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Abstract 

For decades, 2D cell culture format on plastic has been the main workhorse in cancer 

research. Though many important understanding of cancer cell biology were derived using 

this platform, it is not a fair representation of the in vivo scenario. In this review, both 

established and new 3D cell culture systems are discussed with specific references to anti-

cancer drug and nanomedicine applications. 3D culture systems exploit more realistic spatial, 

biochemical and cellular heterogeneity parameters to bridge the experimental gap between in 

vivo and in vitro settings when studying the performance and efficacy of novel nanomedicine 

strategies to manage cancer. However, the complexities associated with 3D culture systems 

also necessitate greater technical expertise in handling and characterizing in order to arrive at 

meaningful experimental conclusions. Finally, we have also provided future perspectives 

where cutting edge 3D culture technologies may be combined with under-explored 

technologies to build better in vitro cancer platforms.  

 

Keywords: Nanoparticles; Nanotherapeutics; Nanotoxicology; Nanotheranostics; Cell-

nanoparticle interaction; Spheroid; 3D culture  
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1. Overview 

Despite significant advancements in our understanding and development of clinically relevant 

therapies, cancer remains a major threat to human health. In our battle against cancer, in vitro 

cell culture remains a vital experimental model for both fundamental cancer biology studies 

as well as translational drug development testing. Conventionally, cell culture is performed 

on 2D synthetic plastic surfaces in a wide variety of formats. This offers simple, convenient 

and relatively reproducible means of probing biological processes in response to changes in 

the cellular environment, and has served scientists well since the late 19
th

 century. However, 

it is obvious that “life isn’t flat” [1, 2]; most tumors are certainly not. 2D cell culture systems 

are not adequate in recapitulating the complex stimuli that the native 3D environment 

provides [2]. In conventional 2D culture systems, adherent cells typically express surface 

receptors that recognize cell attachment motifs that are adsorbed onto the culture surface. In 

their native 3D environment, cells regulate various functions through discrete interactions 

with the extracellular matrix (ECM) often not on a single planar surface that defines the 

physical, mechanical and biochemical characteristics of each tissue environment [3]. Not 

surprisingly, cellular interactions with their environment are highly complex and varied in 

diverse ECM makeup and configuration in different geometries, which in turn directly affect 

cell phenotype. 

 

Inevitably, using the approach of 3D cell culture is fast gaining popularity. A search on 

PUBMED using the keywords “3D cell culture” presented an exponential increase in the 

number of publications on this topic (Figure 1). Even then, it has been estimated that less 

than 25% of all cell culture work is currently done in 3D, while only 30% of cell culture 

scientists would switch from 2D to 3D cell culture by 2015 [4]. It is therefore expected that a 

clear shift in cell culture paradigm towards 3D systems will happen over the coming years.  
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Consequently, 3D cell culture systems have also permeated into cancer research [5]. 

Pioneering work by Mina Bissell’s group was central in providing the early experimental 

evidence that moving cell cultures into 3D systems made a difference. The group showed that 

when β1-integrins on breast cancer cells were blocked in 3D spheroid cultures they regained 

their normal morphology and became non-cancerous [6]. This phenomenon was not observed 

in 2D cultures. In addition, protein secretion functions of mammary epithelial cells were 

enhanced only when they were organized into 3D acinus structures [7].  

 

An exciting development in cancer therapy research is the introduction of nanomedicine. 

Nanomedicine is broadly defined as the use of nanotechnology in medicine [8]. Among the 

many manifestations of this definition the use of mobile engineered nanomaterials, generally 

termed nanoparticles, with respect to cancer research and treatment is one of the most 

intriguing. This is not only because of the versatility of these nanoparticles but also because 

of the multitude of nanoparticle parameters that could influence the complex biological 

outcomes through direct and indirect interactions with biological systems. These parameters 

include the chemical (composition of material and surface groups reactivities) and physical 

(shape, size, surface charge and surface area-to-volume ratio) characteristics of the 

nanoparticles, which directly influence the modes of their interaction with the surroundings 

and their state of aggregation in different media. This multitude of parameters coupled with 

the current know-how in synthesizing nanoparticles means that it is now possible to produce 

nanoparticles of almost infinite configurations [9, 10]. Promising demonstrations of using 

engineered nanoparticles as cancer therapeutics (nanotherapeutics) have been reported [8]. 

Nanoparticles in general, can act as drug carriers [11], delivery vehicles for receptor ligands 
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and agents to improve imaging and targeting [12-16]. They can also interfere with intricate 

cell biology to effect a desired outcome [17-25] and even directly as a “drug” [21, 26-30]. 

 

The marrying of 3D cell culture and nanomedicine will bring many exciting possibilities and 

open up new and promising frontiers to help advance our understanding of cancer and 

develop new cancer therapies. This review summarizes the significant developments in this 

field over recent years and takes a peek into what the 3D culture future holds. 

 

2. Potential roles of nanomedicine in managing cancer 

 

Nanomedicine refers to a wide range of applications of nanotechnology in medicine. These 

applications include drug delivery, therapeutics, imaging, diagnostic and active implants, 

among others. Comprehensive reviews of nanomedicine applications are now widely 

available [8, 31-35]. Mobile nanoparticles are particularly interesting in nanomedicine 

applications because they have the potential to reach parts of an organ or tissue that are hard 

to access using conventional approaches. 

 

This suggests that nanoparticles can act as vehicles to transport specific agents to parts of the 

body, or even as the bioactive agents themselves to elicit a certain biological response. By 

designing nanoparticles with specific configurations of composition, size, shape, charge and 

surface functionalization, it may even be possible to achieve targeted delivery or homing of 

these particles to a specific location [12, 36-42]. Given this possibility, it was natural that 

nanoparticles began to be explored in cancer – for both research and therapy. Possible uses of 

nanoparticles in cancer management include photo-thermal and magneto-thermal probes, 

drug- and gene-delivery vehicles or radiation enhancers [11, 15, 43]. To date, applications of 
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nanomedicine in managing almost all types of human cancers have been explored. These, 

including brain [44], head and neck [43], prostate [45], skin [46], liver, pancreatic and 

gastrointestinal tract cancers [47] had all been expertly reviewed in the literature, and only 

broadly presented here. 

 

2.1 Drug carriers 

 

Cancer remains a major threat to human health today, with 1 in 3 people expected to develop 

cancer at some point in their lifetime [48]. Treatment of cancer has advanced significantly 

with the availability of many cancer drugs, mostly as chemotherapy agents, for various 

cancer types. Most of these are currently introduced into the body systemically by 

intravenous infusion. Consequently, in order to achieve desired concentrations within 

cancerous tumors, cancer drugs need to be administered at even higher concentrations, which 

in turn result in toxicity to the surrounding healthy tissues and increase the possibilities of 

side effects. With the discovery that cancer tumors have compromised lymphatic drainage 

and leaky vasculatures, a window of opportunity opened up for free circulating nanoparticles 

to accumulate in tumors, a phenomenon known as the enhanced permeability and retention 

(EPR) effect [49]. There is therefore a natural mechanism in place to allow drug-carrying 

nanoparticles to “home” into tumors and offload the drug. With the intercellular gaps within 

the endothelial layer of tumor blood vessels understood to be 400-600nm wide, at least in 

human colon adenocarcinoma [50], it appears that a wide range of nanoparticles or even 

submicron particles could do the job. Recently, it was also reported that some nanoparticles 

can induce endothelial cell leakiness (NanoEL) by themselves [51], suggesting that there 

could be a way to enhance the EPR effect through direct interaction between nanoparticles 

and the endothelium. 
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Nonetheless, it is likely that the EPR effect needs to be considered along with other 

mechanisms affecting the biodistribution of nanoparticles within an organism. Moreover, the 

EPR effect is only significant in matured tumors where a leaky vasculature exists. To achieve 

targeted delivery, the physicochemical parameters of the nanoparticles are clearly important 

factors. In addition, the ability of nanoparticles to evade clearance mechanisms is a major 

factor too. For instance, Glazer et al [52] showed that gold nanoparticles introduced 

systemically into rabbits implanted with liver Vx2 tumors not only accumulated at the tumors 

but also at the spleen and liver. In fact, after 24 hours the majority of gold nanoparticles were 

found in the liver. If this is indeed the general fate of nanoparticles introduced into the body 

systemically, then the advantage of more efficient cancer drug delivery to tumor sites based 

on the EPR effect could be lost. 

 

2.2 Therapeutics 

 

Advancements in nanotechnology have also given rise to significant concerns over the impact 

of nanomaterials on human health, fuelling the birth and rapid development of the field of 

Nanotoxicology [41, 53-55]. While nanotoxicology is a bane to our well-being, it may turn 

out to be a boon in our fight against cancer. Pristine nanoparticles may potentially be used 

directly as “drugs” to kill cancer cells. Not surprisingly, the potential of this approach has 

been demonstrated using a wide permutation of nanoparticle types and cancer cell lines. For 

example, Gonzalez et al [56] demonstrated that amorphous monodispersed silica 

nanoparticles resulted in genotoxic effects in the human lung carcinoma A549 cells with 

particle number and total surface area being the most important factors. Srivastava et al [57] 
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reported that multi-walled carbon nanotubes (MWCNTs) at concentrations of 10 and 50 

mg/ml induced significant cytotoxicity, oxidative stress and apoptosis in the same A549 cells. 

 

Since the liver tend to be the primary organ where nanoparticles accumulate due to the 

body’s natural clearance mechanism [52], attempts were made to target liver cancer using 

nanoparticles. To this end, Paino et al [58] found that gold nanoparticles with diameters 

ranging from 7-20nm, at a concentration as low as 0.1µM and coated with either sodium 

citrate or polyamidoamine dendrimers, inflicted a greater extent of cytotoxicity and 

genotoxicity in human hepatocellular carcinoma cells (HepG2) compared with peripheral 

blood mononuclear cells. Other nanoparticles can also result in similar effects in HepG2 cells, 

such as anatase titanium dioxide (TiO2) nanoparticles less than 25nm in diameter [59]. 

Further examples of other nanoparticle types inducing toxicity and genotoxicity in cancer 

cells are common in the literature, such as carbon nanotubes in human colon carcinoma cell 

line HT29 [60]. 

 

2.3 Homing devices 

 

To achieve more efficient homing to cancer cells, functionalized nanoparticles have been 

developed by targeting specific moieties that are found on cancer cells [61]. Nanoliposomes 

carrying doxorubicin and conjugated with a peptide ligand for α5β1 integrin were able to 

home more effectively to B16F10 melanoma cells to enhance intracellular uptake and induce 

cytotoxicity. These nanoliposomes also displayed stronger tumor inhibition and prolonged 

survival time in comparison with controls without the peptide ligand, in C57BL/6 mice 

bearing B16F10 tumors [62]. 
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Epidermal growth factor (EGF) receptors are highly upregulated in cancers and are potential 

targets for cancer cell homing as well. At the same time, EGF receptor activation is also able 

to trigger nanoparticle endocytosis. Functionalizing nanoparticle surfaces with EGF receptor 

ligands is therefore a popular strategy. Tseng et al [63] fabricated gelatin nanoparticles 

decorated with biotinylated EGF as carriers of cisplatin and showed these to have improved 

specificity to A549 cells compared with non-EGF decorated controls. By aerosol delivery of 

the EGF-decorated nanoparticles into mice, lung tumor volume was also more effectively 

controlled. Surface functionalization approach can also help nanoparticles access hard to 

reach tissues, such as crossing the blood-brain barrier to reach brain tumors. For this purpose, 

nanoparticles can be decorated with a multitude of ligands such as EGF, integrins and 

transferrin receptors, strategies that are comprehensively reviewed elsewhere [44]. 

 

2.4 Theranostics 

 

Theranostics is a new term coined for strategies that are used for both diagnosis and treatment 

simultaneously. The aim of this approach is to eliminate multiple step procedures and reduce 

delays in treatment so as to improve patient care [64, 65]. Given their versatility, engineered 

nanoparticles have been closely linked to the development of novel theranostics approaches, 

giving rise to yet another new spin in the nanotechnology revolution – nanotheranostics [14, 

66-69]. Typically, multiple agents are packaged into nanoparticles, including ligands for 

cancer cell targeting, drugs for treatment and imaging modalities for detection or even real-

time monitoring of the therapeutic agents. For example, in order to target melanoma cells, 

Vannucci et al [70] built nanoparticles using the heavy chain of human ferritin, and loaded 

these with α-melanocyte stimulating hormone for specific targeting, plus rhodamine for 

imaging. To stabilize and mask the ferritin to prevent binding with its native receptors, the 
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authors further coated the nanoparticles with polyethylene glycol molecules. These 

nanoparticles were specifically taken up by melanoma cells and demonstrated tumor targeting 

ability in melanoma-bearing mice. Other nanoparticle systems including metal oxides, 

magnetic nanoparticles, gold, carbon nanotubes and polymers have also been explored for 

theranostics applications in cancer [71-73]. While promising, nanotheranostics approaches 

present new technical challenges due to the need for multi-modal analysis for evaluating the 

efficacy of multi-decorated nanoparticles. Accuracy of imaging degradable, dye-conjugated 

nanoparticle systems is particularly difficult due to uncertainty of nanoparticle-dye binding 

profiles over time [74]. 

 

In summary, there is clearly a host of nanoparticle configurations and multiple approaches 

that have been demonstrated, or are being developed, for treating and understanding cancer. It 

is not the intention of this review to cover all of these possibilities but rather to give a glimpse 

of the possibilities. Although the developments described in this section are exciting and hold 

great promise for cancer management, the use of 3D culture systems for such development 

purposes is still in its infancy. Nonetheless current awareness of the relevance of 3D culture 

is high and acceptance of 3D experimental approaches as mainstream would likely happen in 

the foreseeable future. The rest of this review offers a closer look at the exciting new 

possibilities that 3D cultures can bring to realize the clinical potential of nanomedicine in 

cancer. 

 

3. 3D cancer models vs 2D cell culture models 

 

In every in vitro cell testing system, whether 2D or 3D, one of most important purposes is to 

recapitulate what is in the in vivo environment. The degree of mimicry at the chemical, 
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biological and physical level is targeted to bring in vitro system to be as close as possible to 

in vivo mimicry. Tumors like tissues in the body are very complex structures with a multitude 

of connectivity and hierarchy. To recapitulate that level of complexity on a 2D surface is 

preposterous [75]. While it is highly intuitive that 2D cell culture will not recapitulate the real 

in vivo settings as well as 3D cell culture, it is not too intuitive to actually know what is key. 

This section provides an overview of the different 3D cell culture systems currently available 

and describes the significance of using these in our attempts to mimic the in vivo environment 

with in vitro platforms for developing cancer management and research strategies with 

engineered nanoparticles. 

 

3.1 3D cell culture systems and materials 

 

Although 3D cell culture systems are not yet the mainstay of cancer research, a wide range of 

such systems are now available, and are summarized in Table 1. Choosing the right system to 

use for any particular scenario of testing nanoparticle interaction with cancer is not 

straightforward. The most realistic 3D model has to be the organ explant culture but this may 

not be the most practical to adopt due to limited availability and complexity in 

characterization. On the other hand, cell spheroids are the easiest and most convenient to 

prepare and are evidently popular in the literature [76] (Figure 2). Using various natural or 

synthetic biomaterials to create 3D culture systems allows greater flexibility in manipulating 

the cancer environment [5] (Figure 3). However the success of these systems requires 

specific material processing expertise. Clearly, there is unlikely to be a “one-size-fits-all” 

method for our purpose. In fact, it is probable that thorough in vitro testing of any 

nanoparticle system will have to be achieved by using a combination of different 3D culture 

systems. More details specific to 3D cell culture systems can be found elsewhere [77, 78]. 
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3.2 Morphological differences leading to phenotype changes 

 

When cells are plated on cell culture plastic, the focal adhesion forces a high contact surface 

with the cell culture surface and this leads to only a small fraction of the cell membrane to be 

actually in contact with the neighboring cells. When in such constrained conformation, 

membrane and transmembrane connections for paracrine communications will be severely 

altered. Even a simple change in cell shape can profoundly affect cellular function [79, 80]. 

The spatial orientation of these communication entities between cells are important and 

would be impossible to replicate in a 2D configuration. In contrast, when in 3D context, the 

intrinsic morphology of the cells are already more similar to that of the same cells in the 

original tissue architecture [81, 82].
 
Appropriate cellular and sub-tissue polarity could then be 

recapitulated. For instance, epithelial cells in 3D cell culture model can organize into apical 

and basolateral orientation which is critical in overall tissue organization and for luminal 

secretions [83, 84]. 

 

3.3 Remembering cell native states in 3D cultures 

 

Within a tissue, several directions help cells to orientate themselves. For example, the lumen 

in the gut and gastrointestional cells and also the mammary lumen help to tell cells which 

side is lumen and which side is basal. On a horizontal culture, even in a multi-layer format, 

gravity is always acting away from the lumen while in 3D, depending on the cell position, the 

lumen side could be aligned with or aligned opposite to gravity or any other angles between 

these two extremes which are closer to in vivo settings.  
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In 2D cultures, monolayer cells shows stress fiber formation instead of cortical actin 

arrangement as in tissue native cells [85, 86]. This important cytoskeletal arrangement 

difference can profoundly affect the phenotype of the cell. This adhesiveness of cells on 2D 

cell substrate affects the migration ability of the cells [87]. Minimally the overall morphology 

of the cell is already very different due to the type of cytoskeletal structures formed when in 

2D. In 3D, the eventual stable morphology of the cell is more similar to the original structure 

of the tissue [2, 88].
 
Appropriate cell and tissue polarity also dictate functionality. For 

instance, in epithelial cells, the cytoskeletal formation partially stems from the cell’s 

perceived apical and basolateral orientation which again dictates overall tissue organization 

and secretion of products into the apical face [83, 84]. Even where there is apical and 

basolateral orientation, cells in 2D may still lack physiologically relevant tissue-like 

structures [2, 88] as there is general loss of tissue organization as isolated cells adapt to 2D 

monolayer culture [89]. For example, 2D monolayer cells are incapable to form the acinus 

structure found in liver [90]. 

 

The proper functioning of clusters of homogeneous or heterogeneous cells at a sub-tissue 

level clearly depends on the orientation of these cells in relation to one other. Simplistically, 

their spatial arrangement pre-determines their structure. These structures are not present in 

culture either because the cells have lost their spatial memory or it is impossible for the cells 

to adopt those structures due to missing essential building blocks. 3D culture system may 

reinstate their native tissue memory through allowing cells to self-assemble and to re-

orientate their own native spatial arrangement.  

 

Petri dish used for cell culture presents a stiffness that is mostly alien to the cells used to 

native substrate stiffness in tissues. Thus, 2D cells might not have the same characteristics as 
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cells in a real tissue [91-94]. Altered metabolism and gene expression frequently occur when 

isolated cells adapt to 2D cell culture model [95, 96]. Significant reduction of functional 

genes expression was observed when cells adapt to 2D cell culture [86]. In contrast, when in 

3D cultures, cells are able to maintain some of the organ-specific activities, such as 

Cytochrome P450 (CYP) activity and albumin secretion for liver [86, 97], milk protein 

secretion for mammary epithelial acini [7]. 

 

3D cell culture can be used to form dense-tissue like cell clusters and to construct more 

complex cellular organization partly due to the independence from culture plastic substrates 

[98-100]. This independence forces the cells to form more realistic in-vivo-like interactions 

with one another resulting in a dense configuration. For example, primary hepatocytes 

cultured as spheroids could form bile canaliculi with multiple tight junctions [101]. The 

hepatocytes packed tightly with one another as contrasted to its otherwise 2D culture plastic 

configuration where the same hepatocytes would have packed loosely but tightly with the 

underlying substrate. Epithelial cells could still retain their original functional memory and 

could organize into spherical 3D structures with a lumen which resembles a lung alveolus , 

acinus of a gland and a kidney glomerulus [82, 102]. Besides that, primary stromal fibroblasts 

cultured in 2D condition lose its in vivo stromagenic characteristics momentarily [103]. For 

instance, hFOB1.19 cells even in high confluence monolayer cultures do not form bone 

specific matrix in the absence of osteogenic induction factors [104, 105]. Overall, the 3D 

models makes for a more realistic and functionally relevant model in testing the effects of 

drugs with the advantages of ease of assaying coupled with mimicking the animal studies. 

Multi-cell type culture model to mimic a real tissue with different cell types can be 

established by using 3D cell culture model [106, 107].  
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3.4 Realistic diffusion in 3D culture 

 

2D cell culture model does not have a realistic concentration gradient for mass transfer as a 

real tissue. 2D cell model comprises of a monolayer of cells, which allows the materials to 

reach its intended target easily by diffusing through a short distance of cell membrane and 

cytoplasm often with no or little extracellular matrix on the top side of the cell layer. Whereas 

in 3D cell models, at least the densely packed cell clusters themselves and the appropriate 

extracellular matrix (ECM) layer simulates a more realistic mass transfer gradient [108-111]. 

ECM, which consisted of fibrous structural proteins, specialized proteins and proteoglycans 

[94], could affect mass transfer of certain compounds and establish a concentration gradient 

in the model [112]. 

 

3.5 Partially substituting animal use with 3D culture systems 

 

In general, 3D cultures offer a relative ease in establishing a viable testing system and its 

associated assays when compared to ex vivo tissue or organ culture [110]. For example, real-

time and fixed imaging of a 3D culture will be easier compared to visualizing a specimen 

group in the animal and let alone study the target tissue at the in vivo cellular level [113]. 

 

In addition, since the physiology, metabolism and cells in animals are different from humans, 

traditional in vivo animal tests often fail to predict the actual toxicity and drug efficacy to 

human beings [89, 114-116]. Furthermore, since pre-clinical trials forbid testing in humans, 

3D models using human cells can potentially bridge this inter-species gap.  
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3.6 Cancer studies using 3D culture models  

 

However, the current literature in cancer research still perpetuates to use 2D cultures as the 

common model to test hypotheses and drugs [5]. There are several studies that repeat some of 

the 2D experiments in 3D models and illustrated interesting findings. Most of these studies 

attempt to partially recapitulate major cancers.  

 

Using spheroid 3D melanoma models, the tumor environment can be recapitulated. SBCL2, 

VM-115 and 451-LU cell lines, representing different stages of melanoma progression were 

first grown in hanging drops cultures to form spheroids and later mixed with skin fibroblasts 

and embedded into a collagen type I hydrogel to form an organotypic 3D culture. It was 

found that the cells in the 3D culture system is more susceptible to TRAIL-cisplatin but not to 

TRAIL-UVB as opposed to the 2D system using the same host of melanoma cell lines were 

susceptible to both treatment regimes [117]. This suggested that while small molecules like 

cisplatin could penetrate through the multi-layered construct while relatively low penetrating 

power radiation could not reach the tumor cells to achieve a synergistic effect with TRAIL.  

 

In another study where a relatively large mouse melanoma B16-F10 spheroid of about 1cm in 

diameter was used as a model for GFP DNA plasmid transfection using electroporation 

techniques, it was found that even at that large dimensional scale, there were significant 

degree of GFP expressing cells showing successful transfection [118]. This model helps to 

recapitulate the tumor environment within and outside of the melanoma tumor and the 

findings suggested that one might still be able to deliver a specific DNA cargo for gene 

transfer therapy despite the sheer size of the tumor. It would be interesting if the spheroids 
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could be made in varying sizes to fine tune to the threshold size that would still be 

transfectable.  

 

Oral squamous cell carcinoma (OSCC-3) cells seeded on a high porosity poly(lactide-co-

glycolide) (PLG) scaffold could recapitulated some of the major characteristics of an in vivo 

tumor. There were clear demarcation of highly proliferative regions from necrotic and 

apoptotic regions in accordance with the nutrient environment. Tumor cells in this 3D 

construct interestingly grew at a similar rate as real tumors versus that grown in Matrigel 

which tended to be much faster [119-121]. Intra-tumoral oxygen tension in this PLG-OSCC-3 

construct also mimics that of the real tumor, suggesting that angiogenesis formation within 

the tumor construct may likely follow that of the real tumor [120]. These are important design 

parameters in the push towards a realistic 3D tumor construct. When comparing cells grown 

in 2D culture, those grown in this PLG construct exhibited higher metastatic potential and 

were resistant to LY294002, a PI3K inhibitor used as an experimental drug. These findings 

further emphasized the need to retest some of the experimental drugs, that showed efficacy in 

2D cultures, first in 3D cultures before progressing on to the animal studies and preclinical 

trials. Using surface feature imprinting techniques on a flat substrate surface, HT29 colon 

cells adopted a 3D aggregate culture instead of a monolayer of cells [122]. The adaption also 

recapitulates some of the features of a tumor. There was a hypoxic core with a corresponding 

upregulated expression of HIF-1, a master transcription factor for hypoxia induced genes. 

This hypoxic core drives tumor derived angiogenesis in an in vivo tumor, thus suggesting that 

cancer cells within the core of the construct can be used to test HIFs inhibitors [123].  

 

In another study involving tumorigenic accessory cells like cancer associated fibroblasts,  co-

culture of spheroids of colorectal cancer cells encapsulated within cancer associated 
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fibroblasts in a collagen matrix started to show characteristics features of the cancer 

associated fibroblasts-tumor synergism [124]. Highly proliferative tumor cells within the 

spheroids started expressing phospho-Rb, similar to in vivo colon tumors [125]. As the 

spheroids continue to proliferate to around 450μm, a corona of proliferating cells starts to 

form over necrotic and apoptotic cells, again reminiscent of in vivo tumors [126, 127]. At the 

pathway level, being in this co-culture-spheroid system, there was synergistic upregulation of 

the Wnt pathway with canonical beta-catenin nuclear translocation. The Wnt pathway is a 

commonly activated cancer stem cell pathway in colorectal cancers [124, 128]. Also 

treatment with LY294002 reduced the growth of the spheroids in the co-culture system 

although it remains unclear whether the effect was due to growth inhibitory action on the 

cancer associated fibroblasts or the spheroid or both [124]. Nonetheless, this study showed 

minimally that the complexity and heterogeneity of in vivo tumors can be sufficiently 

replicated in their 3D-co-culture system where informative experiments can be reliably 

carried out. 

 

The power of tissue engineered constructs may also be employed in the study of metastatsic 

cancer. Through tissue engineering, the complex in vivo environment in 3D can be better 

recapitulated. This tissue engineered construct then becomes the more realistic testing ground 

for cancer cell behavior in the native environment. Hutmacher and co-workers tissue 

engineered human bone like constructs through a process of seeding human mesenchymal 

progenitor cells onto calcium triphosphate coated medical-grade polycaprolactone scaffolds. 

These constructs were first grown in static culture conditions and then transferred to a 

bioreactor and supplemented with pro-osteogenic differentiation media. The resulting bone-

like constructs were subsequently implanted into NOD-SCID mice and allowed to mature in 

vivo. Metastatic prostate cancer cells (PC3) injected into circulation were found to be able to 



 19 

home to those tissue engineered constructs and showed colonization in similar ways as the 

real human metastatic prostate cancer [129]. In similar ways, breast to bone metastasis could 

also be studied in humanized tissue engineered constructs [130-132]. To further push the 

limits of information that could be gleaned with tissue engineered bone constructs, the use of 

diseased bone cells in osteoporosis could now be included to study the complications arising 

from breast cancer metastasis in menopausal women. 

 

4. Developing nanomedicine strategies for managing cancer using 3D cultures 

 

The advantages and relevance of 3D cell culture models over conventional 2D ones are clear 

and well described above. These advantages are amplified in cancer models because of 

features unique to tumors which are not represented in 2D cultures. Research and 

development in nanomedicine approaches for cancer therapy has therefore benefitted from 

3D cell culture models (Figure 4). 

 

4.1 Delivering the drug package in 2D vs 3D models 

 

For the purpose of drug delivery using nanocarriers, assessing the ability of the nanocarriers 

to navigate through a tumor stroma is essential. 3D cancer models offer a more realistic in 

vitro environment to do this. Mitra et al. [133] evaluated the efficacy of cancer drug-loaded 

chitosan-alginate nanoparticles in 3D cultures of Y79 retinoblastoma cells embedded in 

PLGA-gelatin microparticles. Notwithstanding potential discrepancies in the efficiency of 

drug delivery to cells within the 3D microparticles due to diffusion limitations, all three drugs 

tested – doxorubicin, carboplatin and etoposide recorded significant reductions in efficacy in 

the 3D cultures compared to conventional 2D cultures. A separate study using breast cancer 
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cells MDA-MB-231 showed the same difference in cancer drug efficacy between 2D 

monolayer cultures and 3D cultures in silk fibroin scaffolds [134]. For the purpose of 

targeting gliomas, which is challenging because of the need for delivery vehicles to cross the 

blood-brain barrier, Jiang et al [135] fabricated nanoparticles with poly(trimethylene 

carbonate) cores encapsulated with paclitaxel, and surfaced functionalized with integrin 

recognizing RGD peptides conjugated onto PEG chains. To test the efficacy of this system, 

U87MG glioma cells were cultured on agarose coated plates to produce 3D glioma spheroids 

and treated with the nanocarriers. Compared with conventional nanoparticles, the RGD-

decorated nanocarriers showed the most efficient penetration and accumulation into the 3D 

glioma spheroids, along with significant microtubule stabilizing ability. These results 

corroborated with in vivo data, suggesting the relevance of using 3D glioma spheroids in such 

studies. Using a different approach, Cheng et al [136] made use of the tumoritropic migratory 

properties of human bone marrow derived mesenchymal stem cells to deliver nanoparticles 

for cancer targeting purposes. NeutrAvidin labeled polystyrene nanoparticles of 40 nm 

diameter were bound onto biotinylated plasma membrane to form nanoparticle patches. These 

cells were able to polarize towards liver tumor spheroids composed of mouse embryonic 

fibroblasts, human endothelial cells (HUVEC) and human liver cancer cells (Hep G2) 

cultured in 3D collagen I gels. 

 

4.2 Imaging uptake in 3D cultures 

 

One of the clear challenges of any bioimaging experiment in 3D is whether the signal could 

be captured from within the 3D construct. It has been shown that with confocal microscopy, 

uptake of fluorescent-labeled nanoparticles from within a cell spheroid can be detected 

(Figure 2E). Using X-ray microscopy, Chen et al. [137] demonstrated differences in the 
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uptake of bare and PEGylated gold nanoparticles by EMT-6 and HeLa cells cultured in 2D 

monolayers versus 3D spheroids. Differences were also observed in uptake among cells 

within the same cultures, which is likely due to cell cycle variations [138]. Similarly, England 

et al [139] used 3D spheroids of lung (A-549), liver (HEPG2) and pancreatic (S2VP10) 

cancer cells to study uptake of nanoparticles. Gold nanoshells coated with alkanethiol and 

phosphatidylcholine exhibited significantly higher uptake compared to PEGylated nanoshells 

in all three tumor spheroids. Besides using cell spheroids in suspension, scaffolding materials 

have also been used to create a 3D environment for cancer cultures. Human lung cancer cells 

were cultured in alginate scaffolds, AlgiMatrix™, for this purpose [140]. Uptake of nebulized 

celecoxib encapsulated lipid nanocarriers was then evaluated. Results showed that uptake of 

the lipid nanocarriers were limited only to the peripheral cells of the tumor spheroids. Cell 

spheroids could also be produced by bringing cells together using paramagnetic particles. Ho 

et al [141] demonstrated this approach by biotinylating HeLa cells and conjugating 

streptavidin paramagnetic particles to them. With these magnetized cell spheroids, the 

authors tested the efficacy of pH-responsive nanocarriers synthesized by grafting L-

phenylalanine with poly(L-lysine isophthalamide). They found that these nanocarriers, of 

hydrodynamic size 37 nm at pH 7.4, were able to penetrate to the interior of the magnetized 

HeLa cell spheroids and be internalized. Another variation of 3D culture for nanomedicine 

application is the combination of cell cancer cell spheroids with explant cultures of healthy 

tissue. Meng et al. cultured medulloblastoma-derived cell spheroids on healthy rat cerebellum 

slices and found that the these cells internalized poly(glycerol-adipate) nanoparticles while 

the healthy brain cells in the cerebellum slices did not [142].  

 

For imaging applications, such as in theranostics approaches, in vivo tumors are often the 

preferred choice to evaluate nanoparticle localization because they come complete with 
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vasculature and a mature stroma to allow appreciation of the real capabilities of the 

nanoparticle being studied. For example, Robinson et al [143] demonstrated the capability of 

phospholipid-PEG solubilized single-walled carbon nanotubes to localize to 4T1 murine 

breast tumors in Balb/c mice rapidly and effectively. Imaging was achieved by making use of 

the intrinsic fluorescence of the carbon nanotubes in the second near-infrared window 

combined with dynamic contrast imaging through principal component analysis. A similar 

approach was also explored using CdSe quantum dots conjugated with monoclonal anti-

HER2 antibody, for imaging breast cancer cells in 3D tumors in vivo [144]. However in vitro 

3D culture systems can be beneficial as well for purposes such as in situ imaging of 

nanoparticle uptake and localization within cells. For these purposes, imaging modalities 

such as a software for analyzing cell uptake of nanoparticles in 3D [145] and darkfield-

confocal microscopy detection of nanoparticle internalization [146] have been developed. 

 

4.3 Toxicological testing of nanomedicine in 3D 

 

Emphasis is heavy on nanomedicine functionality in eliciting a particular therapeutic effect 

for obvious and understandable reasons. However, side effects like toxicity of the same 

nanomedicine on non-targeted cells need to be determined with equal tenacity. Therefore, as 

with the advocacy of testing nanomedicine in 3D, similarly, nanotoxicology studies for the 

purpose of developing nanomedicine approaches for cancer will also benefit from switching 

from 2D to 3D cultures in vitro [55]. It is known that even in 2D cultures, nanotoxicity can be 

influenced by cell density and culture formats [147]. It is therefore not surprising that the 

mode of nanoparticle interaction with biological systems varies between 2D and 3D 

environments, which can significantly affect nanotoxicity influences. Such discrepancies are 

in fact a source of confusion in the current literature with regards to contradictory toxicity 
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reports. For example, single-walled carbon nanotubes did not affect the viability of Schwann 

cells cultured in 3D Matrigel™ as much as in 2D monolayers [148]. In another tissue-

mimetic model, produced by using an ultrasound standing wave trap to generate 3D cell 

aggregates of human monocytic leukemia cells (THP-1), both purified and oxidized single-

walled carbon nanotubes did not exert significant toxicity after 24 hours exposure, compared 

to 2D cultures [149]. Inflammatory cytokine secretions were also not elevated in the 3D 

spheroids. In agreement with most nanotoxicology studies using 3D cultures, cadmium 

telluride quantum dots (QDs) were found to exert greater toxicity in dispersed, heterogeneous, 

2D cultures of dorsal root ganglia cells compared to 3D dorsal root ganglia explant cultures, 

under the influence of α-lipoic acid as a cytoprotective antioxidant [150]. Explant cultures 

were evaluated based on their ability to maintain and extend neurite outgrowth. Similar 

differences between 2D and 3D spheroid cultures were also reported in liver cancer models 

made from human hepatocellular carcinoma cells (HepG2) [151]. For nanotoxicity screening 

studies, 3D cultures may be perceived to be at a disadvantage because of challenges in setting 

up high throughput approaches. Nonetheless, the feasibility of this was demonstrated by Luo 

et al [152], who produced 3D microtissue arrays by seeding HeLa and MG-63 cells in non-

sticky microwells, and allowing them to aggregate into microtissues with defined size and 

shape. The authors tested the cytotoxicity influence of bismuth, zinc sulfate-coated cadmium 

selenide and iron oxide nanoparticles using classical metabolic and live/dead assays and 

concluded that toxicity levels were significantly lower in the 3D microtissues compared with 

2D cultures. These studies generally outline the likelihood that nanotoxicity studies carried 

out on 2D cell cultures inherently exaggerate the real toxicity of the nanoparticle in question, 

presumably due to unrealistically direct access to the cell of interest in 2D.  
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Although 3D cultures are important in enhancing the relevance of in vitro studies in 

nanomedicine applications in cancer, they are limited in size to about a few hundred microns 

in diameter due to diffusion limits, which could restrict their versatility. Care is needed to 

prevent confounding factors such as diffusion limits, influence of vasculature and 

extracellular matrix protein composition from clouding our interpretation of data 

discrepancies between 2D and 3D cultures.  

 

 

 

5. Conclusions and Future perspectives 

 

Nanomedicine has the promising potential to significantly improve clinical practice.  It has 

opened up new platforms of opportunities to provide more efficient and effective modalities 

in diagnostics, therapy and research. Nanomedicine applications in cancer management are 

particularly exciting because cancer remains a major threat to human health. Nonetheless, 

there remain significant challenges in bringing a nanomedicine strategy for managing cancer 

from research to clinical reality. 

 

There are conflicting data on the potential effects of various nanomedicine. This is somewhat 

expected given the multitude of parameters that can affect the physical and biochemical 

behavior of these nanomedicine in different biological contexts. For accurate comparisons 

across different studies, the onus is therefore on scientists to report as much details as 

possible about the physico-chemical properties of the nanomedicine instead of just its 

efficacy. It is also important that these properties be measured in conditions that mirror that 

of the actual situation that the nanomaterials are exposed to the biological system studied. 
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For decades, since the first few cell lines were successfully derived from tumors, the 2D cell 

culture system has been the main in vitro approach used to answer important cell biology 

questions in more easily controlled experiments. Those efforts have enhanced our 

understanding to a great extent. As the call to improve on in vitro setups to better recapitulate 

the in vivo environment continues to grow louder, 3D cell culture systems have emerged as 

the front runner to help us move towards that direction. Cancer cell spheroids cultured in 

suspension or embedded in hydrogels are one of the most commonly used 3D culture models. 

Other 3D biomaterial systems, organotypic cultures and explant cultures are now increasingly 

being used. We envisioned that more in vivo-like 3D systems will materialize in tandem with 

our increasing knowledge of fundamental cancer cell biology and their interactions with their 

micro-, nano- and molecular- environments. These will give us greater ability to manipulate 

cellular behavior, image their phenotype (or change) quantitatively in real time. There might 

be increased integration of nanotechnology with 3D culture systems as we begin to solve the 

many technical issues associated with being 3D. Some of these enabling nano technologies 

that can resolve these issues could be ultrasensitive in situ nanosensors capable of monitoring 

the biochemistry of the cells in 3D, or engineered targeting-stimuli release nanomedicine 

capable of homing into specific cells within the heterogeneous cell population of a 3D culture 

system. Testing nanomedicine with 3D culture cancer models instead of using traditional 2D 

based cultures increases the reliability of the findings since the 3D models mimics the in vivo 

environment more closely. To test nanomedicine candidates at the industrial scale, the use of 

3D cultures models allows integration into the existing high throughput liquid handling 

infrastructure ironically more easily than the current 2D culture models.     

 

 



 26 

Given the complex, multifactorial nature of studying the efficacies of nanomedicine strategies 

in 3D cancer models, mathematical modeling is another useful tool to help with the process. 

Experimental data provide the parameters needed for advanced computer simulation 

techniques to solve the rigorous calculations needed to model nanoparticle behavior like 

diffusion or cellular uptake of nanoparticles in a 3D setting. These mathematical models can 

then be compared again with experimental 3D models to validate their accuracy. This 

convergence can be iteratively examined as hypotheses are first tested using mathematical 

models and further validated again with experimental data and vice versa [153]. Borrowing 

the idea of a multiscale road map for modelling cancer spheroids to understand cancer 

progression [153], we present here a road map for integrating nanoparticle configurations, 3D 

culture models, experimental techniques and mathematical modeling in order to advance 

cancer nanotherapeutics (Figure 5). 

 

Overall, the elegant interactions between nanomedicine and 3D culture systems are 

synergistic towards the ultimate goal of improving cancer therapeutics. It is our belief and 

hope that this can herald in a new era in novel therapeutic discovery and their mechanistic 

understanding. 
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Figure Captions 

 

 

Figure 1. Publication numbers recorded in PUBMED from 1995 to 2013, based on the search 

term “3D cell culture”. 

 

Figure 2. Examples of cell spheroids as the simplest and most convenient model of 3D cell 

culture. A) Human embryonic kidney cells (HEK293) in 2D culture. B) HEK293 cells in 

suspensions added to non-adherent agarose molds of defined size to encourage cell-cell 

adhesion, resulting in spheroids of sizes defined by the mold diameter. C1) Human 

fibroblasts (BJ) in 2D and in C2) 3D spheroid cultures. Note the drastic change in 

morphology. D) For easy tracking, BJ cells were labelled with 5 μM of CellTracker
TM

 

Orange CMFDA (Life-Technologies, USA) for 45min before spheroid formation. E) Jiang et 

al. [135] used U87MG glioma spheroids as a 3D model for visualizing 12h uptake of RGD 

peptide functionalized poly(trimethylene carbonate)-based nanoparticles labelled with 

coumarin-6, on a confocal laser microscope. Reprinted with permission; All scale bars: 100 

µm. 

 

Figure 3. An overview of representative scaffold-based 3D cell culture systems. A) A 

microporous sponge made from human hair keratins. B1) Scanning electron microscopy 

image of human dermal fibroblasts cultured on a 3D textile mesh made by knitting 20µm 

fibers of poly(lactic-co-glycolic acid) (PLGA; 90:10). B2) Confocal laser microscopy image 

showed that the fibroblasts anchored well onto the PLGA fibers. green: F-actin; red: PLGA 

(fibers) and cell nuclei (elliptical spots). C) L929 mouse fibroblasts suspended in a human 

keratin hydrogel proliferated over 3 days to form multi-cell clusters. D1) Macroscopic view 

of a 3D organotypic skin culture assembled by culturing keratinocytes on a fibroblast-
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populated collagen disc and exposed to air. D2) Histological assessment of a skin organotypic 

culture, showing normal anatomical arrangement of the epidermis and dermis. 

 

Figure 4. A schematic representation of representative approaches for using engineered 

nanoparticle systems to target, detect, and deliver drugs to cancer cells in 3D cell culture 

models. 

 

Figure 5.  A road map for integrating mathematical modelling with experimental modelling, 

to build a holistic approach towards profiling nanoparticle based strategies in 3D cancer 

models. Nanoparticles of various configurations and materials could be combined and 

measured using conventional techniques. This experimental data could be used as input data 

for mathematical modelling or for validating results from mathematical modelling. 

Subsequently after a few iterative convergence steps, it is then possible to arrive at a 

predictive model to correlate in silico and in vitro experiments for a particular combination of 

nanoparticle and 3D cancer model. 
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Table 1. Summary of the different 3D cell culture systems developed to date. 

3D culture system Advantages Disadvantages Matrix material 
needed 

Reference 

Cell spheroids Easy and quick to produce. 
Cheap. 
High-throughput possible. 
No additional materials needed. 
Easy to image/harvest samples. 
Easy to track nanoparticles. 

Limited spheroid size. 
Heterogeneity of cell lineage. 
Lack of matrix interaction. 
Potentially unrealistic nanoparticle 
uptake. 

Cells’ native ECM 
composition in 
response to 3D 
microenvironment 

[76], [86], [97], [106], 
[114], [115], [117], 
[122], [126], [141] 
 

Scaffolds  
- Films 
- Gels 
- Sponges 
- Fibres (micro and nano) 
- Additive manufacturing 
- Microcarriers 

Larger size possible. 
Customizable physical, 
mechanical, biochemical 
environment. 
Relatively easy to track 
nanoparticles. 
Ready-to-use commercial 
products available. 

Additional processing steps. 
Possible batch variations. 
May not be transparent. 
May be difficult to harvest samples 
for analysis. 
Change in scaffold properties over 
time. (e.g. degradation) 

Natural or synthetic 
polymers* 

[75], [95], [96], [95-
97], [107], [108], 
[120], [154]  

Organ-on-a-chip High throughput possible. 
Minimal variations between 
samples. 
Precise control of environment 
possible. 
Real-time analysis possible. 
Easy to image. 

Skill intensive. 
Matrix replication limited. 
Potentially expensive. 

Microfluids chip;  
Natural or synthetic 
polymers* 

[89], [155, 156] 

Organotypic cultures Closest to real tissue/organ. 
Realistic anatomy. 
Possible to recreate tissue 
compartmentalization. 

Skill intensive. 
May need multiple 
supplements/growth factors. 
Expensive. 
Time consuming. 
Low throughput. 
May be difficult to image. 
Relatively difficult to track 
nanoparticles. 

Natural or synthetic 
polymers* 

[55], [117], [157] 
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Explant cultures Native matrix. 
Realistic cell-cell interactions. 
Realistic cell 
compartmentalization. 

Limited supply. 
Limited experiment time. 
Large genetic variations between 
samples. 
Low throughput. 
Difficult to harvest samples for 
analysis. 
Difficult to image. 
Difficult to track nanoparticles. 

None [142], [150], [158] 

*Natural polymers:  
Collagen, Fibrin, Elastin, Gelatin, Fibronectin, Vitronectin, Hyaluronic acid, Alginate, Glycosaminoglycan, Chitosan, Silk, Keratin 
 
*Synthetic polymers: 

Poly(glycolic acid) (PGA), Poly(lactic acid) (PLA), Poly(-caprolactone) (PCL), Poly(ethylene glycol) (PEG), Poly(vinylalchol) (PVA), Poly(hydroxyalkanoate) 
(PHA), Poly(propylene fumarate) (PPF), Poly(acrylic acid) (PAA) synthetic peptides, synthetic DNA and the co-polymers of any of these. 

 



0 

100 

200 

300 

400 

500 

600 

700 

1
9

9
5

 
1

9
9

6
 

1
9

9
7

 
1

9
9

8
 

1
9

9
9

 
2

0
0

0
 

2
0

0
1

 
2

0
0

2
 

2
0

0
3

 
2

0
0

4
 

2
0

0
5

 
2

0
0

6
 

2
0

0
7

 
2

0
0

8
 

2
0

0
9

 
2

0
1

0
 

2
0

1
1

 
2

0
1

2
 

2
0

1
3

 

N
u

m
b

e
r 

o
f 

A
rt

ic
le

s 

Year 

Research papers found on PUBMED  

(search term: “3D cell culture”)  
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Core/shell 

nanoparticle with 

cancer drugs or 

fluorophore 

stroma 

3D cancer cell spheroid or tumor explant culture 

in which cancer cells are of different proliferation 

capacity or at different stages of the cell cycle 

Nanorods & 

nanotubes 

Nanoparticles 

decorated with 

cell targeting 

ligands 

Supporting tissue matrix or synthetic scaffold 

Figure 4 



3D culture: 
Cell spheroid 

Scaffolds 

Organ-on-a-chip 

Organotypic culture 

Explant culture 

Cells: 
Proliferation 

Differentiation 

Morphology 

Migration 

Polarity 

Cytotoxicity 

Genotoxicity 

Nanoparticles: 
Bioavailability 

Cellular uptake 

Localization 

Translocation 

Degradation 

• Response to 

nanotherapeutics 

• Spatial and temporal 

distribution of nanoparticles 

• Nutrients and waste 

products distribution 

• Functional marker 

distribution 

• Nanoparticle translocation 

between compartments 

• Cell proliferation rate 

• Cell death rate 

Materials 

Experimental modelling 

Function Methods or techniques Outcome 

Mathematical modelling 

Methods or techniques 

Cells/Tissues: 
Histology 

Immunohistochemistry 

Tissue microarray 

Microscopy 

Quantitative image analysis 

Growth analysis 

Morphological analysis 

Signalling analysis 

Microarray analysis 

(protein/gene) 

Nanoparticles: 
ICP-MS 

EDX 

TOF-SIMS 

Raman spectroscopy 

Confocal microscopy 

Electron microscopy 

• Diffusion equations (Fick’s 

Laws) 

• Growth models 

• Mass and energy equations 

• Probabilistic models 

(Taguchi, Monte Carlo, 

Kaplan Meir) 

• Finite Element Analysis 

• Quantitative structure–

activity relationship models 

(QSAR) 

Nanoparticle: 
Pristine 

Core-shell 

Decorated 

Drug-loaded 

etc. 

Figure 5 


