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ABSTRACT 

Cell culture is a vital method in biological and biomedical research. The 

global cell culture market, valued at around USD 26.54 billion in 2023, is 

projected to surpass USD 63.60 billion by 2032. While two-dimensional cell 

culture has led to significant advancements in biology, its simplicity does 

not accurately reflect the complex in vivo environment. This can result in 

misleading data with limited predictive value for in vivo applications, 

prompting increased interest in three-dimensional (3D) cultivation methods. 

The 3D cell culture mimics the behavior and organization of cells in vivo by 

emulating the extracellular matrix (ECM), providing better insights into 3D 

interactions among cells and between cells and the matrix, thus 

reconstructing their natural microenvironment. In this review we will outline 

the various types of 3D models (include spheroids, organoids, bio-printed 

structures, and tissue chips). Subsequently, we will examine the 

methodologies employed to develop 3D culture systems (include four 

category methods). Lastly, the practical applications and challenges of these 

3D models will be addressed. The future research will likely concentrate on 

incorporating cutting-edge technologies to improve the reproducibility and 

applicability of 3D models in research. 
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INTRODUCTION 

Cell culture is a vital method in biological and 

biomedical research, involving the cultivation of 

cells in a controlled environment with regulated 

parameters like temperature, pH, and oxygen 

levels. This allows researchers to grow and 

manipulate cells outside their natural 

environment, providing a valuable model for 

studying key life processes such as growth, 

metabolism, and differentiation (1). Cultured 

cells are valuable models for studying diseases 

like cancer, genetic disorders, and infections, 

allowing researchers to explore cellular 

mechanisms. They also help assess new 

pharmaceuticals' effects on cellular behavior 

before human trials, aiding in identifying 

promising therapies and understanding their 

mechanisms. Advancements in cell culture 

methods have enhanced tissue engineering, 

allowing for the cultivation of cells to create 

artificial tissues for transplantation and 

regenerative medicine (2). The global cell 

culture market is expected to grow significantly 

due to rising awareness of cell-based vaccines, 

more funding for research, increasing chronic 

disease rates, greater use of single-use 

technologies, higher demand for monoclonal 

antibodies, a shift towards personalized 

medicine, and the launch of innovative cell 

culture products. The global cell culture market, 

valued at around USD 26.54 billion in 2023, is 

projected to surpass USD 63.60 billion by 2032, 
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with a compound annual growth rate (CAGR) of 

10.20% from 2023 to 2032 (3). 

Cell cultures can be categorized into three 

main types: adherent culture, suspension culture, 

and three-dimensional (3D) culture. Adherent 

cells are typically grown in two-dimensional 

(2D) monolayers on plastic dishes or coated 

substrates, known as adherent culture. 

Suspension culture is a method where cells grow 

in liquid media without attachment, often used 

for specific cell types like hematopoietic cells. 

Three-dimensional culture cultivates cells in 

environments that better mimic in vivo 

conditions and enable more complex interactions 

(4). 
The 2D in vitro cell culture system is a 

traditional method that uses a flat substrate for 

growing cells in a monolayer, allowing for the 

study of various cell types and drug screening. 

This system has been used in research since the 

early 1900s, especially for co-culturing cellular 

heterogeneity and assessing bioactive 

compounds in cancer research (5). While 2D cell 

culture has led to significant advancements in 

biology, its simplicity does not accurately reflect 

the complex in vivo environment, including cell 

morphology, signaling, differentiation, and 

biochemical interactions. This can result in 

misleading data with limited predictive value for 

in vivo applications (6), prompting increased 

interest in 3D cultivation methods. The first 3D 

cell culture model was introduced in 1992 by 

Petersen and Bissell to replicate breast tissue in 

cancerous and non-cancerous conditions (7). The 

3D cell culture mimics the behavior and 

organization of cells in vivo by emulating the 

extracellular matrix (ECM), providing better 

insights into 3D interactions among cells and 

between cells and the matrix, thus reconstructing 

their natural microenvironment (5, 8). 

The ECM is a framework of non-cellular 

fibrillary proteins and structural macromolecules 

that provide structural and biochemical support 

to cells. (9). Cell-binding sites that regulate cell 

adhesion and migration are established by the 

ECM (10). The ECM consists of: (i) Interstitial 

ECM (stromal), which includes proteins like 

collagen I and polysaccharides such as 

fibronectin, hyaluronic acid, and proteoglycans; 

(ii) The basement membrane, located beneath 

epithelial or endothelial cells, aids in gas 

diffusion and signaling molecule transport while 

acting as a barrier between epithelial cells and 

connective tissue (11, 12). To achieving 3D 

culture models, four category methods can be 

done: scaffold-free methods, scaffold-based 

methods, 3D printing technologies, and 

microfluidic systems (5). Initially, this review 

will outline the various types of 3D models. 

Subsequently, we will examine the 

methodologies employed to develop 3D culture 

systems and their associated benefits. Lastly, the 

practical applications and challenges of these 3D 

models will be addressed. The content of this 

review article is summarized in Table 1. 

3D Cell Culture Models 

Spheroids 

One of the earliest 3D models, characterized by 

spheroids, was developed in 1970 by Sutherland 

and his team to replicate cancer cell behavior 

and study their responses to radiotherapy (13). 

Spheroids are cellular clusters made from one or 

multiple cell types, typically grown as free-

floating aggregates (14). Spheroids have an outer 

layer of cells in contact with the environment, 

with additional layers inside, creating a nutrient 

and oxygen gradient that mimics in vivo 

conditions. As a result, cells within the sphere 

can display proliferative, non-proliferative, or 

necrotic characteristics based on their location 

(15). Spheroids are sophisticated models used to 

investigate cellular behavior, especially in the 

fields of cancer research and drug development 

(16). 

Organoids 

Organoids are 3D miniatures that mimic the 

structure and function of human organs (17). 

Organoids represent a more intricate model 

system, typically originating from the self-

organization of pluripotent stem cells (induced 

pluripotent stem cells or embryonic stem cells) 

or cells derived from tissues, including cancer 

cells. They serve as a robust platform for 

investigating human biology, the mechanisms 

underlying diseases, and responses to 

pharmacological agents. Their inherent 

complexity facilitates extended culture periods, a 

capability that is not achievable with spheroids 

(18). 
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Matrix-based Structures 

As one of the most important and widely used 

3D model based on the matrix, hydrogels are 

adaptable materials used to develop 3D cell 

culture models that replicate the natural ECM 

and tissue microenvironment. They offer a 

biomimetic framework that facilitates cellular 

growth and interaction. Hydrogel-based models 

have revolutionized biomedical research, 

especially in tissue engineering and drug 

development, thanks to their hydrophilic 

polymer networks that retain moisture while 

ensuring structural integrity (19). Hydrogels may 

consist of natural, synthetic, or hybrid polymers, 

with each type providing distinct characteristics 

that can be customized for particular uses (20). 

Bio-printed structures 

Bio-printed structures are advanced 3D 

constructs created using layer-by-layer 3D 

printing technology that deposits living cells, 

biomaterials, and bioactive molecules to form 

tissue-like architectures. This innovative 

technique shows great potential in regenerative 

medicine, drug testing, and tissue engineering, 

driven by the global shortage of organs needed 

for restoring damaged tissues. Key applications 

include engineered skin, cartilage, bone, cardiac 

tissue, and vascular grafts (21, 22).  

Microfluidic-based structures 

Organ-on-a-chip technology has gained 

significant attention for its applications in 

precision medicine, drug development, and 

screening. This innovative platform mimics the 

structure and function of human organs by 

integrating biology and engineering, creating 

biomimetic systems that simulate physiological 

conditions. It usually includes tiny channels that 

are covered with living cells, enabling the 

replication of organ-level functions in dynamic 

environments. (23-25).  

METHODS TO ESTABLISH A 3D CELL 

CULTURE 

Scaffold-free Methods 

Scaffold-free methods mean methods that do not 

require scaffolds depend on the natural ability of 

cells to aggregate without external support, using 

particular cell plates and physical parameters. 

Four primary methods exist for cells to aggregate 

and form scaffold-free 3D structures: 
 

i) The forced-floating technique utilizes well 

plates coated with low-adhesion polymer and is the 

most straightforward method for 3D cell culture. 

Initially, cells are centrifuged to form a pellet, which 

is then suspended in a spheroid culture medium and 

placed in multi-well plates with a low-adhesion 

surface. Research has demonstrated that this method 

can stimulate the chondrogenic differentiation of 

MSCs (26). Dental pulp spheroids (27), bone 

marrow, and endothelial spheroids have also been 

successfully cultured using pellet cultures (28). This 

approach is classified as a static culture method for 

producing 3D models. 

ii) The hanging drop technique, another form 

of static cell culture, involves placing a small amount 

of cell suspension into micro trays to form and shape 

spheroids in the shape of droplets (29). After 

preparing the cell suspension, a drop of the culture 

medium containing the desired number of cells is 

deposited on the lid of a plate, and the lid is then 

turned upside-down. This technique relies on surface 

tension and gravitational force to create a 3D cell 

aggregate within the droplets. It is possible to 

regulate the size of the spheroid (29). Hurrell et al. 

utilized the hanging drop technique to establish 

hepatic spheroids (30), and Gupta et al. generated 

cancer spheroids using this method (31). 

iii) In the magnetic levitation technique, a 

solution of magnetic nanoparticles is combined with 

cells and exposed to a magnetic force. The cells are 

allowed to internalize the magnetic nanoparticles 

after an overnight incubation. Subsequently, the cells 

are detached and placed in low-adhesive plates. A 

magnet positioned on the plate lid generates a 

magnetic force, causing the cells to levitate in 

opposition to gravity. This promotes cell-cell 

interactions, resulting in cell aggregation (32, 33). 

iv) The agitation-based methods use a 

continuously rotating bioreactor to simulate 

microgravity. By gradually turning isolated cells into 

aggregates, the cell suspension prevents them from 

adhering to the container wall due to constant 

stirring, resulting in a wide variety of non-uniform 

spheroids. This approach is considered a form of 

dynamic cell culture. One of the primary challenges 

of using static cell culture conditions to create 3D 

models is the exchange of nutrients, as cell 

aggregates can grow to a thickness of 1–2 mm, 

hindering the transfer of gases and waste products. 

Bioreactors enable the creation of dynamic 3D cell 

cultures by regulating various parameters of the 
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extracellular microenvironment, such as flow rate, 

oxygen levels, temperature, pH, nutrients, and waste 

products. Multiple bioreactor designs are available, 

including direct perfusion systems, spinner flasks, 

and others (15). Bioreactor systems allow for precise 

manipulation of environmental variables, enabling 

the investigation of fundamental cell functions in a 

3D setting and the enhancement of engineered tissue 

quality. Furthermore, through the automated and 

standardized production of tissues in enclosed 

systems, bioreactors have the potential to lower 

manufacturing expenses, making engineered tissues 

more accessible (34). 

Scaffold-based Methods 

Cells in scaffold-based methods are cultivated on 

or within a supportive matrix that imitates the 

ECM. These matrices can be specifically 

designed to have pores, which enable the 

exchange of nutrients and waste while 

encouraging cell adhesion and growth. To 

establish this system, cells are introduced into 

natural or synthetic materials, allowing for cell 

proliferation, aggregation, and 3D organization. 

The key characteristics for a biomaterial to be 

deemed suitable for scaffold preparation include 

high biocompatibility, biodegradability, 

reactivity to cell adhesion, elasticity, and 

minimal toxicity (15, 35). 

Scaffold materials like silk fibroin, chitosan, 

collagen, and alginate contain bioactive signals 

necessary for cell growth, whereas synthetic 

scaffolds, such as polyethylene glycol (PEG), 

polycaprolactone (PCL), poly L-lactic acid 

(PLLA), and polyacrylamide (PAm), as well as 

metals and ceramics like calcium phosphate 

biomaterials and hydroxyapatite, offer adjustable 

mechanical properties that can simulate the 

rigidity of different tissues. To address the 

limitations of using natural or synthetic 

biomaterials alone for scaffold preparation, 

hybrid scaffolds with multiple components have 

been created to overcome the weaknesses of 

each individual material (36-38). 

Bio-printing Techniques 

In tissue/organ engineering, the primary 3D 

bioprinting methods employed are inkjet-based, 

extrusion-based, laser-assisted, stereolithography 

(SLA)-based, and scaffold-free-based 

bioprinting techniques. The key distinctions 

among these methods lie in their print speed, 

resolution, cell viability, and the biological 

materials utilized for bioprinting (39, 40). 

Microfluidic Systems 

Microfluidic devices are an advanced technique 

for culturing cells in 3D. These tools are highly 

valuable in modern science, offering innovative 

answers for various uses and continuously 

advancing with technological developments (41). 
Tiny wells connected by microfluidic pathways 

make up microfluidic setups, allowing 

continuous delivery of nutrients and growth 

stimulants. Using microfluidic systems, it is 

possible to culture different types of cells at the 

same time, as demonstrated by Sun et al., who 

developed a method for drug testing by growing 

spheroids that contain both tumor cells and 

fibroblasts (23, 42). These devices make use of 

microfluidic channels to regulate the movement 

of fluids and nutrients, closely imitating the 

dynamic conditions present in real organs. These 

channels enable precise control of the 

microenvironment, including shear stress and 

concentration gradients, which are crucial for 

preserving cell function. Various models have 

been effectively created using different organs, 

such as lung on a chip, liver on a chip, kidney on 

a chip, heart on a chip, intestine on a chip, and 

skin on a chip (25). A fundamental technique for 

fabricating tissue chips is soft lithography, which 

is widely recognized as the predominant method 

for producing organ chips, especially those 

composed of polydimethylsiloxane (PDMS). 

This technique entails the development of a 

master mold through photolithography methods, 

which subsequently serves as a template for 

casting PDMS (25, 41). 

APPLICATIONS OF 3D CELL CULTURE 

MODELS 

Organ physiology and Disease Modeling 

3D cell cultures have been used to replicate 

different organs and tissues like bone, brain, 

heart, liver, lung, and skin. In vitro 3D models 

are now crucial for developing and evaluating 

potential treatments and approaches to enhance 

the regeneration process. They are valuable for 

studying and enhancing the incorporation of 

newly formed tissue with the surrounding 
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environment (15). In this section, we provide 

instances of how 3D culture models are utilized 

in research pertaining to various organs or 

tissues: 

Studying bone trauma, articular cartilage 

degeneration, and bone diseases like 

osteoporosis relies heavily on 3D cell culture 

models (43). The testing of potential treatments, 

enhancement of tissue integration, and 

examination of bone remodeling events are all 

areas where 3D cell culture models provide 

assistance. A micron-scale bone organoid 

prototype, known as a human trabecular 

organoid, has been developed by Iordachescu 

and colleagues. This prototype is used to explore 

the impact of microgravity, degenerative events, 

and associated temporal occurrences on bone 

remodeling, which cannot be replicated using 

other in vitro and in vivo technologies (44). 

Caire and colleagues created 3D models by 

utilizing synoviocytes from individuals with 

rheumatoid arthritis (RA) and merged them with 

Matrigel to study the long-term inflammatory 

bone condition (45). Recent research indicates 

that human neuron characteristics, like 

transcriptional patterns, can be replicated by 3D 

neuronal cultures (46). Furthermore, a 3D brain 

organoid was established by Abud and 

colleagues, incorporating iPSC-derived human 

microglia-like cells that exhibit functional 

properties and transcriptome profile similar to 

human microglia (47). The use of 3D cell 

cultures is important for studying conditions 

such as non-alcoholic fatty liver disease 

(NAFLD) (48) and viral infections like hepatitis 

C (49) and SARS-CoV-2 (50). These models 

enable scientists to replicate disease conditions, 

examine the effectiveness of antifibrotic 

properties, investigate viral infections, and assess 

the impact of pathogens on particular organs 

such as the liver (51). In 2021, Leibel et al. 

demonstrated the use of 3D models in research 

by creating a 3D whole-lung organoid from 

iPSCs. This organoid is valuable for 

investigating the development and maturation of 

the lungs through branching morphogenesis. 

(52).  

Toxicology and Drug Screening Studies 
Three-dimensional cell culture systems are 

increasingly being recognized as a transformative 

approach in toxicology drug screening. These 

systems provide a more accurate representation 

of human physiology compared to traditional 2D 

cultures, which often fail to mimic the complex 

interactions and environments found in vivo. 
Engineered microtissues in 3D are effective for drug 

testing, particularly in the study of cardiotoxicity. 

They offer a way to evaluate how different drugs 

impact cardiac tissues, allowing for a more precise 

forecast of drug reactions and toxicity (53). The 

combination of various cell types in these models 

results in a more mature reaction to pharmacological 

substances, which helps in forecasting the inotropic 

impacts of medications and comprehending the role 

of non-myocyte cardiac cells in cardiotoxicity (54). 

The development of bone chip systems and bone 

metastasis models for pre-clinical pharmaceutical 

testing makes use of 3D cell cultures. These models 

play a crucial role in assessing the effects of 

substances like vitamin K2 (55) and celastrol (56) on 

bone microenvironments, enhancing the functions of 

osteoblasts and preventing bone loss. 

Precision Medicine and Regeneration Study  

3D culture systems represent a significant leap 

forward in regenerative medicine, offering tools 

that enhance our understanding of cellular 

behavior in a more physiologically relevant 

context. Three-dimensional cell cultures offer a 

more accurate in vivo representation, diverse 

nutrient concentrations, and allow cell 

proliferation without immortalization. They also 

enable gene editing in patient-derived organoids 

ex vivo, significantly speeding up the 

development of transgenic mouse models (57). 

In bone tissue engineering, 3D models play a 

crucial role by facilitating the development of 

bone constructs using mesenchymal stem cells 

(MSCs). These models assist in the design of 

scaffolds that imitate the natural architecture of 

bone, thereby improving osteogenic 

differentiation and promoting bone regeneration 

(38). In skin tissue engineering, skin models in 

3D have been created for the purpose of healing 

wounds and transforming them into fully 

functional skin (58). Skin substitutes such as 

Dermagraft have been developed based on these 

models, offering long-lasting coverage for 

extensive wounds and enhancing the results of 

skin regeneration (59). Using 3D cell culture 

techniques, scientists have effectively created 
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sweat gland organoids. These organoids, which 

are derived from human epidermal keratinocytes 

in a 3D Matrigel system, demonstrate potential 

for regenerative treatment in individuals with 

extensive skin injuries. They facilitate the 

formation of new sweat glands and tissue 

replacement therapy (60). 

Cancer research 

3D cell cultures have become a 

revolutionary approach in cancer research, 

offering significant advantages over 

traditional 2D systems. Tumor tissue chips have 

been utilized in 3D cell cultures for screening 

anticancer drugs. Testing drug-tissue interactions 

and characterizing drug kinetics is enabled by 

these models, which help in the identification of 

effective drugs for eliminating cancer cells (5). 

3D cell cultures are utilized for investigating the 

connections between cancer cells and the tumor 

microenvironment (TME). These models 

replicate the intricate web of interactions among 

cancer cells, ECM, and stromal cells, offering 

valuable insights into cancer cell behavior and 

their reactions to treatments (61). 3D models are 

utilized by researchers for investigating the 

processes of cancer cell migration and invasion. 

These models provide a more realistic portrayal 

of cell motility and invasion in contrast to 

traditional 2D cultures, which helps in 

comprehending the mechanisms behind tumor 

spreading and invasion. Currently, the utilization 

of 3D microfluidic systems may offer an 

improved model for studying cancer cell 

migration and, consequently, tumor spreading. A 

new model has been suggested by Goh et al. for 

visualizing and quantifying migrating cells in a 

3D microfluidic plate filled with Matrigel, under 

various extracellular stimuli, such as nutrient 

gradient, cytokines, and co-culture with 

fibroblasts (62, 63). 

 

 

 

Table 1. Properties of 3D Cell Culture Models. 

3D Cell 

Culture Models 
Techniques to obtain Features Applications 

Spheroid 

-Hanging drop method 

-Low-attachment plates 

-Agitation-based 

methods 

-Magnetic levitation 

technique 

-Metabolic similarity to 

tissues 

-Cellular heterogeneity 

-Enhanced cell-cell 

interactions 

-Cancer research 

-Regeneration Study 

-Drug testing 

Organoid 

-Hanging drop method 

-Low-attachment plates 

-Agitation-based 

methods 

-Embedding in matrices 

-Self-organization 

-Organ-like structures 

-Cellular heterogeneity 

-Maintaining functional 

properties over time 

-Cancer research 

-Organ and disease modeling 

-Drug discovery and 

development 

-Precision Medicine 

-Gene editing 

Matrix-

based structure 

Seeding cells on/within 

scaffold 

-Hydrophilic polymer 

network 

-Tissue-like stiffness 

-Biocompatibility 

-Nutrient and waste 

transport 

-Customizable 

composition 

-Drug Development 

-Regeneration Study 

-Tissue engineering 

 

Bio-printed 

structure 
3D Printing techniques 

-Self-assembly 

-Biomimicry 

-Customizable bio-inks 

-Organ and disease modeling 

-Drug discovery and 

development 

-Tissue engineering 

Microfluidic

-based structure 

Soft lithography and 

microfluidic design 

 

-Real-time monitoring 

-Multi-organ systems 

-Mimicking real organ 

environments 

-Organ and disease modeling 

-Personalized medicine 

-Toxicology and Drug 

Screening Studies 
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CONCLUSION 

3D cell culture models have the ability to 

accurately replicate cell behavior and 

organization seen in living organisms. Due to 

their distinctive characteristics and increasing 

potential applications, 3D cell models are being 

increasingly suggested as viable substitutes for 

in vivo models in studying both physiological 

and pathological processes, as well as in 

understanding pharmacological responses. When 

using animals for experimentation, it is 

important to consider various complex factors, 

including the high costs associated with 

managing and caring for laboratory animals, the 

ethical considerations related to animal welfare 

in experiments, particularly concerning potential 

causes of their distress and fear, and the issue of 

how applicable results from animal studies are to 

humans (64). Many countries are working 

towards ending animal testing by 2035 by 

adopting the 3Rs approach: reduce, refine, and 

replace (65). Although 3D cell culture structures 

offer benefits, they also encounter challenges. 

The creation methods involving complexity and 

variability can result in inconsistent outcomes, 

posing difficulties for standardization. 

Additionally, numerous 3D models still do not 

feature fully functional blood vessel networks, 

which may restrict the delivery of nutrients and 

oxygen in larger constructs. The upcoming 

research will likely concentrate on incorporating 

cutting-edge technologies like artificial 

intelligence and high-throughput screening to 

improve the reproducibility and applicability of 

3D models in research. 
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