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Abstract 

Background: Stem cell research is pivotal for advancements in regenerative medicine and therapeutic 

applications. Traditional two-dimensional (2D) cell culture techniques fail to adequately replicate the 

complex in vivo cellular microenvironment, leading to compromised cell functions and phenotypes. Recent 

developments in three-dimensional (3D) cell culture systems offer promising alternatives that more closely 

mimic the physiological conditions found in living organisms. 

Methods: This review systematically explores emerging techniques in 3D stem cell culture and 

differentiation, categorizing them into scaffold-free and scaffold-based systems. It highlights innovative 

methodologies such as liquid overlay, hanging drop culture, magnetic suspension culture, and chemically 

defined media formulations, which facilitate the formation of multicellular spheroids and enhance cellular 

self-renewal and differentiation capabilities. 

Results: The findings indicate that 3D culture systems significantly improve cell viability, proliferation, and 

functionality compared to conventional 2D cultures. Spheroid formation enhances intercellular 

communication and mimics tissue architecture, thereby optimizing the regenerative properties of stem 

cells. Moreover, the use of natural and synthetic hydrogels as scaffolds has been shown to support cellular 

activities and promote tissue-specific differentiation. 

Conclusion: The adoption of 3D culture techniques represents a significant advancement in stem cell 

research, offering a more accurate model for studying cell behavior and drug responses. Future directions 

involve refining these technologies to enhance scalability and cost-effectiveness, ultimately bridging the gap 

between in vitro models and in vivo applications in regenerative medicine. 
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1. Introduction 

Cell culture is a crucial and foundational procedure in biology and medicine. This process entails 

isolating cells from biological tissues, replicating the in vivo survival environment to promote their growth 

and reproduction, and preserving their primary structures and functions under sterile settings with 

appropriate temperature, pH, and sufficient nutrition availability. Currently, in vitro cell culture techniques 

include two-dimensional (2D) adherent culture and three-dimensional (3D) spherical culture [1], with the 

former being the most often used. This approach utilizes a glass or polystyrene dish to provide mechanical 

support for the cells while maintaining consistent conditions for supplying exogenous nutrients and 

eliminating metabolites. The circumstances are meticulously regulated, and the cells are readily observable 

and collectible. Nevertheless, the 2D technique has limitations, since it cannot accurately replicate the 

intricate cellular milieu [1]. 

In vivo, most cells engage with adjacent cells and the extracellular matrix (ECM) to establish a 

sophisticated communication network of biochemical and mechanical signals, which underpins the 

maintenance of normal cellular activities [2]. Oxygen, hormones, and nutrients may be conveyed between 

cells, metabolic waste can be eliminated from cells, and cells can migrate in response to mechanical or 

chemical stimuli [3]. In 2D culture, cells proliferate in a confined environment, resulting in contact 

inhibition. Consequently, cell proliferation is diminished, and cell shape and function are altered [4]. For 

instance, stem cells are susceptible to losing their self-renewal capacity, entering senescence, or 

spontaneously differentiating into osteocytes or adipocytes [5]. Prolonged cultures will progressively result 

in the loss of tissue specificity, highlighting discrepancies between in vitro cell culture outcomes and in vivo 

animal investigations [6]. Consequently, comprehending how to enhance the simulation of the physiological 

milieu under in vitro circumstances is crucial for medical research [7]. 

Ongoing technological improvements have necessitated enhanced standards for cell culture models, 

resulting in the emergence of 3D cell culture. In contrast to 2D culture, 3D culture more closely resembles 

the organism in both structure and function, hence providing a more faithful simulation of the in vivo 

cellular microenvironment [1, 3, 8]. This 3D cell culture may influence cell growth and proliferation, 

enhance the self-renewal of stem cells, and suppress their differentiation. Moreover, analogous to in vivo 

cells, three-dimensional culture enhances the transfer of molecules across cells and between cells and the 

extracellular matrix, facilitates nutritional absorption, gas exchange, and the expulsion of metabolic waste 

in a balanced manner [9, 10]. Consequently, to preserve the intrinsic properties of cells and more accurately 

replicate their in vivo conditions, researchers have created several three-dimensional culture techniques. 

In drug research, 3D culture serves as an intermediary between 2D culture and animal experimentation 

[11, 12].  

2. Three-Dimensional Stem Cell Cultivation Systems 

3D cell culture technology involves the cocultivation of carriers with three-dimensional structures 

composed of diverse materials and various cell types in vitro, enabling cell migration and growth within 

the carrier's 3D architecture to create a 3D cell-carrier complex. This technology can be categorized into 

scaffold-free and scaffold-based culture systems, each with distinct applications in various studies [13]. 

 

Figure 1. Diagram of three-dimensional cell culture systems. 
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3. Scaffold-Free Cultivation System 

This culture method lacks a supporting framework for cell adhesion, growth, and diffusion, resulting in 

cells inside the culture medium aggregating into tissue-like formations known as spheroids. These 

spheroids generate their extracellular matrix, independent of foreign scaffolding or matrices. The 

extracellular matrix comprises glycosaminoglycans, proteoglycans, structural proteins, adhesion proteins, 

and other macromolecules, influencing activities like cell morphology, metabolism, function, migration, 

proliferation, and differentiation [14]. 

The liquid overlay approach is among the most straightforward and cost-effective ways for 3D cell 

culturing [15]. This technique utilizes substances that prevent cell adherence to the base of the cell culture 

container, such as agar, agarose, HEMA, or ultralow attachment plates [16]. The intercellular force exceeds 

that between cells and the material surface, and this force may spontaneously induce cell aggregation into 

spheres within 24–72 hours [17–20]. Corning ultralow attachment microplates are often used, 

distinguished by a covalently bonded hydrogel layer that reduces cell adhesion, protein adhesion, and cell 

activation, with spontaneous cell assembly dependent on self-secreted extracellular matrix (ECM) [21]. 

The hanging drop culture is a prevalent technique for 3D cell culture, using gravity to facilitate the 

aggregation of individual cells into 3D spheres [22, 23]. This approach involves depositing droplets of cell 

suspension onto the inner lid of a tissue culture plate, with each droplet having a volume of 10–20 μL and 

containing roughly 50–500 cells. Subsequently, the lid is inverted, and the droplets are secured by surface 

tension [24]. The microgravity conditions of each droplet consolidate the cells, creating a single sphere at 

the droplet's apex and facilitating proliferation [25]. The dimensions of the cellular sphere may be regulated 

by modifying the cell density of the suspension. The acquired cell spheres are tightly aggregated and 

homogenous in shape, resulting in spherical cells of the same size [26, 27]. This approach has many benefits, 

including cheap cost, ease of operation, high production efficiency, and the ability to coculture several cell 

types. Nonetheless, the drawbacks include that the volume of the cell solution must not exceed 30 μL; 

otherwise, the droplets may detach. Moreover, the task is demanding, making bulk manufacturing 

challenging [2]. Due to the tiny volume of the cell suspension and its propensity for evaporation, altering 

the cell culture medium poses significant challenges for sustaining long-term cell culture. The 384-hanging 

drop array enhances the hanging drop culture technique. The reservoir structure's design efficiently 

minimizes the evaporation of small-volume suspended droplets. The culture medium may be partially 

altered to extend the duration of cell spheroid growth. The mass manufacture of 3D spheres may facilitate 

fundamental biological research [26]. 

This approach involves placing a high-density cell suspension in the bioreactor, where it is maintained 

in motion by rotation and agitation, preventing the cells from settling and adhering to the substrate, hence 

optimizing cell interaction to facilitate the formation of 3D spheres [18]. The system comprises a container 

for cell culture and a constantly agitated impeller to maintain cell suspension and facilitate medium mixing. 

The movement of liquid not only inhibits cell attachment but also guarantees the equal distribution of 

nutrients and oxygen, facilitating the development and metabolism of 3D cell spheres. This technique is 

quite straightforward and can generate a substantial quantity of spheres rapidly. This approach facilitates 

straightforward cell culture and mass manufacturing; dynamic culture enhances nutrient delivery, and 

spheroids are readily obtainable. Nonetheless, the drawbacks of this technique are evident. The froth and 

shear stress of the fluid produced during churning may harm the cells; 3D cell spheres differ in size; 

therefore, specialized equipment is essential. Research indicates that rotating cell culture may promote 

osteogenic differentiation of human bone marrow mesenchymal stem cells [28]. The potential explanation 

is that a rotating culture, which closely resembles the in vivo cellular environment, facilitates bone 

formation and enhances the early production of osteocalcin and calcium deposition [29]. 

Magnetic suspension culture is a technique that uses magnetic nanoparticles, such as iron oxide or gold 

nanoparticles, and magnetism to aggregate individual cells into three-dimensional spheres. Cells are 

treated overnight with magnetic nanoparticles to render them magnetic; thereafter, the magnetic cells are 

removed and recultured [30]. During the cell culture process, a magnetic field is supplied, causing the cells 
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to aggregate into three-dimensional spheres at a height where magnetic force and gravity are in equilibrium 

[31]. Spheroids may be generated swiftly within five minutes, exhibit reproducibility and size stability, and 

can be removed and manipulated using magnetic instruments [24]. This strategy facilitates the coculturing 

of many cell types; nevertheless, the possible influence of nanoparticles on cellular signaling and function 

constitutes a restriction of this approach [32-34]. 

Chemical reagent culture is a methodology that employs certain chemical reagents to facilitate the self-

assembly of cells into three-dimensional spheres. Chen et al. discovered that variations in batches of human 

or bovine serum albumin led to conflicting experimental outcomes before and after growing stem cells 

using TeSR media. The constituents of TeSR media were further examined. Following a systematic screening 

process, they successfully formulated a practical, defined, and albumin-free TeSR-E8 medium, including 

eight components: DMEM/F12, insulin, selenium, transferrin, L-ascorbic acid, FGF2, TGFβ, and NaHCO3, 

which is appropriate for stem cell cultivation [35]. Zhao et al. have confirmed that human mesenchymal 

stem cells cultured in a chemically specified serum-free TeSR-E8 medium may autonomously aggregate into 

three-dimensional spheres. The study indicated that, in comparison to 2D cells, the stemness of 3D cells is 

augmented, hence enhancing therapeutic efficacy in endotoxemic mice and decreasing death rates [6]. 

4. Scaffold-Based Culture System 

Natural extracellular matrix (ECM) has suboptimal mechanical characteristics and heightened 

susceptibility to enzymatic degradation, hence limiting its use [36]. In recent years, advancements in 

biomaterial technology have led to the widespread usage of scaffolds made from artificial extracellular 

matrix, which can replicate the intricate three-dimensional structure and primary properties of real tissues. 

The scaffold serves to provide a spatial habitat for cells, promoting their adherence, proliferation, and 

cytokine production. Moreover, this scaffold may enhance connections among cells and between cells and 

the extracellular matrix, thereby influencing cell morphology, metabolism, functionality, migration, 

proliferation, and differentiation [37]. Furthermore, it functions as a conduit for the dissemination of 

soluble substances. 

3D cell culture scaffolds may be categorized into two categories based on material origin: natural 

material scaffolds and synthetic material scaffolds [38], which include hyaluronic acid, collagen, polylactic 

acid, and polyethylene glycol. Hydrogel is one of the most extensively used materials for three-dimensional 

culturing [39]. Hydrogels may be categorized into natural polymer hydrogels and synthetic polymer 

hydrogels [40]. Hydrogel has a network structure abundant in hydrophilic groups, enabling it to retain 

substantial quantities of water. The hydrogel's network structure facilitates the unobstructed exchange of 

nutrients and oxygen, ensuring that the embedded cells get sufficient nourishment [41]. Simultaneously, it 

may cross-link bioactive molecules to modulate cell proliferation and differentiation, making it an 

exceptional alternative to ECM. 

5. Natural Polymer Hydrogel 

Natural polymer hydrogels mostly consist of natural substances augmented by additional biological 

elements or molecules [42-46]. Natural materials are derived from animal, plant, or human tissues or cells, 

including hyaluronic acid, collagen, fibrin, silk fibroin, alginate, chondroitin sulfate, gelatin, agarose, and 

chitosan sugar. They independently or collectively accumulate to create a three-dimensional network 

structure akin to the organism under certain circumstances. 

Natural polymer materials have constrained mechanical capabilities, and the composition of the 

extracellular matrix (ECM) in humans or animals remains ambiguous. Consequently, there may be dangers 

of pathogens and discrepancies among batches [13, 47, 48]. Natural polymers often exhibit excellent 

biocompatibility, environmental responsiveness, minimal toxicity, and sites for cell attachment. 

Additionally, a broad range of sources and a cheap price are significant benefits. Moreover, these natural 

materials provide distinct benefits, and their amalgamation demonstrates exceptional performance [49-

51]. Some researchers have amalgamated gelatin and polysaccharides to create a gel scaffold, using the 

medicinal and regenerative attributes of gelatin with the mechanical capabilities of polysaccharides. 
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Composite applications provide a viable approach for the development of improved biomaterials [42]. The 

chitosan-alginate-gelatin composite hydrogel facilitates the chondrogenic differentiation of human 

mesenchymal stem cells and aids in cartilage repair in patients with associated cartilage disorders [52]. 

Certain researchers introduced hepatocyte-like cells, produced from human pluripotent stem cells, into the 

commonly used animal-derived hydrogel Matrigel, which is a plant-derived nanocellulose hydrogel inside 

agarose microporous 3D growth plates. These cells can all generate 3D spheres and enhance the liver 

maturation of hepatocyte-like cells, demonstrating that both plant-derived and animal-derived hydrogels 

possess identical activities; however, the former can circumvent drawbacks such as endotoxin presence and 

batch-to-batch variability [53-56]. 

Synthetic polymer scaffold materials including polylactic acid (PLA), polyethylene glycol (PEG), 

polycaprolactone (PCL), polylactic acid glycolic acid (PLGA), poly L-lactic acid (PLLA), and polyglycolic acid 

(PGA) [57-60]. These polymers are cross-linked to create a hydrogel, suitable for use as a three-dimensional 

cell culture substrate. This inert gel has a distinct chemical composition, elevated repeatability, substantial 

mechanical strength, straightforward processing and manufacture, as well as enhanced predictability of 

outcomes and increased adaptability [61, 62]. Consequently, the hydrogel has extensive potential for use in 

tissue engineering scaffold materials [51]. Regrettably, synthetic hydrogels often lack cell adhesion sites, 

integrin-binding peptides, and growth factor binding sites. ECM breakdown protease domains that facilitate 

cell-ECM cross-linking are essential [7], making the building process somewhat complex. The deficiencies 

of inadequate biocompatibility, insufficient toughness, and delayed water absorption restrict their direct 

employment in cell culture scaffolds, necessitating ongoing study and improvement. 

Typically, a single material type struggles to fulfill the criteria for cell culture scaffold materials. 

Consequently, integrating many individual materials via an appropriate manner while thoroughly 

evaluating the merits and drawbacks of each material to create a composite material might provide 

favorable outcomes [63]. The exceptional water absorption capacity, robust biocompatibility, affordability, 

and abundance of natural materials, combined with cell adhesion sites and the tunable mechanical strength 

of synthetic materials, create an optimal formulation for the preparation of 3D cultured hydrogels. 

Researchers have created a collagen-bioceramic composite hydrogel that facilitates the osteogenic 

development of hADSCs, presenting a novel strategy for addressing bone deficiencies [64]. Certain 

researchers have used gelatin-methacryloyl hydrogel since the integration of biological and industrial 

techniques might expedite the practical application of tissue restoration. Nevertheless, the role of materials 

in modulating the activities and behaviors of cells in 3D culture requires more exploration. 

6. Conclusions 

In recent years, three-dimensional cell culture has become a significant cultivation method. Compared 

to 2D cell culture, 3D cells culture offers the advantage of creating a three-dimensional microenvironment 

that facilitates cellular proliferation, differentiation, motility, and apoptosis. It more accurately replicates 

the cellular conditions found in the human microenvironment, thereby exhibiting significant potential for 

development. Consequently, it has prospective uses in tissue engineering, regenerative medicine, 

pharmacological research, toxicity assessment, and the production of organoids and assembloids. 

Nonetheless, 3D cultures technology remains nascent; its expense is considerable, and because to 

suboptimal culture conditions, a disparity persists between in vitro cultures and physiological 

environments. The current research objective is to enhance technology to render the 3D culture system 

more analogous to the human body's actual environment, to establish an efficient and automated culture 

system while minimizing costs, and to optimize the utilization of diverse materials in design and the 

application of composite materials, among other considerations. We assert that as tissue engineering 

technology advances, issues such as the interdisciplinary integration of life sciences, engineering, and 

materials science, along with the persistent endeavors of scientific researchers, will be examined more 

thoroughly and will consequently be progressively addressed. 
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 التطورات في تقنيات زراعة الخلايا الجذعية ثلاثية الأبعاد: الآثار المترتبة على الطب التجديدي والتطبيقات العلاجية 

 الملخص 

لتحقيق تقدم في الطب التجديدي والتطبيقات العلاجية. تفشل تقنيات زراعة الخلايا التقليدية ثنائية  تعتبر أبحاث الخلايا الجذعية محورية   :الخلفية

في تكرار بيئة الخلايا المعقدة في الجسم الحي بشكل كافٍ، مما يؤدي إلى ضعف وظائف الخلايا والأنماط الظاهرية. توفر التطورات   (2D) الأبعاد

 .بدائل واعدة تحُاكي الظروف الفسيولوجية الموجودة في الكائنات الحية بشكل أكثر قرباً (3D) الأخيرة في أنظمة زراعة الخلايا ثلاثية الأبعاد

تستعرض هذه المراجعة بشكل منهجي التقنيات الناشئة في زراعة الخلايا الجذعية ثلاثية الأبعاد والتمايز، مصنفة إياها إلى أنظمة بدون   :الطرق 

دعامات وأنظمة مع دعامات. وتسلط الضوء على منهجيات مبتكرة مثل الطفو السائل، وزراعة القطرات المعلقة، وزراعة التعليق المغناطيسي، 

 .ت الوسائط الكيمائية المعرفة، التي تسهل تشكيل كرات خلوية متعددة وتحسن من قدرات التجديد الذاتي والتمايز للخلاياوصياغا

التقليدية.   2Dتشير النتائج إلى أن أنظمة الزراعة ثلاثية الأبعاد تحسن بشكل كبير من بقاء الخلايا وتكاثرها ووظائفها مقارنةً بزراعات   :النتائج

وة على  يعمل تشكيل الكرات الخلوية على تعزيز التواصل بين الخلايا ويحُاكي بنية الأنسجة، مما يعزز الخصائص التجديدية للخلايا الجذعية. علا

 .ذلك، أظهرت استخدامات الهيدروجيلات الطبيعية والاصطناعية كدعامات دعم الأنشطة الخلوية وتعزيز التمايز الخاص بالأنسجة

الخلا  :الخاتمة لدراسة سلوك  أكثر دقة  الجذعية، حيث توفر نموذجًا  الخلايا  أبحاث  كبيرًا في  تقدمًا  الزراعة ثلاثية الأبعاد  تقنيات  يا تمثل اعتماد 

فجوة بين  ال  واستجابات الأدوية. تشمل الاتجاهات المستقبلية تحسين هذه التقنيات لتعزيز القدرة على التوسع وفاعلية التكلفة، مما يعزز في النهاية

 .النماذج المخبرية والتطبيقات في الجسم الحي في الطب التجديدي

 .الخلايا الجذعية، الزراعة ثلاثية الأبعاد، الطب التجديدي، تمايز الخلايا، الدعامات :الكلمات المفتاحية 

 


