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Abstract

Introduction—Developing in vitro models for studying cell biology and cell physiology is of 

great importance to the fields of biotechnology, cancer research, drug discovery, toxicity testing, 

as well as the emerging fields of tissue engineering and regenerative medicine. Traditional two 

dimensional (2D) methods of mammalian cell culture have several limitations and it is 

increasingly recognized that cells grown in a three dimensional (3D) environment more closely 

represent normal cellular function due to the increased cell-to-cell interactions, and by mimicking 

the in vivo architecture of natural organs and tissues.

Areas Covered—In this review, we discuss the methods to form 3D multi-cellular spheroids, 

the advantages and limitations of these methods, and assays used to characterize the function of 

spheroids. The use of spheroids has led to many advances in basic cell sciences, including 

understanding cancer cell interactions, creating models for drug discovery and cancer metastasis, 

and they are being investigated as basic units for engineering tissue constructs. As so, this review 

will focus on contributions made to each of these fields using spheroid models.

Expert Opinion—Multi-cellular spheroids are rich in biological content and mimic better the in 

vivo environment than 2D cell culture. New technologies to form and analyze spheroids are 

rapidly increasing their adoption and expanding their applications.

1. Introduction

The culture of mammalian cells in vitro has led to numerous conceptual advances in cell 

biology and to the understanding of the formation and function of tissues, organs, as well as 

diseased states such as cancer. Most of these findings were elucidated using traditional 2D 

culture techniques, but biology is clearly a complex 3D system. 2D cell culture techniques 

do not faithfully replicate all of the mechanical and biochemical signals present in vivo1. In 

2D techniques, cell-to-plastic interactions prevail rather than the crucial cell-to-cell and cell-

toextracellular matrix (ECM) interactions that form the basis for normal cell function2. 

Additionally, the plastic Petri dish is an unnaturally stiff substrate compared to the softer 

mechanical environment that cells experience in vivo which is well known to alter cell 

function.

In the absence of an attachment surface or scaffold, cells will aggregate and undergo the 

process of self-assembly. During self-assembly, mono-dispersed cells form 3D microtissues 

called multicellular spheroids (MCSs). Self-assembly mimics natural processes that occur 

during embryogenesis, morphogenesis and organogenesis3-5 (Figure 1). Spheroids mimic 
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the architectural and functional characteristics of native tissue such as cardiomyocyte 

spheroids that beat with heart-like rhythm, hepatocyte spheroids that have liver-like 

functionality, as well as human endothelial cells vascularizing fibroblast microtissues6-9.

The in vivo-like microenvironment that the spheroid creates is the result of numerous factors 

including the formation of molecular gradients. Gradients of soluble components in the cell 

culture medium (e.g., nutrients, oxygen, growth factors) as well as those produced by cells 

(e.g. metabolites, paracrine factors) are established due to the barriers to diffusion imposed 

by the spheroid, as well as the rates of consumption and production of these factors by the 

cells10. In addition to gradients, spheroids create an in vivo-like microenvironment by 

forming more complex cell-to-cell interactions and cell-to-ECM adhesions. These serve to 

simultaneously deliver additional signals including mechanical forces, biochemical signals 

and electrical coupling that can influence cell shape, motility, proliferation, and 

differentiation as well as gene expression1, 11.

In this article, we do not review the entire field of 3D cell culture. Excellent comprehensive 

reviews and books can be found elsewhere. Much of this work is focused on culturing cells 

attached to and cast in various natural and synthetic scaffolds. Instead, we focus our review 

on multi-cellular spheroids formed without an attachment to a scaffold or gel. Cell-to-cell 

adhesion is one of the key driving forces of their formation. In most cases, these structures 

are termed spheroids due to their approximate spherical shape. However, other shapes are 

now possible, hence the term multi-cellular microtissues or simply microtissues. Regardless 

of how they are formed, spheroids and microtissues are all characterized by a very high 

density of cells, a density that more closely approximates that of normal organs or tissues. 

We discuss the techniques to form microtissues, their advantages and disadvantages, as well 

as uses of microtissues in basic biology, cancer research, tissue engineering and drug 

discovery.

2. Methods

2.1 Techniques to Form Spheroids and Microtissues

2.1.1 Pellet Culture—The pellet culture technique uses centrifugal force to concentrate 

cells to the bottom of a tube maximizing the opportunity for cell-to-cell adhesions to form 

(Figure 2A). To form spheroids, a cell suspension in a tube with a conical bottom is 

centrifuged at a speed of 500g for 5 minutes12. To optimize this process, the cell suspension 

may be incubated on a shaker for one hour prior to centrifugation. Due to the ease of 

formation, pellet culture is often used to create spheroids to study chondrogenesis, and bone 

formation, and for the differentiation of mesenchymal stem cells12-16. While a large number 

of cells can aggregate rapidly, a disadvantage is the shear stress from centrifugation that can 

damage cells. This method is used to form spheroids of fairly large diameter which can 

create a low oxygen concentration in the center. For chondrocytes, differentiation is 

stimulated by low oxygen, but for other cells types, hypoxia can cause necrosis in the 

spheroid core 17, 18. Additionally, while this method is simple and rapid to perform, it has 

not been scaled up for mass production of spheroids, nor can the cells be visualized as they 

aggregate.
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2.1.2 Spinner Culture—The spinner culture method creates spheroids by preventing cells 

in suspension from settling and by promoting cell-to-cell collisions via constant stirring 

(Figure 2B)19, 20. To form spheroids, spinner flasks are seeded with a uniform, well mixed 

single cell suspension and the fluid environment and mass transfer in the flask is controlled 

by convective forces generated by an impeller or magnetic stir bar. Maintaining a constant 

rotation speed is critical. An agitation speed that is too slow will allow the spheroids to 

settle, but one that is too high will cause cell damage due to fluid shear stress. One 

advantage is that the fluid movement aids mass transport in and out of the spheroids. 

Spinner culture has been used with a variety of primary cells, cell lines, and mixtures of two 

different cell types to form heterotypic spheroids7, 21-23. Spinner culture can be scaled up to 

produce large number of spheroids. By decreasing the agitation speed and allowing the cells 

to settle, culture conditions can be controlled through media changes and addition of drugs 

and growth factors. Due to shear forces, this method may not be useful for cells with low 

cohesiveness, cells that are sensitive to shear forces, or for adherent cells that may undergo 

apoptosis while in suspension. Due to constant mixing, cells cannot be visualized as they 

aggregate.

2.1.3 Hanging Drop—The hanging drop method relies on gravity-enforced self-assembly 

to produce spheroids24. To make spheroids, small volumes (20-30 μL) of a cell suspension 

are pipetted onto the inside lid of a tissue culture plate. The lid is inverted, and the drops 

stay attached to the lid due to surface tension. Gravity causes the cells to settle and 

concentrate at the bottom of the drop, and a single spheroid is formed24, 25 (Figure 2C). A 

variety of cell types have formed spheroids using this method including both primary cells 

as well as cell lines7. Different cell types can be co-cultured to form heterotypic spheroids. 

Spheroid size and cellular composition is controlled by adjusting the cell density in each 

drop. Advances into high throughput production of spheroids using the hanging drop method 

have been established, producing up to 384 spheroids in a single array26. However, with this 

method, it is difficult to track these spheroids during formation and it is nontrivial to 

exchange media or add drugs.

2.1.4 Liquid Overlay—The liquid overlay method inhibits the attachment of cells to tissue 

culture plates and promotes cell-cell aggregation. In this method, a cell suspension is seeded 

onto flat tissue culture dishes made of low-adhesive surfaces such as agarose27, 28, and poly 

(2-hydroxethyl methacrylate) (pHEMA)29 (Figure 2D). The plates are rocked and with a 

small amount of shaking, the cells aggregate into spheroids. Both primary cells and cell lines 

form spheroids using this method. While the method is easy, the spheroids are often 

heterogeneous in both size and shape. This technique, when performed in 96 well plates, 

allows for monitoring of individual spheroid formation and growth.

2.1.5 Rotating Wall Vessel—The rotating wall vessel creates a microgravity 

environment that maintains cells in suspension and allows cells to aggregate into spheroids. 

A cell suspension in a rotating wall vessel is slowly rotated about an x-axis maintaining the 

cells in continuous free fall (Figure 2E). Initially, rotation is very slow (~15 rpms), but as 

spheroids begin to form and the mass of the aggregates increase, rotation is increased to 

keep the aggregates in suspension (~25 rpms)30. Spheroids from both primary cells as well 
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as a variety of cell lines have been formed using this method. Heterotypic spheroids can be 

formed by co-culture of different cell types. Long term culture is possible and culture 

conditions can be controlled by perfusion which is useful for controlling differentiation31. 

The method produces aggregates in a low shear environment. Although the yield is high, 

there can be variability in spheroid size. While some advances in tracking the aggregates 

have been made32, it remains difficult to monitor the assembly of spheroids in real-time.

2.1.6 External Force—The external force method uses any force to concentrate mono-

dispersed cells into a high density that facilitates cell aggregation. External forces used are 

electric fields, magnetic force, and ultrasound (Figure 2F). For electric fields, positive 

dielectrophoresis in a low conductivity iso-osmotic solution is used to concentrate cells33. 

For magnetic fields, cells are incubated with magnetic cationic liposomes (MCLs) 

containing a magnetite core (Fe3O4)34, 35. After endocytosis, the cells can be formed into 

specific patterns using magnetic fields. For ultrasound, an ultrasound standing wave trap is 

used to concentrate cells and facilitate their aggregation36. Cell adhesion is often very 

nonspecific and it can be difficult to control spheroid size. The physiological changes to the 

cells caused by these external forces are not well characterized.

2.1.7 Cell Sheets—In addition to spheroids, multi-cellular cell sheets have been produced 

by culturing cells on a polymer, such as poly (N-isopropylacrylamide) (PNIPAAm), which 

is thermo-responsive. changing its hydrophilicity and hydrophobicity with a change in 

temperature37. Lowering the temperature to 20ºC for one hour causes the polymer to change 

from hydrophobic to hydrophilic, thus causing the release of a contiguous sheet of cells. To 

form spheroids, small cell sheets that have been released can be further incubated on a non-

adhesive surface where they will compact and form spheroids (Figure 2G). The cell sheet 

method has been used with hepatocytes37, endothelial cells38, cardiomyocytes39, 40, 

epithelial cells, and mesenchymal stem cells for use in cartilage engineering41. Additionally, 

co-culture of multiple cell types has been achieved by creating layers of cell sheets from 

different cell types, and then allowing the multi-layered sheet to assemble into a 

spheroid38, 42.

2.1.8 Micro-fluidics—When using micro-fluidics, cells are flowed through a micro-

channel network into micro-chambers where they are partitioned and exposed to micro-

rotational flow that causes cells to aggregate43 (Figure 2H). The method works for primary 

cells, cell lines, and co-culture of multiple cell types44, 45. Micro-fluidic devices allow for 

high throughput production of size controlled spheroids for high throughput analysis, as 

many of these platforms are equipped with biosensors for real-time imaging and monitoring 

of the system46, 47. Additionally, the perfusion system allows for tight control of the fluid 

shear stresses and the concentration of soluble factors surrounding the spheroids47, 48.

2.1.9 Micro-molded Nonadhesive Hydrogels—Micro-molded nonadhesive hydrogels 

have been used to form spheroids as well as microtissues with different shapes49, 50. This 

method uses computer aided design software and rapid prototyping to form micro-molds 

that contain an array of cylindrical pegs with rounded tops. Nonadhesive hydrogels (agarose 

or polyacrylamide) are then cast from these micro-molds (Figure 2I). After the micro-
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molded gels are seeded, the cells settle to the bottom of the recesses, are unable to attach to 

the nonadhesive hydrogel, and cell-to-cell interactions drive the formation of a single 

spheroid in each recess. This technology has been used to form spheroids using many 

different cell types including primary cells and cell lines from a variety of tissues including, 

skin, brain, ovary, liver, heart, and breast9, 49, 51-53. The method can be scaled up to create 

up to 822 spheroids in a single mold, with homogenous shape, size, and cell composition. 

These factors are easily controlled by adjusting the number of cells, and the ratio of the cell 

mixture seeded onto the micro-molded hydrogel. Cells can be imaged as they self-assemble 

and it's easy to change media and add drugs, antibodies, or growth factors. In addition to 

spheroids, micro-mold designs have been used to direct the self-assembly of cells to more 

complex shapes such as rods, toroids, or honeycombs50 (Figure 3A-E).

2.2 Methods for Working with Spheroids

2.2.1 Imaging—3D spheroids are more challenging to image than thin flat cells grown on 

conventional 2D cultures, but they offer new opportunities for more high content biological 

information. The spherical structure of the spheroid with its radial symmetry provides 

opportunities for mapping cell functions to these gradient and 3D microenvironments.

All of the conventional methods of microscopy have been used to image spheroids. 

Scanning electron microscopy (SEM) has been used to obtain low and high resolution 

images of the surface of spheroids. Low resolution images reveal cell size, shape and 

organization on the surface, whereas high resolution images reveal important biological 

structures such as pores and micro-villi. Conventional brightfield, and phase contrast 

microscopy have been used to image the x and y dimensions of spheroids and time lapse has 

been used to view and quantify the self-assemble of spheroids and microtissues of other 

shapes50. Spheroids have a significant z dimension and so side view microscopy has been 

used to image spheroid height54, 55. Due to their thickness and lack of transparency, none of 

these methods are able to obtain adequate images of the interior of the spheroid.

To view their interior, spheroids have been fixed, sectioned and stained with a variety of 

conventional dyes (e.g., hematoxylin and eosin) antibodies, small molecules and fluorescent 

molecules. Images of these sections provide valuable information about a single slice 

through the interior of a spheroid. In some cases, serial sections of the same spheroid have 

been used to reconstruct 3D organization. As an alternative to these labor intensive 

approaches, confocal fluorescence microscopy has been used to obtain thin optical sections 

of fluorescently stained spheroids. These images can be rendered to create a high resolution 

3D reconstruction of the spheroid and it's interior. However, the maximum penetration depth 

of confocal microscopy is about 50μm. Two photon fluorescence microscopy overcomes 

this limitation and has been used to obtain optical sections and a high resolution 3D 

reconstruction of the entire spheroid. Recently, a new microscopy technique, light sheet 

based fluorescence microscopy (LSFM), has been used to image fluorescently labeled 

spheroids to produce a high resolution 3D reconstruction1. Our lab recently reported an easy 

method to use wide field fluorescent images to construct a 3D map of fluorescence on 

multiple spheroids as well time lapse data55. The method was used to quantify the kinetics 

of self-sorting that occurs when two different cell types self-assemble.
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2.2.2 Assays for Spheroid Growth—Multiple methods have been used to quantify 

spheroid growth and the response to growth factors and drug treatments. Like, 2D cell 

culture, the enzymatic disaggregation of spheroids and the direct counting of cells has been 

used to quantify growth. However, the technique can be tedious and spheroids are difficult 

to disaggregate. Measuring the x, y dimension of spheroids from brightfield images has been 

used to quantify spheroid growth. Care must be taken since spheroids may appear to be near 

perfect spheres in conventional microscopy, when in fact, they are oblate spheroids whose z 

dimension can be less than their x, y dimensions. Colorimetric dyes, such as the tetrazolium 

salt WST-1 [2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium], as 

well as measuring DNA content or ATP levels have been used to measure growth. To 

determine where cell proliferation occurs in 3D, spheroids have been sectioned or visualized 

via confocal microscopy and immuno-stained for standard proliferation markers such as 

Ki-67 or bromodeoxyuridine labels.

2.2.3 Mathematical Modeling of Spheroids—Mathematical simulations have been 

developed to understand various aspects of spheroid formation and spheroid function. Self-

assembly and the process of self-sorting that occurs when two different cell types segregate 

as they self-assemble has been modeled by several groups56-58. One such model, the 

differential adhesion hypothesis (DAH) posits that cell types self-segregate due to 

differences in cell-to-cell adhesion or apparent surface tension, with those cells of highest 

cohesion (like-to-like adhesion) sorting to the inside of a spheroid and those cells with lower 

cohesion sorting to the outside3, 4, 20, 59. Based on finite element computer simulations, the 

differential interfacial tension hypothesis (DITH) factors in contributions from cytoskeletal 

components and cell adhesion molecules60. Most recently, self-sorting has been modeled 

using an order parameter, which is based on a geometrically driven argument to describe the 

relationship between heterotypical interface length and the system size61.

Mathematical models have also been formulated for cancer biology to describe the 

concentration gradients and the microenvironments formed in spheroids, as models of 

avascular tumors. These models propose mechanisms of tumor cell growth, differentiation, 

proliferation, and apoptosis based on the concentration of oxygen, nutrients, and metabolites 

at different radial points within the spheroid. Studies have correlated experimental data and 

simulations with the transcriptional activity of spheroids in hypoxic and normoxic 

conditions62, 63. Other models explain the mechanism by which cancer cells metastasize and 

continuum mathematics has been used to understand the mechanisms that control invasive 

cell behaviors64. Additional models simulate cancer cell invasion by treating cells as 

individual units since invasion is thought to be created by interactions between single cells 

and their surrounding matrix64-66.

Mathematical models have been developed for drug transport in spheroids. The diffusion 

distance of a drug in a monolayer of cells is short compared to in vivo tissues, whereas a 

drug must penetrate multi-layers of cells before reaching the center of a tumor67. Cells in 

monolayer do not adequately replicate the cell-to-cell interactions necessary to form well 

know bio-obstacles to drug transport such as tight junctions68. Lastly, it has been recognized 

for over 40 years that cancer cells grown in 2D are unusually sensitive to drug treatment 

than the same cells grown in 3D. Other models based on tumor spheroids have been used to 
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quantify the effects of diffusion barriers in multi-layer tissues such as cellular compaction, 

gap junctions, and cellular efflux systems69. Advanced modeling predicts the 

pharmacokinetics of cancer drug candidates while accounting for the cellular determinants 

that affect these parameters70.

3. Applications of Spheroids and Microtissues

3.1 Spheroids as Models for Basic Science

Self-assembly is thought to mimic naturally occurring processes and when two different cell 

types self-assemble, they often self-sort and compartmentalize to separate regions of the 

spheroid. This is similar to one cell population spreading over the other during 

morphogenesis and gastrulation. As so, microtissues produced via self-assembly have been 

used to elucidate the mechanisms of these phenomena in developmental biology2, 71, 72.

The molecular events controlling self-assembly have been studied using spheroids. 

Cadherins are critical to self-assembly and varying levels of cadherins can control self-

sorting, such that transfected cells with high cadherin levels sort to the center of a spheroid, 

surrounded by cells with lower cadherin levels3, 20. In addition to cadherins, our lab has 

shown that connexins (Cx43), another surface adhesion molecule, helps mediate self-

assembly51. Connexins form gap junctions that directly couple cells to one another and the 

adhesive function of gap junctions contributes to self-assembly on par with the adhesive 

effects of cadherins51. Recently, our lab has also shown that pannexin-1 (Panx1), a surface 

molecule with topographical similarities to connexins, controls self-assembly, but not via 

surface adhesion. Panx-1 forms channels that do not dock with other channels. Instead, 

Panx-1 channels act as pores leaking ATP which activates purinergic receptors (P2X7) 

causing actin reorganization via elevated calcium levels52. Our lab and others have shown 

that the cytoskeleton is an active player in self-assembly54, 73, 74. Drug targeting of 

actomyosin dependent cell tension (Y-27632, a rho kinase inhibitor) slows the rate of self-

assembly and alters self-sorting73. Drugs that target myosin-2 (blebbistatin) and the actin 

network (cytochalasin, Y-27632) block or slow self-assembly of hepatocytes into functional 

tissue-like structures, and reduce liver-specific activities74-76.

It is becoming increasingly clear that surface adhesion molecules and the cytoskeletal 

network act in concert to control self-assembly and self-sorting and that the mechanical 

forces of cell-to-cell interactions play a role in these processes11. Multi-cellular microtissues 

mimic the in vivo 3D mechano-environment and new designs in microtissues are useful for 

understanding normal as well as pathologic conditions of mechanobiology. Our lab recently 

reported an assay to quantify for the first time the forces of self-assembly54. Cells self-

assembled a toroid-shaped microtissue that moved up a nonadhesive cone. The mass of the 

toroid and its rate of movement up the cone were used to calculate cell power, the work 

expended in the process against the force of gravity. Toroids of fibroblasts exerted tenfold 

more power than toroids of hepatocytes, 4.3±1.7 pJ/hr and 0.31±0.01 pJ/hr, respectively. 

Moreover, drug targeting of actomyosin dependent cell tension resulted in a greater than 

50% reduction in cell power for both cell types, demonstrating the crucial role of the 

cytoskeleton. In addition to quantifying the contribution of specific proteins and proteins 

systems, the toroid-on-cone assay is useful for understanding drug actions and how cell 
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mixtures behave in a 3D mechanical environment54. Recently, the toroid-on-cone assay was 

used to quantify heterotypic cell mixtures and uncovered a new role for TGF-β177. Another 

microtissue design used by our lab to investigate 3D cell mechanics is the loop ended 

dogbone49. The tensile forces of self-assembly in this mechanically constrained design cause 

fibroblasts to elongate over 30 times their initial diameter. These microtissues break due to 

these forces, but they can be stabilized by drugs that target the cytoskeleton (Y-27632 and 

blebbistatin a myosin II inhibitor).

3.2 Spheroids in Cancer Research and Drug Discovery

Tumor spheroids have been used as an in vitro model to mimic the complexity of tumors78. 

Mixed spheroids have been used to study tumor-stromal cell interactions and the cells in 

these mixed spheroids have a more in vivo cell shape, architecture, and gene expression 

profiles79, 80. For example, breast cancer cells co-cultured with fibroblasts showed an 

invasive phenotype and formed a tissue more similar to primary breast cancer tissue in terms 

of protein expression in the cancer cells (pancytokeratins, p53, E-cadherin) and the 

fibroblasts (vimentin) compared 81. Three dimensional tumor-endothelial cell models have 

been used to measure the angiogenic and metastatic potential of tumor cells and the presence 

of endothelial cells makes tumor cells more resistant to chemotherapy and radiation82, 83.

One important use of spheroids is as a model for drug discovery and drug transport. Cancer 

cells are much more drug resistant when grown as spheroids versus monolayer68. For 

example, the IC50 of paclitaxel and cisplatin in spheroids is 100-fold higher than the IC50 in 

mono-layers of the same cells. Similar results have been found with antibodies, siRNA, and 

immunotoxins84-87. This result is, due in part, because of drug penetration, but also due to 

the cellular phenotype induced by differences in hypoxia, proliferation, cell-to-cell contacts, 

and gene expression at different locations within a spheroid, much like a tumor88, 89. Tumor 

spheroids have been used to measure drug penetration in 3D by using fluorescence of 

anthracyclines such as doxorubicin, or autoradiography of radio-labeled drugs90, 91. 3D 

models based on human cells have the potential to lead to high-throughput and high-content 

screening to predict the responsiveness of individual tumors to different therapy regimens.

3.3 Spheroids in Tissue Engineering

Spheroids are increasingly being used in tissue engineering for a variety of different organs 

and tissues92. Spheroids produced from primary rat and mouse cardiomyocytes, as well as a 

mixed population of cells, beat with a natural rhythm for up to three weeks because the cells 

are electrically coupled93. Self-assembled constructs of human chondrocytes, as well as 

pluripotent stem cells differentiated towards a chondrogenic lineage are under consideration 

for use in tissue engineering94. Compared to cells seeded on a matrix, spheroids of 

chondrocytes have histological, biochemical, and biomechanical properties more similar to 

native cartilage95. The mechanical properties of cartilage largely depend on the organization 

of extracellular matrix, and self-assembled spheroids attain total collagen and sulfated 

glycosaminoglycans amounts closer to cartilage than those that made with cells on 

scaffolds16, 96.
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In addition to uses in toxicity testing, liver spheroids may have an application in a 

bioartificial liver device. Hepatocytes cultured in 2D lose differentiated function, but 

hepatocytes cultured as spheroids retain their polarity, form tight junctions, possess 

microvilli-lined channels that resemble bile canaliculi and have liver-like function97. 

Spheroids of the human cell line, HepG2, retained key detoxifying functions required of the 

liver. Co-culture of primary rat hepatocyte cells with hepatic stellate cells have liver like 

functionality for over 2 months in culture98. Spheroids of other complex tissues and organs 

have been formed. Pancreatic epithelial cells have been shown to self-assemble a hollow 3D 

structure 99, 100. Dissociated cells from the retina self-assemble and self-sort to form distinct 

cell layers that resemble the retina's architecture complete with photo receptors101.

3.4 Spheroids as Building Blocks

Presently, the biggest challenge to the field of tissue engineering is the in vitro fabrication of 

large tissue constructs with a high density of living cells, similar to natural organs 102, 103. 

Nearly all of the clinical successes in tissue engineering are relatively thin tissues (< 2 mm), 

where the transport of oxygen, nutrients, and metabolic waste critical for cell viability 

occurs by simple diffusion 102. Likewise, spheroid diameter is limited to 200-400 microns 

due to the constraints of diffusion. Human umbilical cord endothelial cells (HUVECs) have 

been used to coat spheroids and the endothelial cells migrate to the core and developed a 

capillary-like network104. These endothelialized spheroids have been fused to form a larger 

vascularized tissue that could integrate with the host vascular system after implantation105. 

Likewise, when human mesenchymal stem cells that were differentiated towards an 

osteogenic lineage were mixed with HUVECs, they formed a pre-vascular network within 

10 days13, 106.

The emerging field of bio-printing and bio-fabrication is seeking to address the issue of 

large tissue constructs and is using spheroids as building blocks to try and fabricate organs 

in vitro. Bio-printers, adapted from inkjet printing and rapid prototyping technologies, have 

been used to fabricate living structures via a layer-by-layer printing of living cells along 

with an extracellular matrix (ECM) material 107-113. Computer control of the deposition 

process in the x, y and z dimensions enables the fabrication of complex-shaped living 

structures, complete with the beginnings of a vascular tree. Spheroids loaded in a cartridge 

are printed as the “bio-ink” along with an ECM substrate which serves as the “bio-paper”. 

After printing, spheroids attach to the ECM substrate and fuse with neighboring spheroids to 

form a contiguous 3D structure111, 112. Control over cell position with a building block is 

important when building large complex 3D structures108, 114. The relative position of 

different cell types within spheroids as well as spheroids that have been fused is beginning 

to be controlled. Likewise, endothelialized spheroids have been used to create microvessels 

after fusion and the relationship between spheroid size and capillary formation has also been 

investigated115.

3.5 Microtissues with Complex Shapes as Building Blocks

We and others have investigated the use of building blocks of different shapes for the 

purpose of bio-fabrication. In addition to spheroids, multi-cellular sheets produced on a 

thermo-reponsive polymer have been used for numerous cell types including smooth muscle 
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cells and cardiomyocytes116. Layers of cardiac cell sheets have been used to engineer 

functional 3D tissues that can be transplanted to improve cardiac function after myocardial 

infarction40. Cell sheets have been wrapped around a mandrel to create a tubular structure 

and cell sheets have been layered to create a thicker tissue117.

Non-adhesive micro-molds have been used to direct the self-assembly process so that cells 

form non-spherical multi-cellular microtissues49, 50. Micro-molds have been used to form 

microtissues in the shape of rods, toroids, loop-ended dogbones, and honeycombs (Figure 

3A-E). Rod or cylinder shaped microtissues have also been used in micro-extrusion, a 

variation of bio-printing. Cylinder shaped microtissues loaded in a cartridge are slowly 

extruded and sliced into blocks that will round up into spheroids as a method to produce 

spheroid building blocks.

Non-adhesive micro-molds have also been used to produce more complex building blocks in 

the shape of a toroid49. These structures with high cell densities are interesting because they 

have a lumen, so cells are located within diffusion distance of a top /bottom surface or the 

surface of a lumen. Lumen diameter is initially controlled by micro-mold design and when 

multi-cellular toroids are harvested from the micro-molds, they undergo slow, but 

predictable changes to their shape and lumen diameter which can be used in their design as a 

building block118. Moreover, harvested toroids can fuse with one another in a process that is 

complete within 72 hours and toroids can be used as building units to make a large multi-

layered multi-torus structure. In this fused structure, the lumens began to form an 

interconnected network of open space, mimetic of a vascular network118. Nonadhesive 

micro-molds have also been used to form a large honeycomb structure (2 cm), a single 

structure with rings of interconnected cells around lumens119. As a potential building unit, 

the honeycomb can be significantly larger in the x and y dimensions, while the cross section 

of the cellular portion of any part of the honeycomb can be kept small, so as to not exceed 

the critical diffusion distance needed to maintain cell viability.

4. Summary and Conclusions

Multi-cellular spheroids provide many advantages over traditional monolayer culture of 

cells and have the potential to impact numerous facets of biomedical research. Although 

challenges exist when working with spheroids, they are promising in vitro models for basic 

and developmental biology, cancer biology, drug discovery and toxicology studies, as well 

as tissue engineering. These microtissues have proved to be realistic models of both normal 

and diseased tissues in vitro. While advances in spheroid formation, imaging, and assays to 

work with spheroids have been made, there is still a need for optimization and 

standardization of these protocols and development of more widely adopted endpoint 

analytical measurements.

5. Expert Opinion

There is little doubt that the biology and biochemistry of spheroids is significantly closer to 

natural tissues and organs than a thin monolayer of cells grown on a stiff plastic dish. This 

was first recognized over 40 years ago, when cancer cells grown in 2D were shown to be far 

more sensitive to radiation and drug treatment than spheroids, a result that more closely 
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mimics the resistance of tumors in vivo. Nevertheless, 2D cell culture rapidly expanded its 

importance and is now widely adopted in all areas of biological research and drug discovery. 

The explosion in 2D cell culture was driven by the ease and convenience of culturing cells 

in 2D and easy methods to nourish, image, manipulate and assay cultured cells. Despite 

having more relevant biological information, spheroids have lagged behind 2D cell culture, 

because the methods for culturing spheroids were cumbersome, difficult to control and the 

assays as well as microscopy techniques to analyze spheroids were equally difficult or 

nonexistent. New and more convenient methods have been developed for the formation of 

spheroids. It's now easy to produce large numbers of spheroids of uniform size, control the 

size of spheroids, produce spheroids of two or more different cell types, produce spheroids 

from tumor cells as well as normal human cells, and even produce spheroids that are not 

simple spheres. Multi-cellular toroids, rods and honeycombs are now possible. In addition to 

being straightforward and convenient, these methods have been adapted to high throughput 

formats. Moreover, advances in microscopy, fluorescent probes and biochemical assays 

have made spheroids more amenable to investigation. Thus, it's becoming easier to extract 

the rich biological content that multi-cellular spheroids can supply.

Spheroids have more biological information because they are a living assembly of cells that 

signal one another and actively respond to the signals they generate. As the cells aggregate, 

they move upon each other and pairs of cell types can even self-sort as they self-assemble or 

cells can form hollow spheres. They maximize cell-to-cell contact, form numerous 

adhesions between surface adhesion molecules and even form direct cell couplings such as 

gap junctions. They exert biomechanical forces that change the shape, cytoskeleton and 

function of the cells. They secrete biochemical signals that alter gene expression and cell 

function. They synthesize, secrete and assemble numerous extracellular matrix proteins in 

response to all these signals and this ECM also signals cells. They establish 3D gradients of 

nutrients, metabolites and cell signals as well as barriers to the transport of molecules. In 

short, the repertoire of cell functions in a multi-cellular spheroid is not constrained; cells are 

freed to assemble an in vivo-like 3D environment.

In contrast, 2D plastic substrates constrain the repertoire of cell functions. Cells adhere more 

strongly to the substrate than they do to each other. Cells spread to form a very thin and 

highly adherent monolayer whose shape is a poor replicate of cell shape in vivo. Cell-to-cell 

interactions and cell-to-cell signaling are minimized because attachment to the substrate 

dominates the 2D environment. Cells are exerting forces against and moving on an 

unyielding and unnaturally stiff substrate that is, from a biology perspective, unresponsive. 

This is true of cells on typical flat planar substrates or synthetic polymeric substrates that are 

in the form of fibers or foams. Likewise, the same is true, to some extent, for scaffolds or 

gels of natural proteins such as collagen or laminin. ECM bio-molecules do provide more 

biological information than synthetic polymers and cells will respond to these cues, but the 

information is not as dynamic, nor as biologically complex, as the exchange of signals that 

occurs when cells are in direct contact. Moreover, the bio-molecules in these scaffolds are 

often in random organizations, whereas the ECM produced by cells in contact with other 

cells is influenced by the mechanical and biochemical signals emanating from surrounding 

cells. Thus, multi-cellular spheroids are superior replicas of the in vivo environment because 
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they maximize the cell-to-cell interactions that elicit the greatest repertoire of cell functions. 

Non-living substrates, (synthetic and natural) that interfere with cell-to-cell interactions can 

constrain cells, thereby limiting the repertoire of cell functions.

The new methods of forming spheroids and microtissues are expanding their use and driving 

new applications. By addressing the limitations and constraints to the biology of cells 

cultured on plastic, microtissues are beginning to emerge as more realistic and more 

predictive platforms for in vitro toxicity testing and drug discovery. The use of mixed 

spheroids with two or more different cell types is an especially exciting development 

because it takes another step closer to the in vivo environment. The robust biology of 

microtissues will also impact the fields of cell transplantation and tissue engineering by 

providing a stable and functional unit suitable for transplantation or use as building blocks 

for the biofabrication of larger tissue constructs.

With regards to applications in cell transplantation, the technology for making large 

numbers of well defined uniform spheroids is suitably advanced and near ready for the 

clinic. In many respects, spheroids are analogous to pancreatic islets which have been 

clinically used for many years. Needed are refinements to the methods currently in 

development to uniformly differentiate cells into desired cell types such as the beta cells of 

the pancreas. With regards to applications in the tissue engineering of large organs, the 

technology of spheroids and complex microtissues is limited by the same grand challenge 

that currently stymies all tissue engineering approaches. Due to the limitations of diffusion, 

thick tissues with high cell densities demand a functional vascular network to keep the cells 

alive. Research on many fronts is trying to address this grand challenge and in the future, 

spheroids and microtissues may be one part of the solution.
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Article Highlights

• 3D spheroids produced via self-assembly, in a scaffold-free environment, mimic 

the function and architecture of in vivo tissues making them important in vitro 

models.

• New and more convenient methods to produce spheroids have expanded their 

use in biomedical research.

• In addition to producing spheroids, non-adhesive micromolds can direct the self-

assembly of microtissues with complex shapes, creating new opportunities.

• New biochemical assays and microscopy techniques have been developed to 

image and analyze 3D spheroids.

• Spheroids are commonly used in cancer biology to understand cancer-stromal 

cell interactions and mechanisms of cancer metastasis.

• Mathematical models are being used to understand how cells aggregate and self 

assemble as well as how drugs diffuse into spheroids.

• Due to their high biological content, spheroids are being used in high-

throughput and high-content formats for toxicology testing and drug discovery.

• Spheroids with tissue specific functionalities have been produced for cardiac, 

cartilage, bone, hepatic and pancreatic tissues.

• Advances have been made in vascularizing spheroids, but this remains a major 

challenge to the field of tissue engineering.

• Spheroids and microtissues with complex shapes are being used as building 

blocks for fabricating large tissue constructs.
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Figure 1. 

(A) The concentric organization of proliferating and necrotic cells in multicellular spheroids 

is influenced by the molecular gradients of soluble factors which are established by 

convection and diffusion within the spheroid microenvironment. (B) There are two main 

categories of spheroid bio-fabrication, cluster based and collision based self-assembly. In 

cluster based self-assembly, monodispersed cells are segregated into compartments, settle, 

and aggregate to form spheroids. In collision based self-assembly, suspended cells collide to 

form spheroids. (C) When certain mixed cell populations self-assemble, the specific pattern 

of segregation that occurs is referred to as self-sorting.
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Figure 2. 

Methods of spheroid bio-fabrication (A) Pellet Culture (B) Spinner Culture (C) Hanging 

Drop (D) Liquid Overlay (E) Rotating Wall Vessel (F) External Force (G) Cell Sheets (H) 

Microfluidics (I) Nonadhesive Hydrogel Micro-molds
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Figure 3. 

Micro-molded hydrogels can be used to direct the self-assembly of a number of shapes 

including rodes, toroids, loop-ended dogbones, and honeycombs. (A) Microtissues with 

complex geometries were self-assembled from various cell types: rat hepatoma (H35) rods 

(left), MCF-7 toroid (middle), and H35 loop-ended dog bones (right). (B) MCF-7 cells 

seeded into honeycomb recesses (left), formed a branched microtissue by 1 day (middle), 

and compacted slightly but retained the honeycomb shape for at least 3 days after removal 

from the mold (right). Mixed-cell populations produced multilayered microtissues with 

controlled shape. (C) Images of microtissues with normal human fibroblasts (NHF) (red) 

cores coated by an outer layer of H35 (green, left) or HUVEC (green, right). (D) Confocal 

microscopy images of self-sorting of three cell types within a 2-day-old tritypic spheroid. 

(E) The eight orbital honeycomb of NHG (6×106 cells) was stained with a live/dead assay 
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after 24 hours to show viability. Scale bars are 200 μm (panels A-C), 100 μm (panel D), and 

1800 μm (panel E). Figure permissions Biotechniques, and Biofabrication.

Achilli et al. Page 24

Expert Opin Biol Ther. Author manuscript; available in PMC 2015 January 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Achilli et al. Page 25

Table 1

Advantages of the techniques for self-assembly of microtissues

Pellet Culture Spinner Culture Hanging Drop Liquid Overlay Rotating Wall Vessel External Force Cell Sheets Microfluidics

Good Size Control + + + +

Low Shear Stresses + + + + +

High Yield + + +

Good Control of 
Heterotypic Cell to 

Cell Ratio

+ + + +

Good control of the 
microenvironment 

over time

+ + + +

Minimal Labor + + +

Easy to Handle Micro-
tissues

+ + + +

Possibility of Complex 
Shapes

Observe by Microscopy + + + +

Cell Type Independent + + + +
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