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Three-dimensional cell culture: the missing
link in drug discovery
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Cells, grown as monolayers (2D models), are routinely used as initial model systems for evaluating the

effectiveness and safety of libraries of molecules with potential as therapeutic drugs. While this initial

screening precedes preclinical animal studies before advancing to human clinical trials, cultured cells

frequently determine the initial, yet crucial, ‘stop/go’ decisions on the progressing of the development of

a drug. Growing cells as three-dimensional (3D) models more analogous to their existence in vivo, for

example, akin to a tumour, and possibly co-cultured with other cells and cellular components that

naturally occur in their microenvironment may be more clinically relevant. Here, in the context of anti-

cancer drug screening, we review 2D and 3D culture approaches, consider the strengths and relevance of

each method.
The need for more efficient and cost-effective
preclinical screening of anti-cancer drugs
The design and development of all new drugs, for the most part,

follow a similar trend of progression. Typically a potentially drug-

gable target is identified and, often with the aid of in silico model-

ling, lead compounds are designed, developed and optimised to

act on this target. Preclinical testing is then performed with

compound libraries to establish which members of the library

exhibit efficacy towards the target in question. Preclinical testing

involves both in vitro analyses in appropriate cell line models, as

well as in vivo studies in relevant animal models. These are per-

formed to determine toxicity, in addition to pharmacokinetic and

pharmacological characteristics testing to investigate absorption,

distribution, metabolism and excretion properties; fundamental

in determining the basic safety and potential usefulness of the

drug. Finally, clinical testing of suitable compounds, through

various stages of clinical trials, is performed in humans; an essen-

tial step to evaluate the ultimate usefulness of the drug.

While there has been an increase in the number of potential

anti-cancer agents being advanced for development over the past

10 years [1], the number of these products that progress success-

fully throughout clinical development is low, at approximately

10% [2]. Lack of clinical efficacy and/or unacceptable toxicity are
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two of the main causes of drug failures during development [3,4].

Because of the high costs (typically �1 billion US dollars) in getting

new drugs approved and the fact that many oncology drugs fail

during clinical testing, especially during phase III – the most

expensive phase of clinical development [5,6], it is imperative

that compounds that are potentially ineffective or have an unac-

ceptable toxicity profile are dismissed as early in the evaluation

process as possible. This would preferably be before clinical trials

and, ideally, even before animal testing has begun. Failing early in

the developmental stages enables the cost of failed molecules to

remain relatively low, that is, the further into the development

process a compound fails, understandably the more money a

company has invested and so stands to lose [7]. It is, therefore,

necessary to improve in vitro cell-based testing methods for a more

informed prediction of drug candidate efficacy and safety, and

thereby sieve out poorly functioning compounds while prioritis-

ing promising candidates [6].

The ability of an in vitro assay to produce reliable biomedically

relevant information is essential in drug development; therefore, it

is necessary that the cells used in this testing mimic the phenotype

of cells within the target tissue [7,8]. 2D cell culture (i.e. monolayer

culture) is conventionally used in in vitro drug candidate testing;

however, limitations of 2D culture suggest that an alternative

method should be considered. These limitations include the lack

of cell–cell and cell–extracellular matrix (ECM) signalling that
er � 2012 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.drudis.2012.10.003
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occurs in the 3D (three-dimensional, multi-cellular spheroids) in

vivo environment where such signals are essential to cell differ-

entiation, proliferation and a range of cellular functions [9,10]. For

example, integrins, which are cell surface receptors, anchor cells to

the ECM and are also involved in the cells’ interpretation of

biochemical cues from their local environment [11,12]. It is prob-

able, therefore, that 3D cellular assays would be more analogous to

– and so predictive of – in vivo events compared to more simplified

2D cultures in which essential signalling pathways may have been

lost or, at least, compromised [13]. The use of 3D in vitro systems in

drug research and development has, therefore, been suggested as a

potential link to bridge the gap between monolayer cultures and

animal model studies [6,14].

This article reviews both 2D and 3D cell culture. The 3D pro-

cedures discussed include methods that modify cell culture sur-

faces and thereby promote 3D culture formation by preventing

cells from attaching to their surface; the hanging drop method

which supports cellular growth in suspension; rotary systems that

encourage cells to adhere to each other to form 3D spheroids; 3D

scaffolds and matrices, which provide extracellular support and

allow 3D cell growth; and microfluidic systems that support 3D

cell culture. While the same methods are relevant regardless of the

drug types being assessed, a comprehensive review of all applica-

tions of 2D and 3D cultures is not possible; so in the context of our

own research here we focus on model systems for screening anti-

cancer drugs; particularly in the context of breast cancer. Through-

out this review we highlight the differences between each culture

method. We propose the necessity to incorporate 3D cell methods

into drug development for human therapy, based on their ability

to mimic tissue-like structures more effectively than 2D cell cul-

ture. Advantages and disadvantages of various methods for 3D

culture are subsequently summarised in Table 1.
TABLE 1

Proposed advantages and disadvantages of different 3D cell culture

Method type Advantages 

Forced-floating � Relatively simple

� Inexpensive
� Suitable for high-throughput testing

� Spheroids produced are easily accessible

Hanging drop � Inexpensive if using standard 96-well plate

� Homogenous spheroids suitable for
high-throughput testing

� Spheroids produced are easily accessible

Agitation-based
approaches

� Simple to culture cells

� Large-scale production relatively easily achievable
� Motion of culture assists nutrient transport

� Spheroids produced are easily accessible

Matrices and
scaffolds

� Provide 3D support that mimics in vivo

� Some incorporate growth factors

Microfluidic cell
culture platforms

� Described as suitable for high-throughput testing 
A brief history of cell culture in 2D
The process of cell culturing was developed, in 1907, by Harrison

while investigating the origin of nerve fibres [15]. Specifically,

explanted pre-differentiated neural tissue from frog embryos was

placed in a drop of lymph hanging from a sterile cover-slip, kept

sealed and in a moist chamber. This method allowed tissue growth

and differentiation to be continually observed [16]; demonstrating

a means by which cells of interest could be maintained outside the

body of origin and observed over time.

Substantial improvements have been made on the 2D cell

culture technique initially developed by Harrison. Containers used

for culturing have been developed which enable cells to be fed

with ease and that allow more space for cell growth. Additionally,

the traditional use of blood plasma as the only source of nutrition

for the growing cells changed to the use of synthetic medium.

There are many advantages including the fact that batches of

synthetic medium can be made reproducibly; do not contain

antigens which can cause allergic reactions; and are relatively

cheap to produce. Antibiotics and anti-fungal agents have been

developed that are suitable for cell cultures and thus help to

prevent bacteria and fungi from infecting cultures. While these

additives are not a substitute for good cell culture practice, they

can be useful for maintenance of infection-free cells, if contam-

ination is envisaged to be a problem.

Cells are typically grown as a monolayer on a flat surface, most

commonly in culture flasks or sometimes in Petri-dishes with med-

ium as a source of nutrition and at body temperature (378C).

Medium is often supplemented with bovine serum and L-glutamine

to aid cell growth. When reaching confluency, cells are sub-cultured

so as to avoid complications from senescence or nutrient-exhaus-

tion from medium. To sub-culture, cells are cleaved from the bottom

of their culture dish (with trypsin and/or EDTA) and a quantity
 methods

Disadvantages

� Variability in cell size and shape if not as fixed

cell no./well
� DIY plate-coating is relatively labour intensive

� More expensive if using specialised plates

� Labour intensive if preparing plates in-house
� Small culture volume makes medium exchange,

without disturbing cells, difficult (proposed easier

handling with commercially available formats)

� Specialised equipment required

� No control over cell no./size of spheroid (can be
overcome by additional culture step; see ‘Forced-floating methods’)

� Time consuming for HTS due to extra step

required for homogenous spheroids
� Cells possibly exposed to shear force in spinner

flasks (may be problematic for sensitive cells)

� Can be expensive for large-scale production

� Can have difficulty in retrieving cells following

3D culture formation

� Specialised equipment required adding expense

� Further analysis of 3D cultures produced may

be difficult

www.drugdiscoverytoday.com 241
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of the cells is re-seeded into a flask for continued growth of the cell

line.

While continued development of this technique over the past

century has been of fundamental importance, developments in

the form of 3D cultures have highlighted some of the shortcom-

ings of 2D monolayers. The correlation of results from 2D cultures

to real-life in vivo scenarios has been questioned. Differences in cell

morphology, polarity, receptor expression, oncogene expression,

interaction with the ECM (including the basement membrane)

and overall cellular architecture have been noted between cells

grown as 2D monolayers and what is observed in vivo. As a result,

more attention is shifting to 3D culture methods as it has been

suggested and, indeed, verified in many reports, that cells grown in

3D are more representative of what occurs naturally in vivo. The

differences between cells grown in 2D and 3D will be discussed in

detail below (see ‘Supporting evidence for the importance of

including 3D cultures’).

3D cell culture: adding a new dimension to drug
discovery
To improve drug development using 3D culture, the functional

unit of tissues must be considered rather than single cells. Mam-

mary tissue comprises epithelial cells that have a distinguished

cellular architecture. These cells have specialised cell–cell contacts,

a polarised morphology and are attached to an underlying base-

ment membrane. The maintenance of these features is essential for

normal function of the tissue, including proliferation, differentia-

tion, survival and secretion [17,18]. The functional unit in breast

tissue, as described by Bissell et al. [9], includes the cells plus their

ECM. Therefore, the use of 3D cell culture, which allows the

growth of multi-cellular 3D cultures that retain essential features

of typical breast tissue and can (depending on the method) incor-

porate elements of ECM, may be invaluable to the drug develop-

ment process. While the perfect method for 3D cell structures may

not yet have been determined, methods have been developed

based on our knowledge of cellular/tissue architecture, in efforts

to produce the most in vivo-like structures possible. The more

commonly used 3D culture methods are detailed below, while

some newer methods are also discussed (Fig. 1 and Table 1).

Forced-floating methods
A relatively simple method for generating 3D spheroids is to

prevent their attachment to the vessel surface by modifying the

surface, resulting in forced-floating of cells (Fig. 1a). This promotes

cell–cell contacts which, in turn, promotes multi-cellular sphere

formation [19]. Using this approach, Ivascu and Kubbies [20]

developed a method for producing 3D spheroids from cancerous

and non-cancerous cells which enables the rapid production of

spheroids in round or conical bottomed 96-well plates. In brief,

plates were coated with 0.5% poly-2-hydroxyethyl methacrylate

(poly-HEMA) and dried for three days before the addition of cells.

The poly-HEMA prevents cells from attaching to the surface of the

wells. In their studies, a cell suspension was seeded and plates were

subsequently centrifuged to encourage cells to co-localise and thus

adhere to each other. A panel of eight breast cancer cell lines

(MCF7, T-47D, MDA-MB-435, MCF7-ADR, MDA-MB-231, MDA-

MB-468, SKBR3, MDA-MB-361) were tested. While some cell lines

(MCF7, T47D, MDA-MB-435, MCF7-ADR) formed spheroids with
242 www.drugdiscoverytoday.com
this method, others (MDA-MB-231, MDA-MB-468, SKBR3, MDA-

MB-361) produced cell aggregates only, that is, where cells accu-

mulated loosely together, but did not form tightly packed spher-

oids. The addition of 2.5% liquid reconstituted basement

membrane (rBM) to suspensions of cell lines that produced aggre-

gates circumvented this problem. This addition enabled all cell

lines tested to generate compact 3D spheroids within 24 hours of

centrifugation.

The forced-floating method of spheroid generation has many

benefits. It is simple and generally reproducible, as equal numbers

of cells can be seeded in each well for generation of consistent

spheroids. Accordingly, the sizes of spheroids are adjustable, that

is, for larger spheroids simply seed larger quantities of cells. The

spheroids generated are easily accessible for experimentation on

single spheroids where relevant, making this method compatible

with high-throughput drug testing [20]. As these 3D spheroids are

typically generated in a 96-well plate, large numbers of morpho-

logically homogenous spheroids are easily produced. This is ideal

for high-throughput investigations into the efficacy versus toxi-

city of drugs, gene expression in spheroids, and numerous other

cellular and biochemical assays.

On the basis of the same principle of simply preventing cell

attachment to the culture vessel, 3D cultures can be formed by

using 1.5% agarose in culture medium to form a thin coating over

culture dish surface. The agar prevents cell adhesion to the surface,

thus resulting in the establishment of 3D spheroids [21,22]. The

forced-floating method using agar is simple and inexpensive, and

is proposed to allow for long-term culture of cells (more than 20

days) [21]. In fact, this method shares may of the advantages and

limitations of the p-HEMA method [22].

A drawback with the forced-floating method, using either agar

or poly-HEMA, is the time and work necessary to coat the plates

before cell seeding. This adds an extra step to each assay per-

formed, that is, whether using agar-coated plates which requires

autoclaving of agar before its application [21] or poly-HEMA which

takes a few hours to dissolve in 95% ethanol (granted, this latter

step need not be performed each time as p-HEMA can be prepared,

aliquoted and stored). Precoated low cell adhesion plates are

commercially available and so remove the need for including a

plate-coating step; however, it must be considered that the pur-

chase of precoated plates increases overall costs compared with in-

house precoating. Examples of commercially available precoated

plates include the PrimeSurface low adhesion culture plate from

Sumitomo Bakelite [23] and Lipidure-coated plates (Table 2) [24].

Hanging drop method
The hanging drop method (Fig. 1b) of 3D spheroid production is

an adaption of the method used by Harrison. This method,

adapted by Kelm et al. [25], uses a small aliquot (typically 20 ml)

of a single cell suspension which is pipetted into the wells of a 60-

well MicroWell MiniTray (Nunc). Similarly to forced-floating, the

cell density of the seeding suspension (e.g. 50, 100, 500 cells/well,

among others) can be altered as relevant, depending on the

required size of spheroids. Following cell seeding, the tray is

subsequently inverted and aliquots of cell suspension turn into

hanging drops that are kept in place due to surface tension. Cells

accumulate at the tip of the drop, at the liquid–air interface, and

are allowed to proliferate. Moisture levels are maintained using



Drug Discovery Today � Volume 18, Numbers 5/6 �March 2013 REVIEWS

(d) Matrices and scaffolds– some available
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Drug Discovery Today 

FIGURE 1

Methods available for 3D multi-cellular spheroid formation. These methods include forced-floating of cells; hanging drop methods; agitation-based approaches;

the use of matrices or scaffolds; and microfluidic systems.
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bioassay dishes which act as moisture chambers and cells are

incubated as per standard cell culture procedures.

The hanging drop method is relatively simple and has been

reported to have a reproducibility of almost 100% for producing

one 3D spheroid per drop, for numerous cell lines [25]. Spheroids

produced are tightly packed spheroids, rather than loose cell

aggregates, and they show low variability in sizes. Using HepG2

liver cancer cells and MCF-7 breast cancer cells as examples, Kelm

et al. [25] reported that 3D spheroids produced were patho/phy-

siologically relevant, as the resulting 3D structures are highly

organised, produce their own ECM, and were thus described as

‘tissue-like’. As this method is also based on cells natural tendency

to adhere to each other as opposed to relying on matrices or

scaffolds, this removes concerns regarding the effects that these

products may have on the 3D structures formed. A potential
drawback of the hanging drop, however, is the limitation of the

volume of the liquid drop containing cells. This method can

typically accommodate a volume of up to 50 ml maximum (includ-

ing the drug test medium), as the surface tension that keeps liquids

attached to the culture surface does not support larger volumes

[26]. Another limitation of the hanging drop method performed in

this way is the difficulty in changing culture medium, due to

difficulty in aspirating spent medium without disturbing the

spheroid.

3D Biomatrix (http://3dbiomatrix.com/) have developed a 384-

well hanging drop plate that is claimed to support 3D cell culture

on a larger scale [27]. This platform allows for large numbers of 3D

spheroids to be produced using one plate. The system incorporates

a bottom tray that includes a liquid reservoir to prevent evapora-

tion/drying-out, a hanging drop plate that sits into the tray and
www.drugdiscoverytoday.com 243
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TABLE 2

3D culture product information

Method type Product Example relevant companies

Forced-floating PrimeSurface low adhesion culture plate Sumitomo Bakelite – http://www.sumibe.co.jp/english

Lipidure-coated plates NOF Corporation – http://www.nofeurope.com

Happy Cell Media Happy Cell – http://www.happy-cell.com

Hanging drop Perfecta3D Hanging Drop Plates 3D Biomatrix – http://3dbiomatrix.com

GravityPLUS platform InSphero – http://www.insphero.com

Agitation-based approaches Spinner Flasks Wheaton – http://www.wheatonsci.com

Spinner Flasks Corning – http://www.corning.com

Rotary Cell Culture Systems Synthecon – http://www.synthecon.com

Matrices Matrigel BD Biosciences – http://www.bdbiosciences.com

PathClear Grade Basement Membrane Amsbio – http://www.amsbio.com
ECM gel Sigma–Aldrich – http://www.sigmaaldrich.com

ECL Cell Attachment Matrix Millipore – http://www.millipore.com

Geltrex Invitrogen – http://www.invitrogen.com

Scaffolds Perfecta 3D Cell Culture Scaffolds 3D Biomatrix – http://3dbiomatrix.com
3D Biotek 3D Insert Scaffolds Sigma–Aldrich – http://www.sigmaaldrich.com

Cytodex 3 microcarrier beads GE Heathcare -http://www.gehealthcare.com/eueu/

ProNectin F coated microcarrier beads Solohill – http://www.solohill.com/

Global Eukaryotic Microcarriers Global cell solutions – http://www.globalcellsolutions.com/
Alvetex Scaffolds Amsbio – http://www.amsbio.com

Microfluidic cell culture platforms Microchannel 5250 Assay Plate BellBrook Labs – http://www.bellbrooklabs.com

MiCA plate CellASIC – www.cellasic.com/3D
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has access holes for cell suspension samples to be placed to form

hanging drops, and a lid. While the issue of small sample volumes

cannot be overcome by this new platform (volumes of �10–20 ml

are recommended), due to its design this format removes the

difficulty experienced in traditional cell culture methods with

regards to changing growth medium. Specifically, the plate is

designed such that the top of the hanging drop is accessible

and enables 5 ml of medium to be removed and 7 ml to be replaced

at a time (compensating for medium evaporation) [27]. This

hanging drop plate makes cell spheroid production and handling

easier (than, e.g. using an inverted 60-well tray) and enables 3D

cultures produced to be tested in a high-throughput manner.

InSphero (http://www.insphero.com/) has also developed a

hanging drop plate for 3D cell culture. This is of similar design

to the plate from 3D Biomatrix in that seeding and medium

exchange can occur at an opening at the top of the drop. The

InSphero plate system also includes a ‘trap plate’ which apparently

allows for easy harvesting of cultures formed. The trap plate is

placed under the cell culture plate, surplus medium is added to the

hanging drops so that the drops get too heavy to remain attached

to the culture surface and so drop into their respective wells of the

trap plate. The trap plate has a non-adhesive coating to ensure

cultures remain in suspension to allow further culture or assays to

be performed.

Agitation-based approaches
Agitation-based approaches for the production of 3D spheroids

can be loosely placed into two categorise as (i) spinner flask

bioreactors [19,28] and (ii) rotational culture systems [29]. The

general principle behind these methods is that a cell suspension is

placed into a container and the suspension is kept in motion, that

is, either it is gently stirred or the container is rotated. The

continuous motion of the suspended cells means that cells do
244 www.drugdiscoverytoday.com
not adhere to the container walls, but instead form cell–cell

interactions.

Spinner flask bioreactors. Spinner flask bioreactors (typically

known as ‘spinners’) (Fig. 1c-i) include a container to hold the

cell suspension and a stirring element to ensure that the cell

suspension is continuously mixed [28]. Spinners offer a simple

method of 3D cell spheroid generation and, depending on the size

of the bioreactor, can enable large yields of spheroids to be

produced [19]. The design of the spinner/bioreactor facilitates a

certain amount of control over culturing; for example, medium

can frequently be changed to allow for long-term culture of 3D

spheroids. Additionally, the motion of culture fluids that are

fundamental to this method is thought to assist the transport of

nutrients to, and waste products from, the spheroids [28]. A draw-

back of using a spinner flask is that the sheer force experienced by

cells, due the motion of the stirring bar through the cell suspen-

sion, can adversely affect the cellular physiology [19]. Also, the

medium requirements of spinner flasks are, understandably, much

larger than those of stationary cultures such as plate-based

approaches, that is, typically approximately 100–300 mL in spin-

ner flasks (depending on the flask size) compared with approxi-

mately 15–20 mL for stationary approaches [30]. Furthermore,

batches of 3D spheroids formed in spinner flasks are typically of

a broad range of sizes and so would require subsequent manual

selection to obtain a group of similarly sized 3D spheroids for

analysis, if spheroids of the same/similar size are required for drug

screening assays [19]. To overcome the issue of generating spher-

oids of non-uniform size, spheroids may initially be formed in

agarose-coated wells of a 96-well plate as in ‘Forced-floating meth-

ods’ and subsequently transferred to spinner flasks for culturing

[31]. This combined method of forced-floating followed by spinner

flask allows 3D spheroids of equal size/cell number to be grown in

an environment where nutrients and oxygen can be controlled

http://www.insphero.com/
http://www.sumibe.co.jp/english
http://www.nofeurope.com/
http://www.happy-cell.com/
http://3dbiomatrix.com/
http://www.insphero.com/
http://www.wheatonsci.com/
http://www.corning.com/
http://www.synthecon.com/
http://www.bdbiosciences.com/
http://www.amsbio.com/
http://www.sigmaaldrich.com/
http://www.millipore.com/
http://www.invitrogen.com/
http://3dbiomatrix.com/
http://www.sigmaaldrich.com/
http://www.gehealthcare.com/eueu/
http://www.solohill.com/
http://www.globalcellsolutions.com/
http://www.amsbio.com/
http://www.bellbrooklabs.com/
http://www.cellasic.com/3D
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relatively easily and prolonged culture times are possible [30]. For

drug screening purposes 3D spheroids would, of course, have to be

re-plated into suitable dishes (e.g. 96- or 384-well plates), overall

resulting in a number of necessary consecutive steps before drug

screening (i.e. 96-well plates for forced-floating to form uniform

spheroids; then spinner flasks; then 96- or 384-well plates for drug

screening), which adds to the labour involved. Commercially

available spinner flasks include Wheaton Spinner Flasks and spin-

ner flasks from Corning (Table 2).

Rotating cell culture bioreactors. Rotating cell culture bioreactors

(Fig. 1c-ii) function by similar means as the spinner flask bioreactor

but, instead of using a stirring bar/rod to keep cell suspensions

moving, the culture container itself is rotated. The rotating wall

vessel (RWV), developed by NASA in 1992, was designed to mimic

microgravity and exert a low sheer force on cells in culture. It

comprises a culture chamber(s) which screws onto a rotator that

slowly rotates the chamber(s) about a horizontal axis. The con-

stant motion prevents cells from adhering to the chamber walls

and the speed of rotation can be adjusted to achieve optimal

culture. For example, at the beginning of a culture when cells

are still in single cell suspension, the culture chamber may be

rotated at 15 rpm; however, once cells begin adhering to each

other and forming larger 3D structures, the speed of rotations may

be increased so as to keep heavier spheroids in suspension. As the

culture chamber rotates, so does its contents; which results in low

sheer force experienced by the contents of the chamber [29]. This

low sheer force is one of the main advantages of using the NASA

Rotary Cell Culture System. Other advantages and limitations of

this bioreactor are similar to those of the spinner flask; it follows a

relatively simple method, enables large-scale production of 3D

cultures, and allows for long-term culture of 3D spheroids. Ease in

changing culture medium is also claimed for this method [32]. The

limitations of using the NASA bioreactor are that it requires

specialised equipment and – unless a pre-96-well plate culture

step is included, as described for spinner flasks – there is no way

of controlling the number of cells contained within the spheroids

produced, which may necessitate manual selection of approxi-

mately homogeneously sized spheroids [19]. Commercially avail-

able forms of this are available by Synthecon (http://

www.synthecon.com/) and retail as Rotary Cell Culture Systems

(Table 2).

Matrices
As mentioned above, the make-up of mammary glands is complex

and includes an organised branched network of ducts from epithe-

lial cells [33]. Epithelial cells that make up mammary tissue

develop in this highly organised manner by interacting with

neighbouring cells and their ECM, including the basement mem-

brane to which they are attached. Signals between these breast

tissue components enable cells to arrange themselves in an appro-

priately organised way within the tissue. As ECM affects cellular

organisation and cell function, 3D culture methods that incorpo-

rate ECM arguably help to better mimic in vivo situations, as they

allow for cell–ECM interactions [e.g. Fig. 1d].

Matrigel (BD Biosciences) (Table 2) is an example of a commer-

cially available ECM that can be used to support 3D culture. It is

composed of Engelbreth–Holm–Swarm (EHS) mouse tumour cell-

derived basement membrane proteins which include collagen IV,
laminin, perlecan, entactin, matrix metalloproteinase-2 and

growth factors [34]. Accordingly, the use of Matrigel, which

incorporates extracts of the basement membrane that are essential

for cell differentiation, enables the generation of 3D breast cancer

cell spheroids that may develop in a natural way, as they have

required components for cellular signalling in their organised

structure. Cells grown on, or in, ECM interact with each other

in 3D and, as they continue to grow, they develop into structures

similar to those found in the tissue from which the cells originated

[34]. For example, MCF7 cells growing in Matrigel form a stromal

support structure [28]. Examples of other commercially available

forms of ECM include PathClear Grade Basement Membrane

Extract (Amsbio); ECM gel (Sigma–Aldrich); ECL Cell Attachment

Matrix (Millipore); Geltrex (Invitrogen) (Table 2).

There are two commonly used methods for spheroid generation

in ECM. In the first, cells are embedded and grown within the gel;

in the second, the cells are grown on top of the gel [35]. The use of

ECM to culture 3D spheroids while arguably more cumbersome/

laborious than some other methods (e.g. simply seeding cell onto

p-HEMA-coated plates followed by centrifugation) is still a rela-

tively easy and, therefore, a popular method; particularly as sterile

ECM is commercially available. Additionally, forms of ECM with

variations in the standard components are available. For example,

ECM variations that are depleted of specific growth factors, those

with higher levels of collagen IV, or supplemented with cartilage

matrix molecules, can be obtained; which allows for ECM types to

be chosen according to experimental requirements [34]. A poten-

tial drawback of using this approach is that ECM is a biological

substance and, therefore, its exact composition varies between

batches. Also, the costs associated with purchasing the matrix

must be taken into account when considering large-scale produc-

tion of 3D spheroids for high-throughput drug testing [36].

Furthermore, spheroid sizes tend not to be uniform, which may

be undesirable for reproducible high-throughput drug testing.

Perhaps the biggest issue with using ECM for this purpose is that

cells tend to be unevenly distributed throughout the product. This

can result in spheroids overlapping with each other while in

culture, which is undesirable when single spheroid analysis is

required [36].

A modified protocol for growing cells in ECM is proposed to

rectify this problem. Specifically this uses an array-based system

applying soft lithography to produce a micropattern of squares or

circles in the ECM. These individual microstructures are produced

as part of a main platform and form buried wells or free-standing

structures of ECM in these patterns upon – or within – which cells

can be seeded and cultured as single spheroids. This compares

favourably to the unorganised and overlapping 3D spheroids that

can occur with typical ‘embedded’ or ‘on top’ growth of cells [36].

Scaffolds
Prefabricated scaffolds (Fig. 1d) can alternatively be used to aid 3D

culture. Cells seeded into such scaffolds can migrate between fibres

of the scaffolds and attach to them. The interstitial space between

fibres is filled by cells as they grow and divide, forming 3D cellular

structures [37]. Collagen, laminin, alginate [38] and other biode-

gradable materials are commonly used for this purpose [39]. These

products can be processed to form hydrogels for use as 3D cell

culture scaffolds. Gels that incorporate ECM molecules can
www.drugdiscoverytoday.com 245
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apparently communicate in vivo-like cues to cells to enable in vivo-

like cell behaviour [40]. Hydrogels used in this manner are often

porous. This allows oxygen, nutrients and drugs to reach the

proliferating cells and also facilitates removal of waste molecules;

thus providing appropriate cell culture conditions [41]. The size of

pores in a hydrogel can be manipulated as necessary during

production [42], enabling hydrogels to be engineered to suit

experimental requirements, for example, for hypoxia or drug-

based studies. An example of a hydrogel suitable for 3D culture

is HuBiogel from Vivo Biosciences (http://www.vivobiotech.com/

).

Hydrogels can also form the base for cell-compatible microcar-

riers, which are tiny spheres (generally <500 mm) that have surface

areas of up to 500 cm2/g that enables a large number of cells to be

cultured at any one time using small volumes of medium [40].

Microcarriers can be coated with cell adhesion promoting sub-

strates (e.g. gelatin, collagen) and are generally compatible for use

in typical bioreactors for cell culture. Examples include Cytodex 3

microcarrier beads from GE Heathcare (http://www3.gehealthcar-

e.com/en/Global_Gateway) and ProNectin F coated microcarrier

beads from Solohill (http://www.solohill.com/) (Table 2). Global

Cell Solutions (http://www.globalcellsolutions.com/) also supply

microcarriers suitable for 3D culture. These Global Eukaryotic

Microcarriers (GEMs) have an alginate core that also encorporates

magnetic paticles and is covered in a layer of gelatin. They are

designed for use in the BioLevitator benchtop incubator. These

GEMs have the advantages of a hydrogel from the alginate core

and have the ability to culture large cell numbers due to their large

surface area. They also have the additional benefit of the magnetic

elements in the core which allows for control over the cultures

during media exchange or culture harvesting. The downside to

these carriers is the requirement of specialised equipment.

Microfluidic cell culture platforms
Microfluidic platforms (Fig. 1e) may also be useful for drug screen-

ing (e.g. [43]); however, many of these microfluidic channel-based

systems only support 2D cultures that, arguably, do not represent

the in vivo environment [44]. Toh et al. [39] described a micro-

fluidic system that supports 3D culture. This system comprises a

main microfluidic channel within which is an array of micropillars

through which a cell suspension is passed. The micropillar array is

designed to immobilise passing cells within the pillars and sup-

ports their growth, thus enabling cell–cell interactions. A collagen

matrix is then passed through the system and forms a thin layer

over the cells, conforming to their shapes and allowing for cell–

matrix interactions. This system is proposed to have potential for

high-throughput drug testing and to be compatible with high

content analysis, due to its ability to be imaged in multi-dimen-

sions (x, y and z). Additionally, this system is claimed to enable

qualitative and quantitative analysis, while minimising reagent

volume [45]. Limitations of microfluidics platforms can include

the lack of opportunity to retrieve and extensively characterise the

cell spheroids formed. For other examples of microfluidic plat-

forms that support 3D cell culture; see [46,47] and review [48].

The MiCA plate [by CellASIC (http://www.cellasic.com/)] and

the iuvo Microconduit Array Platform [by BellBrook Labs (http://

www.bellbrooklabs.com/)] are examples of such commercially

available products (Table 2). The MiCA plate comprises a 96-well
246 www.drugdiscoverytoday.com
plate format that consists of an array of 32 independent functional

units. Each unit is composed of an inlet well, a culture chamber,

and an outlet well – all of which are connected. Fluid flow through

the microfluidic units is pump-free and is facilitated by gravity and

surface tension. Cells are seeded onto the culture chamber, 300 ml

of medium is placed into the inlet well and 30 ml into the outlet

well. Gravity drives flow from the fuller inlet well through the

culture chamber to the less full outlet well to balance out differ-

ences in pressure between the wells, thereby enabling pump-free

flow through the unit. In this manner, continuous perfusion of the

culture can be maintained by re-filling the inlet and emptying the

outlet [49]. Cells can be resuspended in ECM before seeding to

facilitate 3D culture. This is also feasible with the MiCA plate. This

platform enables long-term perfusion experiments in 3D, ease of

access to cells through the open top culture chamber, and it

requires small fluid volumes.

The iuvo Microconduit Array Platform uses passive pumping of

fluid between two inlets (one large and one small) with a con-

necting channel. No specialised equipment is needed to perform

assays using this technology, cells are easily viewed under a

microscope and fluid samples required for use are small. A poten-

tial drawback for this method is that performing further analysis

(e.g. immunoblot) of 3D samples produced following use of micro-

fluidic plates could be difficult, due to the small sample volumes

produced per plate.

Supporting evidence for the importance of including
3D cultures
Apart from the differences in the spatial arrangement of cells when

grown in 2D or 3D, there are a number of biological differences

that contribute to how the cells are exposed and thus react to

therapeutic agents. The substantial effects that the microenviron-

ment of a cell can have on its behaviour are well documented

[9,10]. For example, in a study by Weaver et al. [10], non-malignant

HMT-3522 breast cells and malignant HMT-3522 type cells were

grown in 3D using Matrigel. The normal cells formed organised,

polarised acini, similar to those found in healthy breast tissue. The

cancerous cells, however, formed disorganised, loose aggregates.

Both normal and cancerous cell types were treated with antibodies

against b1-integrin, the surface receptor of which was found to be

overexpressed on the cancerous cells. Treatment of the normal

cells with these antibodies resulted in apoptosis, but treatment of

cancerous cells resulted in an apparent reversal of phenotype back

to the normal cell type, where cells appeared to lose their abnormal

shape and growth patterns and become indistinguishable from

normal cells. A similar result was not observed when the same cells

were grown in 2D; indicating that extracellular cues can affect

cellular phenotype and, in this case, cellular phenotype was pro-

posed to be dominant over genotype [10].

Another example of an alteration of cellular architecture

between 2D and 3D cells was observed in the growth of SKBR-3

cells that overexpress HER2, an oncogene found to be overex-

pressed in approximately 25% of breast tumours [50]. Cells grown

as 3D spheroids using p-HEMA-coated plates had HER2 homodi-

mers form; while in 2D cultures, HER2 formed heterodimers with

HER3 [51]. Furthermore, in 3D versus 2D culture, epidermal

growth factor receptor (EGFR) levels were slightly reduced;

phosphorylation of HER2, HER3 and EGFR was enhanced; and

http://www.vivobiotech.com/
http://www3.gehealthcare.com/en/Global_Gateway
http://www3.gehealthcare.com/en/Global_Gateway
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activated Akt was downregulated. Finally, when a fixed concen-

tration of trastuzumab (a monoclonal antibody that targets HER2)

was added to the cells, 2D cultures underwent approximately 16%

reduction in proliferation, whereas proliferation in 3D spheroids

was reduced by a considerable 48%. This indicates that the archi-

tecture of 3D spheroids differs from that in 2D and that the

targeted anti-cancer drug, trastuzumab, has a dramatically differ-

ent effect on cells grown in monolayer as compared to those in 3D,

due to differences in the cell surface molecules and thus intracel-

lular signalling events. Pickl and Ries [45] concluded the 3D

cultures to be more representative of the HER2 signalling pathway

in tumours in vivo.

This difference with sensitivity to drug exposure between cells

grown in 2D and 3D has also been shown with classical che-

motherapy drugs. Using the hanging drop method to generate

3D spheroids, Tung et al. [24] presented data indicating that

A431.H9 cells grown in 2D and 3D show differences in viability

when treated with the same concentrations of 5-fluorouracil (5-

FU) and tirapazamine (TPZ). In the case of 5-FU, 2D cultures were

reduced to approximately 5% viability following a 96-hour treat-

ment (5-FU; 10 mM), whereas 3D cells treated with the same con-

centration and duration remained at 75% viability; indicating that

these 3D spheroids were more resistant to the antiproliferative

effects of 5-FU. Conversely, cells treated for 96 hours with TPZ

(10 mM) in 2D exhibit cell viability of 72%, whereas corresponding

3D cultures had a viability of just 40%. In this case, the 2D cells

were more resistant to the effects of TPZ. This was reasoned to have

occurred due to the mechanism of TPZ which, as a hypoxia-

activated cytotoxin, was activated moreso in the 3D scenario as

the core of the spheroids are hypoxic due to the limited ability of

oxygen to diffuse to the centre of the spheroid. Consequently, TPZ

was further activated in 3D cells due to the higher levels of hypoxic

cells than in 2D, resulting in 3D cells being more sensitive to the

drug. These data show that the manner in which cells are cultured

(i.e. 2D or 3D) can substantially alter the effect of a drug on the

cells. Also, this research highlights the fact that cells in 3D do not

necessarily exhibit a higher drug resistance, but that it is a combi-

nation of the specific drug and the cellular environment that

influence the cells’ reaction [27]. The hypoxic core described by

Tung et al. [27] mimics the hypoxic core found in solid tumours

that occurs due to poor oxygen diffusion into cells at the centre of

a cancerous mass, as oxygen cannot diffuse past an approximate

200 mm limit [52]. Up to 60% of solid tumours have hypoxic

regions within their structure [53]. This further supports the 3D

spheroid tumour models as relevant for investigating effects of

drugs intended for use on solid tumours, as hypoxia has many

effects in tumour biology, some of which can affect drug

responses. For example, hypoxia can enhance receptor tyrosine

kinase-mediated signalling, it can cause pro-survival alterations in

expression of genes that suppress apoptosis, and it can affect DNA

repair pathways [52].

The hypothesis that differences in culture environment can

affect how cells will respond to drug treatment is supported by

findings that cells grown as spheroids exhibiting polarised 3D

architecture and show difference in resistance to apoptosis and

chemotherapeutic drugs (in addition to those mentioned above)

when compared to 2D controls [54]. For example Li et al. [47]

showed that MCF10A cell variants in 3D exhibit a higher resistance
to doxorubicin compared to 2D controls [55,56]; SA87, NCI-H460

and H460M cells grown in 3D have higher resistance to 5-FU and

doxorubicin than those in 2D [48]; and MCF-7 cells grown in 3D

and then treated with tamoxifen are less susceptible to the cyto-

toxic effects of the drug than cells grown in the same tamoxifen

concentrations, but in 2D [49].

In vivo, tumours can develop drug gradients, due to poor drug

uptake by a tumour or poor distribution of drugs within a tumour.

This phenomenon can reduce therapeutic effects of a drug at the

target site [57,58]. The rate at which drugs diffuse into a cancerous

mass effects the efficiency of treatment with that drug; therefore, it

is an important pharmacokinetic feature that should be replicated

in cell-based in vitro drug development assays. Thurber and

Wittrup [58] discuss the distribution of drugs in tumours com-

pared to 3D spheroids. While the variabilities noted as contribut-

ing to drug penetration of a tumour in vivo were found to be a

function of concentration and exposure time, variabilities that

effect drug penetration of multi-cellular spheroid included drug

dose, antigen density (for antibody-based therapy), incubation

time and spheroid size. Spheroids used for this study were gener-

ated using the hanging drop method and were found to closely

replicate drug diffusion observed in the in vivo scenario. This

indicated that 3D spheroids would be useful for pre-in vivo drug

screening during development. Similarly, others have reported

that drug diffusion through cells is reduced in 3D spheroid [59,60].

Concluding remarks
Cells naturally grow in a 3D environment. The spatial arrange-

ment of cells within this environment, including the ECM, affects

how they interact with each other and their microenvironment. In

turn, these signals affect proliferation, differentiation, morphol-

ogy and a range of cellular functions [9,10]. Therefore, when drug

candidates are being tested using cell-based assays, the culture

methods used should mimic the most natural in vivo representative

form possible. The most natural, tissue-mimicking method of cell

growth for drug discovery applications is, arguably, 3D. The drug

development process requires further refinement as regards to

screening anti-cancer therapeutics [61] to make the process more

cost-efficient and to sieve out poorly performing compounds at

the earliest stage possible. It appears that the best way to improve

on this situation is to improve in vitro screening of candidates by

routinely incorporating the analysis of 3D cell spheroids into the

process.

3D cell culture is an evolving field and requires further research

for its optimisation. While a number of methods for multi-cellular

3D spheroid generation exist, it appears that different cell lines

react differently when cultured using the same method. For exam-

ple MCF7 cells form tight 3D spheroids when grown over p-HEMA-

coated plates, while SKBR3 cells only form loose aggregates [20]. It

is, therefore, evident that some clarity is needed regarding what

method is best for generation of 3D spheroids from individual cell

lines. Additionally, the best established 3D culture methods cur-

rently available produce avascular tumour models that partly

mimic the architecture of in vivo tissues, but leave out the vascu-

larisation aspect of tumour development; which is a hugely sig-

nificant part of true tumorigenesis. While some groups have

recently reported methods for producing 3D cultures that can

incorporate angiogenesis, these methods are limited and are yet
www.drugdiscoverytoday.com 247
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to be widely established as a technique suitable for in vitro high-

throughput drug analysis [62,63]. Thus, the emergence of methods

that incorporate the angiogenesis process will, undoubtedly, pro-

vide better means of mimicking real tumours and such spheroids

would, arguably, provide more meaningful data if used in drug

discovery/development, drug combination assessment and drug-

scheduling. Ideally, such 3D cultures would include co-culturing

with other relevant cells that are present in human tumours and

would be further developed to represent in vivo situations in as best

a manner as is possible.

To improve and build on the current drug development process,

new ideas and methods must be taken on board to achieve success.

Both established and emerging methods must be critically eval-

uated and compared; considering likeness, first and foremost, to

real tissue and tumour architecture; as well as ease of applications

in high-throughput scenarios; and, of course, costs. While the
248 www.drugdiscoverytoday.com
generation of 3D culture can be more labour-intensive that 2D

culture, the routine incorporation of these multi-cellular spher-

oids into in vitro drug efficacy and toxicity testing during devel-

opment will very probably generate more accurate results than the

use of monolayer cultures alone, and should better indicate in a

timely manner which candidate compounds will/will not have the

desired effects on target cells. It is feasible to propose that the

routine inclusion of 3D cultures will effectively bridge the gap

between in vitro 2D assessment and animal models of disease, fast-

tracking drug screening and, hopefully, yielding more effective

and less toxic drugs as future therapies.
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