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Abstract

Despite advances in medicine and biomedical sciences, cancer still remains a major health issue. 

Complex interactions between tumors and their microenvironment contribute to tumor initiation 

and progression and also contribute to the development of drug resistant tumor cell populations. 

The complexity and heterogeneity of tumors and their microenvironment make it challenging to 

both study and treat cancer. Traditional animal cancer models and in vitro cancer models are 

limited in their ability to recapitulate human structures and functions, thus hindering the 

identification of appropriate drug targets and therapeutic strategies. The development and 

application of microfluidic 3D cancer models has the potential to overcome some of the 

limitations inherent to traditional models. This review summarizes the progress in microfluidic 3D 

cancer models, their benefits, and their broad application to basic cancer biology, drug screening, 

and drug discovery.
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1. Introduction

Cancer is a complex disease, developing in a heterogeneous microenvironment that consists 

of stromal cells, signaling molecules, and various extracellular matrix (ECM) 

compositions[1,2]. When tumor cells activate the surrounding stroma they create an 

environment where they can grow and spread. This microenvironmental alteration 

contributes to the development of resistance to treatment[3,4]. For example, BRAF-mutant 

melanoma cells activate stromal fibroblasts to overexpress HGF, which results in the 

increased resistance of melanoma cells to RAF inhibitor treatment[5]. In addition to 

microenvironmental heterogeneity within a single patient, cancer also differs greatly from 

patient to patient making treatment challenging[6]. Due to the heterogeneity and complexity 
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of cancer, more in vivo-like approaches that consider multiple parameters of the 

microenvironment are necessary. Two-dimensional (2D) models are flat surfaces, such as 

petri dishes, to which cells adhere. 2D systems can be coated with desired proteins such as 

collagen to study the biochemical response of the cells to those proteins. However, 2D 

systems are limited in their ability to mimic the complex and inherently 3D conditions 

present in vivo. 2D systems do not incorporate the structural and mechanical properties that 

define the in vivo microenvironment. 3D in vitro systems address this issue by embedding 

cells in an ECM where cells often replicate in vivo structure more faithfully. More recently 

micro scale organotypic models go a step further to recreate organ structure on a chip.

The use of 3D culture is particularly important in cancer as the interactions between cancer 

cells and the surrounding microenvironment are known to create a context that promotes 

tumor progression[7]. More importantly, 3D in vitro cancer models are capable of providing 

enhanced quantitative information on complex cell-cell and cell-ECM interactions. By using 

the 3D in vitro cancer models, researchers can more readily tease apart specific interactions, 

which can be difficult using animal models. For example, 3D conditions activated cancer-

related signaling pathways such as H-RasV12-induced IL6-STAT3 and initiated ECM 

dependent responses that were not seen in 2D conditions[8]. Moreover, recent evidence 

suggests that highly invasive breast cancer cells show different response to different 

stiffness of ECM in 3D conditions. That is, the invasive breast cancer cells migrate faster 

and farther in a stiffer collagen gel (higher concentration)[9–11]. It has also recently been 

shown that stromal fibroblasts in 3D conditions are more functionally active and produce 

higher concentrations of signaling molecules, subsequently facilitating the invasive 

progression of ductal carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC) in breast 

cancer[12]. Several other researchers have observed that tumor cells and various stromal 

cells respond differently to the mechanical tension and the chemical compositions within the 

ECM[13,14]. Thus, 3D in vitro cancer models have been slowly gaining the attention of 

cancer researchers, clinicians, and the pharmaceutical industry over the past two 

decades[15–18].

3D in vitro systems have demonstrated the potential to overcome limitations of traditional 

2D in vitro systems and to reveal new biological insights. However traditional 3D systems 

(e.g. transwells) offer limited spatial organization and cell-cell interactions. Moreover, the 

large amount of sample volume required limits the utility of the system as a high throughput 

screening (HTS) platform. Accordingly, there has been increased interest in novel 3D 

culture systems that can provide improved biological models and functionality while 

reducing required volumes and cost. In particular, microscale 3D in vitro models represent a 

potential alternative to improve both functionality and throughput of traditional 3D systems 

(Fig. 1). In this review, we summarize progress in microfluidic 3D cancer models, their 

benefits, and their broad applications to basic cancer biology, drug screening, and drug 

delivery. We begin by describing simple single channel systems and move on to describe 

more complex and highly functionalized systems.
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2. Simple but informative single channel microscale 3D in vitro cancer 

models

2-1. Different physical properties of 3D microsystems

Of the many potential advantages of 3D microsystem-based disease models, two are 

particularly important when comparing 3D microsystems to traditional 3D systems. For 

certain types of experiments (e.g. use of primary cells), a significant advantage is simply that 

a smaller sample size is needed to obtain the same results as the conventional system. The 

other critical advantage is the ability for 3D microscale systems to provide functionality (e.g. 

spatial/temporal control) that is difficult or impossible to achieve in traditional 3D systems. 

In 2D culture, the micro scale culture environment offers enhanced sensitivity to cell 

signaling due to the physical properties of the microchannel environment including the 

dominance of diffusion over convection. In the conventional systems, fluctuations in 

temperature, solute concentration, or dissolved gas concentration can lead to surface tension 

differences at the gas–solution interface. These fluctuations in turn cause rapid convection 

and mass transfer. For this reason, convective mixing is dominant over diffusion even in the 

absence of mechanically driven flow in macroscale cell culture systems and secreted 

molecules are swept away by convection. However, because of the small scale and the 

spatial constraints, the convective mixing is considerably reduced in static (no flow) culture 

in microchannels and molecular transport is largely governed by diffusion[19]. The 

transportation of molecules by diffusion enables the formation of gradients, and the retention 

of these molecules in close proximity to the cells, increasing response sensitivity. For 

example, the role of the stroma in Hedgehog signaling-mediated prostate cancer cell growth 

was recapitulated in vitro for the first time because of the enhanced paracrine signaling, 

which had only previously been observed in xenograph mouse models[20]. In microscale 3D 

systems, however, the microchannel environment does not considerably affect cell signaling 

as cell-ECM effects dominate. The transport of signaling molecules is governed mostly by 

diffusion through the ECM in both conventional multi-well plates and microchannels. 

Therefore the results of autocrine and paracrine signaling of monoculture and co-cultures of 

tumor cells and stromal cells from 3D macro and 3D micro systems are similar[21].

ECM polymerization, however, becomes more controllable in microchannels as compared to 

conventional culture flasks. Particularly for natural polymers such as collagen I and 

Matrigel, polymerization is affected by increased heat transfer from ambient environment to 

the ECM solution due to the increased surface-to-volume ratio of the microchannels[22]. By 

changing the temperature, pH, and incubation time, different diameters and alignment of 

collagen fibers are achievable[22,23]. The diameter and alignment of fibers are factors that 

could influence invasion and migration of cancer cells. Another important aspect of the 

microscale system is that the system significantly reduces the amount of required ECM gel 

(200μl vs. 2μl) and number of cells (105 cells vs. 103 cells) for the same analysis on the 

macroscale. With macroscale technologies, smaller volumes can be achieved by using multi-

well plates such as 96 or 192 array well plates. However, in traditional well plates, the 

individual wells are in a vertical orientation. In other words, the cylindrical wells are tall and 

thin. This shape hinders efficient imaging of samples because imaging is done from the 

bottom of the narrow cylinder and has to scan through multiple layers, subsequently causing 
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difficulties for quantitative analysis. Unlike conventional multiwells, microchannels are 

cylinders stretched out in a linear, horizontal orientation. In this way, when imaging is done 

from the bottom of the channel, it has fewer layers to scan through.

2-2. Microfluidic 3D screening tools

The reduced volume in microfluidic 3D systems facilitates the system’s capability as an 

HTS tool to investigate numerous microenvironmental components influencing tumor 

development and progression. It allows screening of a broader array of microenvironmental 

parameters and increases our understanding of how the interplay among these parameters 

regulates cancer development and progression. Microfluidic 3D screening platforms can 

provide new information not previously obtainable. For example, Montanez-Sauri et al. 

demonstrated how the effects of different ECM proteins such as collagen I, fibronectin, and 

laminin can be efficiently measured at a significantly reduced cost by using an array of 

microfluidic channels[24]. The study revealed that breast cancer epithelial cells become 

more responsive to the ECM composition when in co-culture with stromal fibroblasts 

compared to mono-culture. More importantly, the reduced number of cells required for each 

endpoint (~103 cells/endpoint rather than >105 cells/endpoint) enables high content studies 

using limited numbers of primary cells obtained from a small biopsy (e.g., typically < 106 

mammary fibroblasts per 0.25cm2 breast tissue biopsy). The small scale of the system 

allows efficient use of patient cells as only 1000~2000 cells are required per endpoint. Using 

the approach, Su et al. identified considerable inter-individual heterogeneity of paracrine 

interactions between T47D breast cancer cells and cancer-associated fibroblasts (CAF) or 

normal mammary fibroblasts (NMF) from breast carcinoma tissue samples and adjacent 

normal mammary gland tissue from 28 patients[25]. These data demonstrate the promising 

applications of a microscale 3D in vitro system as a clinical tool to understand the unique 

characteristics of each patient’s tumor at reduced cost, time, and labor.

2-3. Application of various ECM materials

In addition to naturally-derived ECM polymers, such as collagen, hyaluronan, and fibrin, 

various other polymers such as alginate, polyethylene glycol (PEG), and poly(lactic-co-

glycolic) acid (PLGA), have been applied to microfluidic 3D in vitro cancer models to 

provide more controlled mechanical and chemical properties and geometry of the ECM. 

Naturally-derived ECM materials are advantageous because they are biocompatible and 

provide in vivo-like biochemical and biomechanical properties. However, naturally-derived 

ECM materials have limitations such as batch-to-batch variation, relatively high cost, and a 

limited range of properties. In order to overcome the limitations of naturally-derived ECM 

polymers, the use and development of many synthetic polymers with appropriate cell 

adhesion peptides has been increasing. Various properties such as architecture, stiffness, 

porosity, shape, and the concentration of adhesion peptides are readily controllable with 

synthetic polymers. Recently, stacks of paper have been introduced as a useful ECM 

substitute; lowering the cost of material while possessing unique features since the paper 

stacks can be de-stacked later for further analysis of cell behavior within the layers at 

different chemical or oxygen concentrations[26]. By using the attributes of microfluidics, 

cell-embedded microparticles and fibers can also be fabricated. With proper controls of 

structure and adhesion peptides, in-vivo like cell functions are achieved from synthetic 
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materials. For example, Fischbach et al. demonstrated that cancer cells angiogenic activity 

was significantly increased in 3D alginate ECM with arginylglycylaspartic acid(RGD)-

peptide incorporation which is comparable with data from in vivo models[27].

2-4. Generation of 3D multicellular tumor spheroids

3D multicellular tumor spheroids are becoming an important research tool for cancer 

research as well as drug screening because they mimic aspects of the structures and 

functions of solid tumors in vivo. Spheroids were traditionally generated by culturing a few 

thousand cells on an ultra-low adhesion surface or in hanging drops on the underside of 

culture plate lids, thus only allowing cell-cell adhesion instead of cell adhesion to the 

surface. In addition, Liu et al. used an ultra-sound trap method to generate aggregates of 

HepG2 hepatocarcinoma cells, which helped sustain in vivo-like functionalities[28]. It is 

reported that extended culture of the generated tumor spheroids in vitro shows metabolic and 

proliferative gradients, similar to tumors in in vivo conditions[29]. However, traditional 

methods make it difficult to obtain uniform spheroid size, and the spheroids are difficult to 

handle for follow-up experiments such as drug screening. The multicellular tumor spheroids 

of different sizes might exhibit different drug resistances due to differences in the 

penetration of the drug, and thus affect the outcome of the screening.

Recently, microscale systems have been developed to offer better control of spheroid size 

and to simplify operation. Microfabricated well arrays (Fig. 2a) were developed to increase 

the production of homogeneous tumor spheroids by using the geometrical confinement to 

trap similar numbers of cells in each well[30–34]. Other research groups have developed 

micro-chambers or micro-posts in microfluidic channels to trap clusters of cells to control 

spheroid size and simplify liquid handling procedures[35]. These methods successfully 

create in vivo-like tumor spheroids with defined size control, however, there are several 

limitations. For example, the operational processes are not compatible with HTS, the 

spheroids are composed of one cell type lacking paracrine interactions, and the spheroids are 

still suspended in a liquid medium lacking interaction with the ECM structure and proteins. 

To overcome the first two of these issues, Tung et al. developed a 384-format hanging drop 

array plate (Fig. 2b) that is compatible with existing liquid handlers and plate readers, and 

capable of incorporating multiple cell types (co-, or tri-cultures) into a single 

spheroid[36,37]. The study demonstrated that, compared to 2D cultures, 3D spheroids of the 

epithelial carcinoma cell line A431.H9 were more resistant to a conventional anticancer drug 

treatment (10 μM of 5-fluorouracil treatment), suggesting the presence of quiescent cells in 

the spheroids[36]. In order to achieve cell-ECM interaction, cell spheroids have been 

embedded in 3D ECM by using either microinjection of cells or magnetic force-based cell 

patterning for high-throughput quantitative cancer invasion screens[38]. In the 

microinjection platform, cell-polymer suspensions are micro-injected into multiwell plates 

containing a collagen gel at predetermined x-y-z positions. The pre-defined coordinates of 

each individual spheroid are compatible with fully automated imaging and image analysis, 

facilitating the practical implementation of this method as an HTS tool.
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3. Micro-compartmentalization for enhanced temporal and spatial control

3-1. Gradient of biochemical factors

Microfluidic compartmentalization provides unique functionality and is emerging as a useful 

tool to examine complex interactions of tumors and various microenvironmental 

components through improved spatial and temporal control. Micro-compartmentalization 

has been mostly achieved by creating confined and separate compartments in a single 

device. This is also achieved by utilizing laminar flow in the microsystem that allows 

parallel flow in the same compartment of different ECM solutions having matching 

viscosity (Fig. 2c). Once the ECM solutions are solidified after polymerization, the created 

compartments are stably maintained[39,40]. There is a wide variety of applications of 

compartmentalized systems in cancer biology, including studying cell migration and 

invasion, creating in vivo-like cellular arrangements and many others[39–43]. One useful 

advantage to 3D compartmentalization is that it can be used to investigate signaling 

mechanisms involved in chemotaxis[44]. The types of molecular transport such as diffusion 

are more controllable in microsystems due to the scale of the system and the ability to 

control the shape, length, and material of channels[45]. Traditionally, cell migration/

invasion studies have been conducted using transwells, which is a vertical arrangement of 

compartments. This vertical arrangement makes it challenging to monitor changes in cells or 

the ECM during migration, and the number of cells that migrated can only be counted when 

the experiment is over. However, microfluidic chemotaxis platforms typically have a 

horizontal arrangement of compartments allowing better monitoring of changes in cells and 

the ECM during migration. Therefore, researchers using these platforms can conduct more 

comprehensive analyses on aspects of cell migration such as migration rate, morphology, 

different sub-populations of cells and the number of cells that have migrated.

3-2. Gradient of biophysical factors

The generation of gradients in 3D microfluidic systems is not limited to the gradient of 

soluble factors. Gradients of mechanical properties in the ECM such as stiffness and 

porosity have been achieved in microfluidic systems[46]. It is now well established that cells 

are capable of sensing mechanical properties of ECMs and respond differently to various 

mechanical properties[47]. Mechanical interactions between cancer cells and the ECM can 

accelerate cancer progression. For instance, it has been found that breast carcinogenesis is 

accompanied by collagen crosslinking, ECM stiffening, and increased focal adhesions[11]. 

Previous in vitro 3D experiments conducted by Kass et al. demonstrated that stiffening the 

ECM through an incremental increase in collagen concentration resulted in a more 

malignant morphology of mammary epithelial cells[48]. Moreover, the rigidity of collagen 

and collagen fibers perpendicularly aligned to the breast tumor interface promotes the 

invasion of the tumor cells into the surrounding stroma[9,10]. However, in order to explore 

any influence caused by mechanical properties of ECMs such as durotaxis, where cell 

migration is guided by substrate rigidity, it is necessary to generate rigidity gradients in a 

single well. This approach is not possible in traditional 3D methods which use individual 

plate wells that can only include a single ECM stiffness at a time. Since studies show that 

substrate rigidity changes affect malignancy, using a uniform matrix may result in missing 

this important feature of cancer progression. Microfluidic systems have shown to be 
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promising tools for overcoming this challenge. Zaari et al. have created a stable stiffness 

gradient of polyacrylamide (PAAM) hydrogel by varying the monomer (acrylamide 

solution) to crosslinker (0.04% ~ 0.48% bis) ratio using a microfluidic gradient 

device{Zaari:2004wf}. The microfluidic gradient device used a network of microchannels 

having three inlets (Fig. 2d), where 0.04% bis was added to two adjacent inlets and 0.48% 

bis was added to the third inlet to generate a gradient in the crosslinker concentration. As the 

fluid streams traveled down the network, they were repeatedly split, mixed, and recombined, 

which eventually establish a chemical gradient across the channel, perpendicular to the flow 

direction [49,50]. Upon attaining a stable flow in the outlet, the device was exposed to UV 

for 5 minutes to polymerize the solution. In addition, the desired concentration and stiffness 

gradients of other materials such as collagen, PEG-DA hydrogel, or Hyaluronic acid-gelatin, 

are achievable in microfluidic channels by using fluidic shear-driven stretching. Molecules 

in the center of the channel move faster than a molecule at the channel wall, eventually 

creating a laterally averaged concentration profile along the channel once polymerization 

has occurred[46]. Once the gradient of mechanical properties of ECM is successfully 

created, the systems are used to investigate mechanisms regulating the attachment, growth, 

invasion/migration of various cells. Using high-resolution imaging technology, such as 

confocal microscopy or second harmonic generation, physical alterations caused by cell-

ECM interactions are monitored[51–54]. Further development and modification of such 

systems can be employed to investigate mechanical interactions between cells and ECMs 

and may provide new insights into cancer progression.

3-3. In vivo-like cellular arrangement

Another benefit of micro-compartmentalization in cancer research is the ability to create in 

vivo-like cellular arrangements in vitro. Tissues are composed of many different cell types 

that are compartmentalized according to their function within the tissue. Many tissues are 

highly organized and display clear barriers between regions of the tissue. For example, 

normal mammary ducts, made up of epithelial cells, are separated from the surrounding 

stroma by a basement membrane, creating a physical barrier between the two different tissue 

components. Microtechnology has enabled the recapitulation of compartmentalized in vivo-

like environments in vitro by utilizing channel geometry and the physical attributes of 

microsystems. Zervantonakis et al. created an in vitro 3D microfluidic model of the tumor-

vascular interface integrating enhanced in situ monitoring and precise control of 

microenvironmental components[41]. The study showed that this microfluidic system 

allowed the regeneration of in vivo like endothelial barrier functions such as permeability. 

The compartmentalization enabled the incorporation of the third cell type, macrophages, 

which in turn directed tumor intravasation. Furthermore, 3D microcompartmentalization 

enables a more precise investigation of distance dependency between tumor and stromal 

cells. A recent study by Sung et al. demonstrated that breast cancer progression from DCIS 

to IDC was dependent on the distance between cancer cells and stromal cells. In a single 

microchannel, cancer cells in closer proximity to stromal fibroblasts showed a more invasive 

transition while the cancer cells further away from the fibroblasts remained non-

invasive[40]. The cancer cells at the interface with fibroblasts were in physical contact with 

the fibroblasts, which might be an important factor in the progression of cancer subsequent 

to the initiation by soluble factors. This finding has brought interesting insights into the 
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understanding of the process of cancer progression. That is, the progression from DCIS may 

be initiated by soluble factors, but physical contact with fibroblasts is maybe required for 

progression to IDC.

4. Microsystems mimic in vivo complexity and organ level functions

4-1. Tissue-like structures to mimic in vivo-like cellular organization

Continued development and integration of microtechnology with 3D cancer biology has 

provided new opportunities to generate 3D in vitro cancer models that allow the creation of 

more complex 3D tissue-level architecture. These models are designed to enable more in 

depth exploration of functions and interactions compared to traditional methods. 

Microfabrication and unique physical properties of fluids in microchannels enable 

fabrication of hollow shaped, or duct-like, structures in vitro, such as mammary duct and 

blood vessels, showing in vivo like functionalities. By using 3D mouse mammary ducts 

created by micropatterning of collagen gel (Fig. 2d), Nelson et al. found that the geometry of 

in vitro mammary ducts dictated the branching position of epithelial cells by distributing 

different amounts of proteins, such as transformation growth factor-beta (TGF-beta), 

inhibiting mammary branching morphogenesis[55]. These results demonstrate the 

importance of tissue geometry during organ morphogenesis and its role in defining the local 

cellular microenvironment. The system designed by Nelson et al., however, has squared and 

closed lumens in which continuous flow cannot occur as it would in a natural open and 

circular lumen. To overcome these issues, other microfluidic systems have been introduced 

to create duct-like structures by using either microchannel geometry, gel patterning, fluid 

dynamics, or microfiber generation[56,57]. For example, Bischel et al. created a circular 

shaped lumen system by using a simple straight microchannel and a viscous fingering 

method, in which a less viscous solution tunnels through the center of a more viscous 

solution[58,59]. This system has successfully generated blood vessels in vitro after lining 

the lumen with endothelial cells. The operation of the viscous fingering method is readily 

compatible with existing HTS infrastructure as the generation of the entire lumen is 

achieved via simple pipetting.

4-2. Microfluidic 3D systems for investigating the effect of continuous flow

In duct-like structures such as mammary ducts and blood vessels, continuous luminal flow 

naturally occurs and is considered an important factor regulating cell-cell and cell-ECM 

signaling in in vitro settings. For example, in blood vessels, it is likely that fluid shear stress 

mediates endothelial cell transcription, proliferation, barrier function, and changes in actin 

cytoskeleton rearrangement[60–64]. Song et al. found that, using a 3D microfluidic vessel 

model, fluid shear stress exerted by a stream of liquid reduces the number of VEGF-driven 

sprout vessel formation from endothelial cells which could easily be explored in cancer 

angiogenesis models[65]. In addition to the luminal flow, interstitial flow in 3D cancer 

models is also a major factor in stimulating cancer cell migration. Interstitial flow is the 

main extracellular fluid that exists in the interstitial spaces between tissues to provide the 

cells with nutrients and a means of waste removal. It has been recently demonstrated that 

interstitial flow can direct the migration of invasive cancer cells[66], and more importantly, 

the fluid flow from the blood to the lymphatics can be dramatically increased in cancer and 
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during inflammation[67]. In order to understand the complex mechanisms pertaining to both 

luminal and interstitial flow using in vitro systems, researchers need more sophisticated 

tools that will allow the examination of myriad microenvironmental factors such as cell 

density, cell type, flow velocity, ECM composition/density, and the concentration of 

signaling molecules. In addition to the microenvironmental components influencing the 

flow, the local fluid shear stress within microvascular systems is strongly influenced by the 

intricate architecture of the micro-vasculature networks. Accordingly, several researchers 

have created 3D microchannel networks replicating some architectural features of 

microvascular systems[68–72]. Microfluidic 3D in vitro cancer models are arising as very 

useful tools to meet these needs. These microfluidic 3D systems can incorporate various 

microenvironmental components into a single system and will allow simultaneous 

monitoring of flow and cell movement providing a more comprehensive understanding of 

the effect of continuous flow in tumor microenvironments.

4-3. Organ-on-a-chip to mimic organ-level functions

The continued integration of microfabrication, 3D biology, and microfluidics has led to the 

development of an organ-on-a-chip [73]. An organ-on-a-chip is a 3D microfluidic cell 

culture device that mimics some of the functions of a biological organ. Organs in the human 

body are formed by multiple tissues that serve a common function. To recapitulate organ-

level functions in vitro, various organ-specific dynamic functions such as spatiotemporal 

chemical gradients and mechanical forces such as cyclic strain, compression, and fluid shear 

stresses need to be integrated. Even though the advances in 3D microfluidic models have 

made considerable contributions toward mimicking tissue-level structures and functions, 

most existing models still fail to fully mimic the organ-specific functions in the in vivo 

microenvironment. This lack of proper in vitro systems consequently results in the use of 

animal models when investigating organ-level interactions, which are expensive, time 

consuming, imprecise because animals differ greatly from humans, and are surrounded by 

ethical issues. The development of humanized 3D in vitro models that feature organ-level 

functions will greatly impact the capability to understand human pathophysiology. Along 

these lines, a mechanically active microsystem reconstituting the critical functional alveolar-

capillary interface of the human lung has been developed[74]. The system is able to 

successfully simulate the mechanical contraction and expansion that enables the lung to 

intake nanoparticulates and stimulate their transport into the underlying microvascular 

channels. Additionally, many microfluidic 3D systems have been introduced in attempts to 

recreate structures and functions of various organs such as brain, gut, liver, heart, kidney, 

and breast[75–81]. Even though the current focus of these organ-on-a-chip systems is to 

provide low-cost alternatives to animals for drug screening and toxicology applications, the 

continued development of such systems has a potential to bring a significant impact to 

cancer research, for example, by providing cytotoxicity information on cancer drugs.

4-4. Body-on-a-chip to recapitulate multi-organ interactions

One practical goal of microfluidic in vitro 3D cancer models is to recreate in vivo-like 

structures and functions to provide a more extensive understanding of complex interactions 

in the tumor microenvironment. These models can be employed as drug screening platforms 

to predict human drug responses. However, most of these models focus on cell or tissue-
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level interactions and disregard multi-organ interactions which is particularly important 

when attempting to understand the response of the human body to pharmaceuticals or 

pharmaceutical interactions[82]. Micro cell culture analogs (μCCA), a.k.a body-on-a-chip, 

have been recently developed to mimic interactions between organs (Fig. 3). The μCCA 

combines micro-compartmentalization, the 3D in vitro model, and a circulatory system. The 

μCCA is composed of a series of interconnected compartments representing different organs 

such as liver, marrow, and tumor (e.g. colon cancer) to provide a platform for mimicking 

pharmacokinetic and pharmacodynamic profiles of a drug in humans[83]. The compartments 

are connected by fluid channels mimicking circulating blood flow. As an initial testing of 

the system, the cytotoxic effect of Tegafur, an oral prodrug of 5-fluorouracil (5-FU), on each 

cell line was tested using the μCCA with cell-embedded hydrogel. Interestingly, the μCCA 

was able to reproduce the metabolism of Tegafur to 5-FU in the liver and consequent death 

of cells by 5-FU. This result was not obtainable from the same samples in a 96-well plate. 

Even though the μCCA is still in its early stage of development, the data demonstrate the 

importance of organ level interactions in predicting drug response. Given the fact that it is 

impossible to recapitulate the entire human body in vitro, the body-on-a-chip concept that 

incorporates key organs onto a single screening platform is an important step forward in 

development of alternatives to animal models.

5. Practical applications and current challenges

The unique functionalities of 3D microfluidic systems enables many new avenues in cancer 

research that have been difficult to explore using traditional 3D cancer models. New 

findings, insights, and applications have been achieved via the emerging integration of 3D 

microfluidic systems and 3D cancer biology. Importantly, 3D microfluidic systems provide 

more visual and quantitative evidence of cancer development and progression in more 

complex microenvironments because the morphology, migration, and proliferation of cells 

can be monitored and analyzed more efficiently with enhanced throughput. Moreover, in 

microfluidic 3D systems, many microenvironmental factors such as cell density, the number 

of cell types, spatial arrangement, and ECM properties become more controllable. Several 

such systems have already been commercialized (summarized in Table 2). For example, the 

iuvo™ system is being used by researchers for a variety of 3D assays including viability, 

migration/invasion, and drug toxicity (http://www.bellbrooklabs.com/products-services/

iuvo-microconduit-array-platform/3d-cell-based-assay-service). Likewise, ibidi® provides 

several μ-slides for 3D applications including chemotaxis and angiogenesis (http://ibidi.com/

applications/cell-based-microscopy-assays/3d-cell-microscopy/). Another example is the 

Perfecta3D® Hanging Drop Plates, which target both basic cancer research and drug 

screening (http://3dbiomatrix.com/store/perfecta3d-hanging-drop-plates/hdp1384/).

One of the most practical applications of microfluidic 3D cancer systems is in the drug 

screening and development area. The successful integration of microfluidics, 3D cancer 

biology, and HTS infrastructure can provide alternatives to animals and humans in the drug 

development process, specifically, the screening of chemicals cytotoxicity. The current drug 

development process heavily relies on animal trials and subsequent human clinical trials. A 

major draw back to using animal models for drug screening is that animal metabolism and 

cellular response to chemical signals can differ considerably from those in humans[82]. This 
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could partly explain the fact that only 19% of new investigational drug compounds were 

clinically approved for human use during the study period of 1993–2004[84,85]. If the drug 

development process were supported by more “humanized” in vitro models[86,87] that 

could enhance the predictability of new drug compounds in humans, a considerable amount 

of time, money, and effort could be saved.

Strikingly, oncology has one of the lowest clinical success rates for investigational drugs. 

The success rate for oncology drugs is more than three times lower than drugs for 

cardiovascular disease[85,88]. Given that cancer remains the second most common cause of 

death in the US in 2013, accounting for nearly 1 of every 4 deaths, it is critical to find out 

why it is so difficult to develop anti-cancer drugs and to treat cancer properly[89]. It has 

been discussed that part of the reason for the big failure is the lack of proper “humanized” in 

vitro testing models accommodating the complexity and heterogeneity of human tumor 

microenvironments within a single patient as well as among different patients. In addition to 

microenvironmental heterogeneity, tumors themselves are composed of heterogeneous sub-

populations of epithelial cells. Current treatment strategies have been developed to 

specifically target only certain type of cancer cells. Due to the heterogeneity in tumors, it is 

highly possible that there will be remaining cancer cells that are not affected by or are 

resistant to certain doses of a drug. In addition, it is inevitable that some normal cells may 

also be affected by the treatment, which could also cause detrimental side effects. Therefore, 

clinicians rely on drug dose-response in normal and tumor tissues to provide a therapeutic 

window. More importantly, this heterogeneity highlights the need for better screening 

platforms to better predict cellular responses to treatments.

3D in vitro cancer models have the potential to lead to enhanced predictability of new drug 

compounds. As a result of mounting evidence from multiple studies, it is now more widely 

accepted that tumor cells grown in 2D vs. 3D exhibit different responses to the same 

concentration of drug compounds. That is, tumor cells in 3D conditions are more likely to be 

resistant to drug compounds. This could be due to different levels of oxygenation in tumor 

clusters and changes in integrin-based signaling in 3D conditions [90,91]. Even though still 

in the early stages, several pharmaceutical companies are moving toward adapting 3D in 

vitro cancer models as anti-cancer drug testing tools. The introduction of microfluidic 3D in 

vitro cancer models expands the utility of previous 3D in vitro drug screening platforms. 

Microfluidic 3D cancer models that incorporate stromal cells and various ECM conditions 

as well as tumor cells while closely mimicking in vivo-conditions will advance our ability to 

rapidly screen the microenvironment. These microfluidic 3D cancer models will also 

broaden our understanding of cancer cell/stromal cell/ECM interactions impact cancer 

development and treatment.

One of the current challenges of microfluidic 3D models is the establishment of reliable 

endpoint readouts that can be automated and be compatible with high-throughput and high-

content analyses. Currently, various microfluidic platforms are being developed to be more 

user-friendly and automation-compatible for use as HTS tools. However, in order to move 

one-step forward from the research and development stage of microfluidic 3D models to 

widespread use in clinical labs and pharmaceutical industries, it is important to improve 

methods for imaging, detecting, and quantifying signals. The most common methods used 
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with 3D in vitro screening include the quantification of the proliferation and metabolic 

activity of cancer cells. Both methods collect integrated signals from individual channels, 

but detailed information is lost. For example, cell-ECM interactions and morphological 

changes of cells cannot be obtained. One benefit of a 3D in vitro system is that cell and 

ECM changes can be monitored and quantified more accurately. This could provide crucial 

information regarding cancer development or responses to certain drug treatments. 

However, the process is still not compatible with HTS. In attempts to overcome this issue, 

several research groups have developed various quantitative endpoint and analysis tools to 

be used in conjunction with high-resolution imaging technology such as confocal 

microscopy, optical coherence tomography (OCT) and second harmonic generation (SHG). 

OCT is a non-invasive optical signal acquisition and processing method that uses light 

waves to take high resolution 3D images of tissues[92]. Because OCT can provide cross-

sectional images of tissue structure on the micron scale in situ and in real time, this imaging 

technology has been applied to various in vitro and in vivo applications as well as clinical 

applications[93]. SHG is a nonlinear optical method where the emitted light has exactly half 

the wavelength of the two incident photons. Because collagen is one of the strongest 

harmonophores, SHG has been widely used to image collagen and capture intrinsic 

characteristics of collagen networks. To be practical, these imaging techniques need to be 

accompanied by automated image analysis methods in order to analyze the large amount of 

information that is obtained via this high-content imaging technique. The development of 

efficient algorithms allowing automated image analysis will alleviate the bottleneck of 

information when analyzing images after high-resolution imaging.

Several researchers have integrated the high-resolution imaging technologies with 3D in 

vitro system to enable quantitative high-content screenings. Klein et al. optimized OCT 

systems for use with in vitro 3D systems to conduct high-content therapeutic screens[94]. 

Using the optimized OCT system, the cytotoxic effect of photodynamic therapy (PDT) to 

ovarian cancer cells, OVCAR-5, was continuously monitored during 24 hrs and was 

evaluated by quantifying cancer cells surface area per unit volume. Sung et al. used the area-

based SHG intensity analysis to further define the invasive progression of the DCIS clusters 

in microfluidic compartmentalized 3D in vitro model[40]. The area-based analysis 

quantified the percentage of the collagen area affected by DCIS cells, the percentage of 

which increased as the DCIS clusters became invasive. The ability to compartmentalize by 

cell type facilitates readouts from one compartment without image overlap between cell 

types, thereby improving the signal and simplifying image analysis. In order to automate the 

quantification of collagen analysis, a new software tool such as CurveAlign was 

developed[95]. CurveAlign employs the curvelet transform that detects both the scale and 

orientation of the edges. These analyses can be automated and have potential to enable high-

content and high-throughput analyses. The combination of high resolution imaging 

techniques and computational analysis help to make 3D microfluidic in vitro platforms 

practical and will provide a tool to quantitatively monitor changes in the tumor 

microenvironments.
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6. Future directions: Microfluidic 3D in vitro cancer models will advance 

alongside advancements in tissue engineering and biomaterials science

As discussed above, the significant advances in microfluidic 3D in vitro cancer models have 

provided new capabilities to understand cancer and enabled new avenues of cancer research 

that had been almost impossible previously. The recent incorporation of tissue engineering 

principles into microfluidic 3D in vitro cancer models has resulted in the evolution of 

practical in vivo-like in vitro cancer models. The models recapitulate tissue- or organ-level 

structures and functions while still allowing efficient and expansive investigation of the 

dynamics in tumor microenvironments. Traditional tissue regeneration strategies aim to 

provide the aspects of their original microenvironments necessary to reconstruct the 

structure and functions associated with a desired tissue. Likewise, the design of tumor 

microenvironments in vitro, a.k.a. tumor engineering, needs to incorporate aspects of in vivo 

tumor microenvironment. It is becoming appreciated that the mechanisms known to regulate 

tissue regeneration and wound healing could be similar to the mechanisms that regulate 

tumor proliferation and dissemination{Ghajar:2010bf}. Accordingly, tumor engineers who 

design microfluidic 3D in vitro cancer models need to continue to incorporate parallel 

advances in tissue engineering. This synergy will benefit both microfluidic tumor 

engineering and tissue engineering. Similar to microfluidic 3D cancer models and despite 

the considerable advances in tissue engineering, the tissue-engineered organs have seen 

limited clinical use due to several challenges. As microscale technologies allow improved 

control over cellular microenvironments in a high-throughput manner, microfluidic 3D in 

vitro models can provide a greater understanding of biological mechanisms and better guide 

the design of more physiologically compatible systems[96]. For both microfluidic tumor 

engineering and tissue engineering, the contribution from biomaterials science is 

indispensable. Particularly, in order to construct physiologically relevant 3D tissue in vitro, 

it is critical to employ suitable materials with the desired degradation rates, products, and 

suitable mechanical properties for the desired tissue. Smartly designed biomaterials can also 

be used as a sink or source of signaling molecules such as growth factors within 3D in vitro 

models[97,98]. Moreover, the ECM can be designed to be cleaved only by specific 

proteases, which will help better understand relevant signaling mechanisms in cell-ECM 

interactions[99]. Likewise, the attributes of microfluidic 3D systems have expanded the 

utility of biomaterials by modulating chemical and mechanical properties of biomaterials, 

which is difficult to achieve by biomaterials alone. The future of microfluidic 3D in vitro 

cancer models needs to be accompanied by the progressive development of other disciplines 

such as tissue engineering and biomaterials science in order to maximize the utility and 

functionality of the models. Multidisciplinary approaches should also facilitate the 

translation of the technologies into clinical research.

7. Conclusions

While there are still many remaining questions that need to be answered, it is true that 

leading questions in cancer biology are becoming more tractable via capabilities made 

possible by new microfluidic 3D in vitro cancer models. Because of the heterogeneity and 

complexity of tumor microenvironments, approaches that consider multiple parameters of 
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the microenvironment are necessary. That is, disrupting multiple key interactions between 

tumors and the microenvironment may offer more effective therapeutic strategies. 

Innovative technologies that enable efficient high-content analyses while quantitatively 

manipulating key microenvironmental parameters are needed to shed light on the complex 

regulation of cancer initiation and progression. One important question is whether we need a 

complex in vitro system. If complexity is desired, how complex does it have to be to obtain 

reliable data to yield promising target molecules or provide better predictability of drug 

performance? The answer may depend on the goal of the experiments or screenings. Most 

microfluidic 3D in vitro cancer systems could be used in the earliest stages of drug 

development, typically to identify drug candidates by providing more mechanistic 

information on cancer development and progression. Such systems may not require organ-

level functions or multi-organ interactions. In such cases, it may be more important to focus 

on cellular level interaction in a more in vivo like environment. However, in order to explore 

drug toxicity, it may be important to incorporate organ level functions and multi-organ 

interactions. The continued development and integration of microtechnology, 3D cancer 

biology, drug screening, and clinical testing will bring significant contributions toward a 

deeper understanding of the complexity and heterogeneity of cancers and how to 

successfully treat the cancers.
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Fig. 1. 
Comparison of existing cancer research models. The illustration of tumor microenvironment 

is adopted from Ref. [100] and the microfluidic channel image is reproduced from Ref. [59] 

with permission.
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Fig. 2. 
Representative microfluidic 3D systems. (a) schematic illustration of tumor spheroids 

generated in microfabricated well. Reproduced from Ref. [34] with permission. (b) 

Illustration of he hanging drop array plate to culture 3D spheroids. The 384 hanging drop 

array plate is sandwiched between a 96-well plate filled with distilled water and a standard-

sized plate lid. Distilled water from the bottom 96-well plate and the peripheral water 

reservoir prevent serious evaporation of the small volume hanging drops. Reproduced from 

Ref. [36] with permission. (c) 3D micro-compartmentalization driven by laminar flow in 

microchannels. Reproduced from Ref. [40] with permission. Drops of cell containing 

polymer solutions are loaded onto the inlet ports. Laminar flow leads to two side-by-side 3D 

compartments. (d) Schematic diagram of the microfluidic gradient device used for 

photopolymerization of hydrogels. Reproduced from Ref. [101] with permission. the device 

consists of a pat- terned PDMS mold attached to an activated glass slide. All of the inlets are 

filled with a solution containing 8 % acrylamide and the photoinitiator. To generate a 

gradient in the crosslinker concentration, 0.04 % bis was added to two adjacent inlets, and 

0.48 % bis to the third inlet.
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Fig. 3. 
Three-dimensional formation of endothelial sprouts and neovessels in a microfluidic device. 

(A) Device schematic. Parallel cylindrical channels are encased in a 3D collagen matrix 

within a microfabricated PDMS gasket and connected to fluid reservoirs. One channel is 

coated with endothelial cells and perfused with medium and the other channel is perfused 

with medium enriched with angiogenic factors. (B) Photograph of the device. Zoom shows 

phase (Upper) and fluorescent (Lower) micrographs of an endothelialized channel. F-actin 

and nuclei are labeled with phalloidin (green) and DAPI (blue), respectively. (C) 

Representative confocal immunofluorescence images of sprouting and migrating endothelial 

cells in response to gradients of different proangiogenic factors. Reproduced from Ref. [102] 

with permission.
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Fig. 4. 
Concept of μCCA development. The human body can be simulated as a series of 

interconnected compartments. Each organ is represented by a compartment and treated as a 

chemical reactor, absorber, or holding tank (depending on its function in the body). 

Reproduced from Ref. [82] with permission.
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Table 1

The major differences of microscale 2D and 3D systems

microscale 2D system microscale 3D system

Differences between 
corresponding macro 

systems

• significantly reduced amount of cells 
and reagent per endpoint

• greatly reduced convective motion of 
molecules

• diffusion-dominant transport of 
molecules

• significantly increased surface-to-
volume ratio

• increased sensitivity of paracrine 
signaling

• significantly reduced amount of cells and 
reagent per endpoint

• increased polymerization rate of natural 
polymers such as collagen I

• enhanced controllability of collagen fibrous 
structure

• similar sensitivity of paracrine signaling

Dominant molecule 
transport mechanism diffusion-dominant

Use of ECM proteins
• various natural ECM proteins coated or 

patterned on the surface

• various natural and synthetic ECM 
materials used

• gradient of biochemical and mechanical 
properties possible

HTS accessibility compatible

Imaging and analysis compatible with various imaging technologies and analysis algorithms that are currently available
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Table 2

Summary of commercially available microscale 3D in vitro systems.

Company/Product Advantages Applications

BellBrook Labs/luvo 
3D cell-based assays

• Low volume – perfect for primary cell 
applications

• Enables high content analysis

• 140μm channel height allows imaging of 
3D cultures in a single plane

• HTS Instrumentation friendly

• Allows screening/profiling in a 3D 
biological matrix

• Provides quantitative compound data such 
as IC50 and magnitude of effect.

• Allows a variety of assays, including 
viability, cell cycle, apoptosis, and 
migration/invasion

• Provides rapid turn-around time

lbldi/μ-slides

• Optimized chamber geometry for cells in 
3D matrices

• Provides 3 chambers on one slide for 
parallel assays

• Ideal for collagen gels, hydrogels, 
Matrigel™, or similar aqueous gels

• Ready to use, no assembly required

• Allows chemotaxis of neutrophiles, 
lymphocytes, and monocytes

• Allows 3D chemotaxis of leukoycytes or 
cancer cells in ECM-like matrix

• Allows Invasion assays of tumor cells in 
Matrigel™

3D Biomatrix/
Perfecta3D Hanging 

Drop Plates

• Standardized plate format

• Efficient formation of uniform-size 
spheroids

• HTS instrumentation friendly

• Suitable for long-term culture

• Reduced consumption of media and 
reagents

• Allows high-throughput drug screening 
assays

• Enables tumor spheroid assays

• Allows organogenesis studies

• Allows embryonic stem (ES) cell and 
induced pluripotent stem (iPS) cell 
expansion and differentiation.
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