB-231 types of cancer cells were co-cultured with normal mouse 

embryonic fibroblast cells (NIH/3T3) to focus on the potential of this hydrogel to accommodate 

multiple cell types, i.e., not only human, but cross-species. Different cell types co-cultured together 

in direct cell-cell contact mode facilitate cell-cell and cell-microenvironment interactions, which can 

give further insight into the cellular behavior [10–12]; additionally, the stromal cell types can support 

the enhanced functional maintenance and phenotype of the target cell types by providing a 

microenvironment similar to the tissue [12,13]. The idea behind the co-culture of a murine cell with 

human cells was to create heterotypic tumor spheroids (HTSs). The NIH/3T3 cell type has been used 

as a cancer-associated fibroblast in several studies [14–17]. Thus, in this study, we integrated 

nanocellulosic GrowDex® as the hydrogel, A549 non-small cell lung carcinoma and MDA-MB-231 

triple-negative breast carcinoma cells as tumor cells and murine NIH/3T3 as the stromal cell to make 

HTSs and characterize them. 
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2. Materials and methods 

2.1. Cell lines and culture 

A549, MDA-MB-231, and NIH/3T3 were procured from the National Center for Cell 

Science in Pune, India. The cells were maintained and cultured in a DMEM high-glucose 

medium (Sigma-Aldrich, USA), supplemented with 10% fetal bovine serum (Invitrogen, Bangalore, 

India) and subjected to 20 mL of penicillin and streptomycin as antibiotics (HyClone, GE Life 

Sciences) at 37 ℃ in a humidified atmosphere of 5% CO2 in a CO2 incubator (Thermo Scientific, 

USA). For all cell lines, the medium was renewed every 2nd or 3rd day. 

2.2. Spheroid formation 

GrowDex® was gifted from UPM Kymmene Corporation in Finland. The hydrogel for the 3D 

spheroid culture was prepared according to the manufacturer’s instructions. Briefly, the stock solution 

was diluted by using a culture medium to obtain the working concentration. The cells for the 3D culture 

were prepared as typical for a standard monolayer cell culture. Following trypsinization, 1 × 105 cells 

were mixed with working GrowDex® hydrogel to obtain approximately 1000 cells/μL in 0.5% 

GrowDex®. The mixture of cell–hydrogel was added to the agarose pre-coated 24-well culture plates. 

This agarose coating was applied to prevent attachment of cells to the culture vessel and promote 

formation of the spheroids. 

The growth medium, at volume equal to cell–hydrogel, was added to the top of the cell–

hydrogel mixture and incubated at 37 ℃ and 5% CO2. The medium was changed once every two 

days, without disturbing the culture. In order to perform the 2D cell culture, 5.2 × 104 cells were 

seeded in the wells of 24-well plates and incubated under the same conditions as those for the 3D 

culture, but the wells were not pre-coated with agarose. 

2.3. Light microscopy observation of spheroids 

The formation of spheroids was monitored by using an inverted microscope (Axiovert 40 CFL, 

Carl Zeiss, Jena, Germany) and images were acquired on Days 3, 6 and 10. The morphology of the 

spheroids was assigned to four categories, i.e., round, mass, grape-bunch-like and stellate, according 

to Edmondson et al. [18]. Diameters of not less than 10 spheroids were measured by using Carl 

Zeiss Zen 2012 software, and the average diameter was calculated. 

2.4. F-actin staining 

The structure of filamentous actin was characterized by performing phalloidin staining. Briefly, 

the cultured spheroids were fixed in 4% paraformaldehyde for 15 min at 4 ℃, washed with 

phosphate-buffered saline (PBS), permeabilized with 0.1% Triton X-100 and incubated overnight 

with Alexa Fluor® 532-labeled phalloidin (Thermo-Fisher) to stain the filamentous actin. The 

spheroids were then counterstained with Hoechst 33258 (Sigma-Aldrich, USA) and observed under a 

fluorescent microscope (Axioscope 2 Plus, Carl Zeiss, Jena, Germany). 
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2.5. Analysis of cell viability and proliferation 

2.5.1. MTT assay 

An MTT [3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide] assay was used to 

measure the difference in proliferation between the 2D and 3D cultures. The protocol of 

Mosmann [19], with slight modification, was applied. Briefly, at specific intervals (Days 3, 6 

and 10), 50 µL of MTT (Himedia, Mumbai, India) solution (5 mg/mL) was added to the wells of a 24-

well plate in which the spheroids were grown. After 3 h of incubation, the spheroids were centrifuged 

at 1000 rpm for 3–4 min to collect the pellets. One milliliter of dimethyl hydroxide (DMSO) solution 

was added to the pellets to dissolve the formazan crystals. To measure the absorbance, 200 μL of the 

solution was transferred to a 96-well plate. Similarly, for the 2D culture, 50 μL of the MTT solution 

was added to each well of the 24-well plate and incubated for 3 h. After incubation, 1 mL of DMSO 

solution, as above, was added to each well to dissolve the formazan crystals, and 200 μL of the 

solution was transferred to a 96-well plate. The absorbance was measured by applying a plate reader 

at 570 nm, with 630 nm as a reference (iMark, Bio-Rad, USA). The experiments were performed in 

triplicate, and the mean optical density (OD) was plotted against the days of incubation to evaluate 

the proliferation efficiency. 

2.5.2. DNA quantification assay 

In addition to an MTT assay, the proliferation efficiency of the cells in the 2D and 3D cultures 

was quantitatively analyzed by performing gDNA measurements using the GenEluteTM genomic 

DNA isolation kit. Briefly, according to the manufacturer's protocol, cells collected on Days 3, 6 and 10 

were lysed, pooled and processed. The extracted gDNA was measured by using a UV-vis 

spectrometer (GeneQuant-1330, Bio-Rad, USA). The experiment was repeated three times, and the 

mean OD was used to measure the efficacy of the proliferation. 

2.6. Generation of heterotypic tumor spheroids 

The heterotypic 3D cell culture system was generated by performing a co-culture of mouse 

embryo-derived fibroblast cells (NIH/3T3) with either of the tumor cell types, i.e., breast (MDA-

MB-231) or lung (A549). Briefly, the HTSs were initiated by mixing the breast and lung cancer cells, 

separately, with the stromal cells (at a 1: 1 ratio by count) in 1 mL GrowDex® (0.5 wt% hydrogel). 

Totally, 2 × 105 cells were added to each well of a 24-well plate and cultured for 5 days (37 ℃, 5% 

CO2). Homo-spheroids, without NIH/3T3 cells, were also cultured for 5 days to compare the size of 

the spheroids. After the incubation period, images of the spheroids were captured by using an 

inverted microscope (Axiovert 40 CFL, Carl Zeiss, Jena, Germany), and the diameters were measured 

by using Carl Zeiss Zen 2012 software. 

2.6.1. Visualization of cell-cell interaction via fluorescein diacetate (FDA) staining 

Further, the distribution and interaction of NIH/3T3 fibroblast cells in relation to the epithelial 

cancer cells were visualized by pre-staining the NIH/3T3 cells with fluorescein diacetate. Briefly, the 
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NIH/3T3 cells were incubated in an FDA working solution (15 µM) (InvitrogenTM, Thermo-Fisher, USA) 

for 30 min, and the excess stain was removed by washing them with PBS. The pre-stained NIH/3T3 

cells were mixed and cultured with the epithelial tumor cells as mentioned above. After 3 days of co-

culturing, the spheroids were counterstained with Hoechst 33258 (Sigma-Aldrich, USA) and 

observed under the fluorescent microscope. 

2.7. Statistical analysis 

The data were subjected to statistical analysis by using PRISM version 8.02 software (GraphPad 

Software, La Jolla, CA, USA). The values are presented as mean ± SD of three experimental 

replicates. The data on the spheroid diameters were subjected to Dunn’s multiple comparison test and 

one-way analysis of variance (ANOVA) testing, whereas the data on the MTT and DNA quantification 

assays were subjected to two-way ANOVA and Sidak multiple-comparison testing to find the 

significance of the difference. 

3. Results and discussion 

3.1. Morphological features of the spheroids 

 

Figure 1. Light microscopy images and diameter measurements of the 3D spheroids. 

Figure 1A, B and C represent the spheroids of A549, and Figure 1D, E and F represent 

the spheroids of MDA-MB-231 after Days 3, 6 and 10 of culturing, respectively. The 

scale bar represents 50 µm. Figure 1G,H show images of A549 and MDA-MB-231 

spheroid diameters, respectively. The error bar represents mean ± SD (n = 10). 

The cancer cells (A549 and MDA-MB-231) are generally polygonal or cuboidal in shape; 

however, when cultured in GrowDex® hydrogel, they formed spheroids (Figure 1). The spheroids of 

A549 appeared less organized and grape-bunch-like, whereas those of MDA-MB-231 appeared 

spherical and mass-type. The average diameter of the spheroids, as assessed over a period of time, 

revealed that the size of the spheroids increased with the passage of time. The diameters of the 

spheroids of the A549 and MDA-MB-231 cells reached 50 ± 9 µm and 50 ± 16 µm, respectively, on 

Day 6, and continued to increase until Day 10. Since the spheroids were small in size, the transport 
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of oxygen and nutrients to the interior and the removal of CO2 and metabolic wastes could be 

achieved via diffusion in the absence of a complex vascular system. When a spheroid grows larger, 

especially when the diameter is > 500 μm, there will be the problem of the limited diffusion of 

oxygen, nutrients, metabolic waste and soluble factors [20]. Therefore, generally, spheroids with a 

diameter < 500 μm are recommended for toxicological and biomedical interventions [21]. However, 

larger spheroids, with cells in the core succumbing to hypoxia and other stresses, offer advantages in 

terms of studying the effects of the physiochemical gradients on tumor cell characteristics [22,23]. 

The differences in the morphologies of the spheroids were mainly dependent on the cell lines, the 

method used to fabricate the spheroids and the physico-mechanical properties of the hydrogel [24,25]. 

3.2. F-actin filaments 

The dynamic structure of cellular cytoskeletons is mainly attributable to filamentous actin. It 

provides structural and functional polarity to the cells and maintains cell-cell communication in 

tissues [26]. In 2D cultures, the stress fiber of actin tends to cause a decrease in cell-cell contact and 

subsequent tissue-specific functions [27]. However, the present study revealed densely aggregated F-

actin filaments in the cortex and junction of cells grown in the 3D format (Figure 2). The formation 

of cortical actin bands and junctional F-actin at the points of cell-cell contact have been associated 

with enhanced cellular adhesion and signal transduction, indicating the preservation of an in vivo-like 

cytoarchitecture in the spheroids [28]. Further, F-actin staining revealed that the A549 spheroids 

appeared as grape-bunch-like, whereas the MDA-MB-231 spheroids appeared as mass-type. 

 

Figure 2. Fluorescence microscopy images of 3D spheroids cultured for 6 days. The left 

panel (Figure 2A,D) shows the Hoechst counterstained A549 and MDA-MB-231 

spheroids (blue color), respectively. The middle panel (Figure 2B,E) represents the F-

actin accumulation in the A549 and MDA-MB-231 spheroids, respectively (phalloidin 

staining; green color). The right panel (Figure 2C,F) represents the merged images of the 

Hoechst and phalloidin channels, respectively. Scale bar: 50 µm. 

3.3. Difference in proliferation between the 2D and spheroid cultures 

Differences in the proliferation of the 2D and spheroid cultures were measured by performing 

an MTT assay. The results indicated that GrowDex® is not cytotoxic to A549 and MDA-MB-231 
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cells; rather, it facilitates cell proliferation (Figure 3). Throughout the culture, the proliferation of the 

cells in the 3D format increased gradually, despite the cells having been continuously cultured for 10 

days. But, in the 2D culture, the viability was very high on Day 3 and, thereafter, there was a steep 

decline toward the end of Day 10. The results of the MTT assay are in good agreement with the trend 

of genomic DNA quantity (Figure 4). 

 

Figure 3. Differences in the cellular proliferation of the 2D culture and 3D spheroids of 

the A549 and MDA-MB-231 cells at various time points, as revealed by conducting MTT 

assays. The error bars represent the mean ± SD (n = 3). 

 

Figure 4. Comparison of cell proliferation between the 2D and 3D cultures of the A549 

and MDA-MB-231 cells at various time points, as achieved by quantifying cellular 

genomic DNA. Significance was tested by performing Tukey’s multiple-comparison 

testing. The error bars represent the mean ± SD (n = 3). 

The difference in proliferation between the 3D and 2D cultures, as observed in this study, is 

consistent with previous findings [29,30]. The results lead to the conclusion that, in the 2D culture, 

the cells seeded on the plastic surface facing the medium can proliferate and produce progeny only 

provided there is space, whereas the 3D culture in GrowDex® provided a larger area for cell 

proliferation all around, resulting in higher cell density and a longer feasible cell culturing 

duration [31,32]. Importantly, the genes related to cell growth and proliferation were differentially 

expressed between the 2D and 3D cultures. Especially, the patterns of up-regulated growth-
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promoting genes and down-regulated growth-restricting genes were prominent in the 2D-cultured 

cell lines. Cultures of the same cells in a ECM-mimicking hydrogel environment allows cells to 

restore the native transcriptional and translational profiles and, thus, maintain the gene expression 

levels as that observed in vivo [29,33,34]. Additionally, the choice of cell line also contributes to 

change the rate of proliferation [35–37]. 

3.4. Tumor-stroma cellular interaction as revealed in heterotypic tumor spheroids 

Stromal cells in a tumor microenvironment regulate tumor growth, angiogenesis, invasiveness 

and metastasis by producing growth factors and paracrine or autocrine communication system [38,39]. 

However, the metabolism of stromal cells can be altered by epithelial cancer cells in a tumor 

microenvironment. Therefore, studying tumor-stroma interaction is essential to understanding the 

signaling mechanisms in disease development/progression. To emphasize this, we studied the crosstalk 

between normal fibroblasts and epithelial cancer cells from the perspectives of spheroid formation 

and fibroblast distribution. 

According to Kapałczyńska et al. [40], cells from different phenotypes do not grow with each 

other, even in direct co-culture models; it was demonstrated that epithelial cancer cells and fibroblast 

cells grow according to their own limits. Despite this, the results of FDA staining revealed that, 

after 3 days of co-culturing, the fibroblast cells were located more in the core of the heterotypic 

spheroids than at the boundary. The green fluorescence confirms the viability of fibroblast cells from 

Day 3 of incubation. The observation herein indicates that the fibroblast cells were overpowered by 

the epithelial cells and fluoresced bright green, whereas the counterstained epithelial cells fluoresced 

blue (Figure 5). This is an interesting observation, and it provides a basis for future exploration. 

Light microscopy observations of the co-culture on Day 6 revealed that the spheroids of the A549 

and MDA-MB-231 cells appeared grape-bunch-like and spherical mass type in both the homotypic 

and heterotypic spheroid formats, and that the cells were tightly packed in the co-cultured 

spheroids (Figure 6). Importantly, the sizes of the HTSs of the A549 and MDA-MB-231 cells 

increased by 1.33- and 1.72-fold, respectively, as compared to their respective homotypic 

counterparts (Figure 5E,F). 

It was recorded that the cancer-associated fibroblasts in the 3D co-culture models induced the 

growth of epithelial cells with a change in the shape of the cells and in the presence of gap junctions 

and desmosomes, and elevated the expression of neo-vascularization and immune-suppressive 

growth factors [41–43]. Reports on normal fibroblasts promoting the proliferation of epithelial 

cancer cells provide contradictory data, with some demonstrating promotion, while others 

demonstrating the inhibition of epithelial cancer cell growth [44–46]. The size and shape of the 

heterotypic culture are associated with cell-cell interaction and self-organization of the fibroblasts 

within the co-cultures [47,48]. The cancer cells grew faster under the conditions of uninhibited cell 

division, except in the context of contact inhibition on confluence, which is not the case with normal 

cells. NIH/3T3 cells are not of tumor origin, but are still immortal and contact-inhibited and, 

therefore, are not normal cells in the strict sense. Therefore, one cell type would not supersede the 

other. The rate of proliferation and viability after a defined period of incubation in both cases were 

mainly limited by the culture space available in the monolayer cell culture system [49,50]. A culture 

of the cells in the 3D format provides much more space than in a monolayer culture because contact 

inhibition is not a limiting factor in the 3D format. 
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Figure 5. Fluorescence microscopy images of co-cultured spheroids on Day 3 of 

incubation. The FDA pre-stained NIH/3T3 fibroblast cell was co-cultured with epithelial 

cell types (A549 and MDA-MB-231). The left panel (Figure 5A,D, respectively) shows 

images of the Hoechst counterstained A549 and MDA-MB-231 co-cultured spheroids (blue 

color). The middle panel (Figure 5B,E, respectively) shows images of the FDA pre-

stained fibroblast cells (green color) in the co-cultured spheroid of A549 and MDA-MB-23. 

The right panel (Figure 5C,F, respectively) shows the merged images of the Hoechst and 

FDA channels. Scale bar: 50 µm. 

 

Figure 6. Light microscopy observations of the mono- and co-cultured spheroids on 

Day 5 of culture. Figure 6A,C show the mono-spheroids of A549 and MDA-MB-231, 

respectively. Figure 6B,D show the A549 and MDA-MB-231 cells, respectively, co-

cultured with mouse-derived fibroblast cells, as spheroids. Figure 6E,F respectively show 

histograms of the diameters of the mono- and co-culture spheroids of A549 and MDA-

MB-231. The error bars represent the mean ± SD (n = 11). Scale bar: 50 µm. 

In this study, neither the formation of co-culture spheroids nor the accommodation of fibroblasts 

in the epithelial cells was found to be affected by species differences. In a study, five different human 
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fibroblast cell lines used as feeder cells for human corneal epithelial cells produced results 

comparable to 3T3 cells, indicating that there is no manifestation of species difference [51]. Both the 

mouse and human embryonic fibroblasts equally enhanced the mouse embryo development [52]. 

However, it has also been reported that the 3T3-L1 fibroblast from mice does not influence the 

aromatase enzyme activity of breast carcinoma cells, unlike the cancer-associated stromal cells of 

human origin [53]. Therefore, an in-depth analysis of species differences in regard to co-culturing 

human and non-human cells is worthy of focused investigation. 

One of the milestone advancements in science is the development of microphysiological 

systems, which is a culmination, as of now, of stem cell science, especially induced pluripotent stem 

cells, organs-on-chip, 3D speheroids and organoids. It is believed that microphysiological systems 

will soon replace animal experiments and also be applied to overcome the limitations of the 

conventional 2D and 3D cultures in toxicology and biomedical science [54,55]. In this context, our 

findings on homotypic tumor spheroids and HTSs, as well as the success of cost-effective and agile 

GrowDex® nanocellulosic hydrogel for their production, will go a long way in the application of in 

vitro technologies for chemical risk assessment and drug discovery. 

4. Conclusions 

In our study, spheroids of A549 and MDA-MB-231 cells, separately and in combination with 

mouse-derived NIH/3T3 fibroblasts, were successfully developed by using GrowDex® hydrogel. The 

nano-structure of GrowDex® provides mechanical space (e.g., viscoelasticity), which is relevant to 

the ECM, supports the compatible co-existence and growth of human- and mouse-derived cells on 

the same platform and helps to form spheroids without any additional ECM components. The 

differences in the sizes, morphologies and distribution patterns of two different cell types demonstrated in 

the 3D heterotypic culture system warrant further in-depth analysis, which can potentially enhance 

our knowledge of tumor microenvironments and lay the foundation for an attractive model of drug 

screening for cancer. 
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