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Tumor microenvironment is a highly complex system consisting of non-cancerous

cells, soluble factors, signaling molecules, extracellular matrix, and mechanical

cues, which provides tumor cells with integrated biochemical and biophysical cues.

It has been recognized as a significant regulator in cancer initiation, progression,

metastasis, and drug resistance, which is becoming a crucial component of cancer

biology. Modeling microenvironmental conditions of such complexity in vitro
are particularly difficult and technically challenging. Significant advances in

microfluidic technologies have offered an unprecedented opportunity to closely

mimic the physiological microenvironment that is normally encountered by cancer

cells in vivo. This review highlights the recent advances of microfluidic platform in

recapitulating many aspects of tumor microenvironment from biochemical and

biophysical regulations. The major events relevant in tumorigenesis, angiogenesis,

and spread of cancer cells dependent on specific combinations of cell types and

soluble factors present in microenvironmental niche are summarized. The

questions and challenges that lie ahead if this field is expected to transform the

future cancer research are addressed as well. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4774070]

I. INTRODUCTION

Tumor microenvironment is a crucial component of cancer biology, which is increasingly

recognized as a significant factor involved in cancer initiation, progression, metastasis, and drug

resistance.1,2 It is mainly composed of a variety of soluble factors, multiple types of non-

malignant cell components, extracellular matrix (ECM), and mechanical cues, in which the cell-

cell, cell-matrix, autocrine, paracrine, and hormonal interactions signaling are characterized by

high levels of spatio-temporal complexity (Fig. 1). Over the past decades, researchers have grad-

ually realized that the tumor growth is not just determined by malignant cancer cells themselves

but also by tumor microenvironment due to the genetic and cell biological development.3–5

While the normal cellular microenvironment can inhibit malignant cell growth, the modifications

that occur in the tumor microenvironment synergistically support cell proliferation. Therefore, in-

tensive understanding of the contribution of tumor microenvironment to tumor progress and de-

velopment is beneficial in guiding the successful design of anti-cancer therapy and new clinical

cancer diagnostics.

In vivo, tumor microenvironment is a highly complex system, which provides tumor cells with

integrated biochemical and biophysical cues.1 Several biological properties, including tissue hy-

poxia, soluble factors secretion, proteolytic enzyme production, and immune response co-constitute

the special hallmarks of tumor microenvironment, demonstrating the critical roles in tumor growth,

metastasis, and angiogenesis.6–8 It is becoming increasingly apparent that the malignant tumor pro-

gression is maintained by dynamic interplay between the tumor cells and many distinct cell types

existing in the adjacent microenvironment, including endothelial cells, fibroblasts, inflammation

cells, and so on.9 For example, tumor cells could recruit stroma cells through production and

a)Author to whom correspondence should be addressed. Electronic mail: jhqin@dicp.ac.cn.

1932-1058/2013/7(1)/011501/13/$30.00 VC 2013 American Institute of Physics7, 011501-1

BIOMICROFLUIDICS 7, 011501 (2013)

http://dx.doi.org/10.1063/1.4774070
http://dx.doi.org/10.1063/1.4774070
http://dx.doi.org/10.1063/1.4774070
mailto:jhqin@dicp.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4774070&domain=pdf&date_stamp=2013-01-07


secretion of stimulatory growth factors and cytokines, and so on.10 The locally activated tumor

microenvironment in turn could remodel ECM arrangement and modify the proliferative and inva-

sion behavior of tumor cells. In addition to the biochemical factors, some biophysical factors have

been increasingly observed to enable the regulation of various cell behaviors and physiological pro-

cess, such as cell adhesion, migration, proliferation, and tumor invasion.11 As such, the very nature

of tumor microenvironment is a heterogenic system with complexity, which is based on the dynamic

molecular signaling events, providing malignant cells with the ability adaptive to microenvironmen-

tal changes. Such kind of complexity requires the approach to investigate many variables in micro-

environment niche dynamically and precisely.

Presently, several cell-based, organotypic/explant, and animal models have been adopted to

investigate the complicated interactions between diverse types of cells and signal molecules in

the tumor microenvironment.12–15 A number of cytokine networks and signal pathways medi-

ated the tumor invasion and metastasis have been identified by using various approaches

including immunochemistry, polymerase chain reaction (PCR) assay, and western blotting.16–19

Various gene mutation and genetic variation in many types of cancer during progression were

gradually determined by gene profile analysis.20–22 However, as a heterogenic and dynamic eco-

system, the tumor microenvironment exhibits a high level of spatial-temporal complexity, in

which the cancer cells response to therapy are influenced by the chemical and physical cues

and cell-cell communications. Therefore, the construction of microenvironmental conditions

with such complexity is very difficult and technically challenging.

The microfluidic technology is emerging as an attractive platform for a variety of applica-

tions in cell biology and bioengineering fields.23–27 This microscale technology allows for the

flexible design of the microchannel network with inherent comparable dimensions to the size of

cells and blood vessels, and the realization of controllable laminar fluidic flow with ultralow

volumes at microscale. In addition, it enables the experimental conditions parallelization, the

measurement of cellular dynamics in real-time, and the delivery of reagents, nutrients, and other

stimuli to cells precisely.28–31 Particularly, it facilitates the recreation of the micro-scale cell

confinement with critical cell-cell interfaces, spatiotemporal chemical gradients, and dynamic

mechanical microenvironment of cells with a higher similarity to physiological conditions,

which is not possible by conventional approach. These new capabilities that emerged from the

convergence of microfluidics with microengineering and cell biology have led to the progresses

to reconstitute the physiologically relevant tumor microenvironment on a chip.32–36

FIG. 1. Schematic of the tumor microenvironment consisting of non-cancerous cells, soluble factors, signaling molecules,

ECM, mechanical cues, and so on.
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In this article, we provide an overview of progress made in this field over the past few

years with a focus on the applications of microfluidic platform in recapitulating many aspects

of tumor microenvironment. We review the capabilities of this platform to offer well-defined

and controllable chemical and physical cues with a similarity to tumor microenvironment. We

also discuss the potential use of this platform for cancer biology, and drug testing applications,

as well as challenges for the field that must be addressed to translate this technology into useful

tool in near future.

II. BIOCHEMICAL REGULATION OF TUMOR MICROENVIRONMENT

Both biochemical and biophysical properties of the tumor microenvironment can regulate

various cellular behaviors, such as growth, differentiation, morphogenesis, and migrations of

cancer cells. The major biochemical factors in local host tissue mainly include non-malignant

cell components, soluble factors, ECM components, and so on. Based on the capabilities of

microfluidic technology with highly spatial and temporal control, it is feasible to reconstitute

the essential elements of physiologically relevant tumor microenvironment with biochemical

properties. As fewer works are reported regarding to the ECM components study using micro-

fluidic approach, here we mainly focus on the work to explore the roles of soluble factors gra-

dients and non-malignant cell components involved in the microenvironmental niche.

A. Gradient of soluble factors involved in cancer cell migration

Many biological processes in cancer such as cell migration and invasion can occur in the

tumor progression, with the presence of various growth factors, chemoattractants, and other bio-

logical agents. In vivo, these soluble factors can be driven towards the vicinity of tumor by the

interstitial flow through ECM in a gradient mode.37 The microfluidic approach can offer a ro-

bust way to generate the dynamic soluble factor gradient reproducibly in the diverse physiologi-

cally relevant conditions.38

Currently, there are two ways to produce the soluble factors gradients on a microfluidic plat-

form such as flow-based and diffusion-based methods. The former is largely dependent on the

presence of fluid flow over the gradient regions, utilizing the convection in the laminar flow

streams to form molecule gradient. While, the latter is mainly dependent on the free-diffusion of

soluble molecules through the microchannels with high fluidic resistance or within three-

dimensional (3D) matrix.39,40 By intensive investigations of the cell migrations under soluble

factors gradient, the mechanism by which the tumor cell senses and interprets gradients around

the cell body is gradually well understood. Epidermal growth factor (EGF), as a common soluble

factor, is known to activate a cascade of multiple signaling pathways that can facilitate tumor

growth, angiogenesis, and metastasis. Also, enhanced overexpression of EGF-receptor is proved

to be closely associated with tumor progression and poor survival in various malignancies, such

as lung,41 head and neck,42,43 breast,44 and colorectal cancer.45 Up to now, several works have

been reported to generate flow-based EGF gradient with various concentration ranges and profile

shapes by using the premixing microfluidic network and study the chemotaxis behaviors of can-

cer cells.46–48 Metastatic breast cancer cells were observed to exhibit marked directional move-

ment toward higher EGF concentration in nonlinear gradient profile, indicating the specific

migration behavior of cancer cells dependent on the shape of gradient profile and the range of

EGF concentrations46 (Fig. 2(a)). Meanwhile, the effect of antibody against EGF receptor on the

chemotaxis of breast cancer cells (MDA-MB-231) was evaluated quantitatively,47 and anti-EGF

receptor-treated cells were randomly polarized, indicating the prominent role of EGF receptor in

regulating the breast cancer cells migration and chemotaxis behaviors.

In addition, other researchers reported the formation of stable gradient by diffusion of solu-

ble molecule through the porous 3D ECM, aiming to provide more realistic and reliable biolog-

ical process49,50 (Figs. 2(b) and 2(c)). Beebe et al. developed an accessible microfluidic struc-

ture to generate long-term EGF gradient in the straight channel within a 3D microenvironment,

the numbers of cancer cells existing in stimulated channels were greatly higher than that from

unstimulated channel49 (Fig. 2(b)). Alternatively, by designing the microfluidic device with two
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parallel perfusion channels connected by elliptic cell culture chambers, a stable EGF gradient

can be generated by diffusion of the molecules.51 Based on protrusion index, the migration of

tumor cell can be measured quantitatively, thus, facilitating the characterization of cell behav-

iors in response to chemical gradients in the tumor microenvironment.

B. Non-malignant cell components in tumor microenvironment

1. Fibroblasts

Fibroblasts are predominant cell types in the connective tissue, which have been found to

be associated with tumor cells at all stages of tumor progression. They are recognized as the

source of multiple growth factors that can influence the tumor cell behaviors and be responsible

for the synthesis, deposition and remodeling much of ECM in tumor stroma.52 Meanwhile,

fibroblasts are continuously induced by the diffusive factors secreted by tumor cells, and thus

can be activated with the specific expression of a-smooth muscle actin (a-SMA).52,53 Several

microfluidic devices have been developed to investigate the interaction between fibroblasts and

tumor cells within microenvironment by using separated microstructure54 or pneumatic micro-

valves control55 based on microscale engineering technology. Qin et al. designed a simple

microfluidic device, allowing for the multiple types of cells co-culturing in the separated micro-

chambers, with the soluble factors diffusion through the parallel cell migration regions.54 This

study reproduced the biological process of fibroblasts recruitment in the presence of the tumor

cells and the activation of fibroblasts with a high expression of specific marker (a-SMA). Fur-

thermore, the molecular mechanism underlying this activated process of fibroblasts was eluci-

dated by Lee et al.55 It was found that this paracrine loop mediated the activated process could

be inhibited with the addition of transforming growth factor beta 1 (TGF-b1) receptor/ALK5 in-

hibitor into the medium of fibroblasts, which might support the target of cancer therapy to pre-

vent activated fibroblast (Fig. 3(a)). In addition to the inducing effect of tumor cells on the

fibroblasts, it was also interesting to explore the feedback effect of fibroblasts in tumor micro-

environment. A laminar flow patterning on the microfluidic structure has been utilized for the

loading of breast cancer cells adjacent to stromal fibroblasts, thus recapitulating the general spa-

tial relationship between the two types of cells observed in vivo56 (Fig. 3(b)). It is assumed that

the fibroblasts can accelerate the process of breast cancer cells transition to an invasive pheno-

type by secreting soluble factors and cell-cell contact. In addition, by fabricating the micro-

structure with precisely spatial-temporal control in the flow direction and the multi-site staying

of the fluids, hepatocellular carcinoma cells have been observed to produce the spatial aggrega-

tions when co-cultured with fibroblasts on an integrated microfluidic system.57 These results

suggested that the different behavior and morphology of tumor cell might be activated through

the stromal signals involved in the microenvironment.

FIG. 2. Gradient of soluble factors regulated the invasion of tumor cell. (a) Flow-based gradient generator with a premixing

microchannel network.46 Reprinted with permission from S. J. Wang et al., Exp. Cell Res. 300, 180 (2004). Copyright 2004

Elsevier. (b) Diffusion-based gradient generated between sink reservoir and source microchannel.49 Reprinted with permis-

sion from V. V. Abhyankar et al., Lab Chip 8, 1507 (2008). Copyright 2008 The Royal Society of Chemistry. (c) Similar gra-

dient generation method on 2D plate and in 3D matrix by varying the media between the two channels.50 Reprinted with

permission from B. Mosadegh et al., Langmuir 23, 10910 (2007). Copyright 2007 American Chemical Society.
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Recently, the role of the activated fibroblasts in cancer is gradually recognized and the

evidence is increasing that the subpopulation of fibroblasts—the so-called cancer associated

fibroblasts (CAFs)—are important promoters of tumor growth and progression.58–61 A 3D

microfluidic device incorporated with six co-culture units was designed to investigate the heter-

otypic interaction between CAFs and adenoid cystic carcinoma (ACC-M) cells62 (Fig. 3(c)). In

this work, CAFs were primarily isolated from the carcinoma associated tissues, and then co-

cultured with ACC-M cells in 3D matrix with close communication via medium diffusion. It

was observed that CAFs could promote the invasion of ACC-M cells in a spheroid fashion and

the invasion ability could be evaluated quantitatively and in real-time. Meanwhile, the process

of CAF-promoted cancer invasion could be prohibited by MMP inhibitor, suggesting that the

MMP inhibitor might be a powerful candidate against CAF-target anti-invasion therapy.63,64

This microdevice provides a physiologically relevant tumor microenvironment for the modeling

of cancer progression and potential drug testing in a 3D format.

2. Endothelial cells

Endothelial cell is one of the key determinants in tumor microenvironment, which can

interact with tumor cells, ECM, and immune cells in the cellular niches. Commonly, the endo-

thelial cells can assemble to form the linings of the walls of capillaries and blood vessels with

FIG. 3. Fibroblasts involved in the tumor microenvironment. (a) Fibroblasts can be activated by tumor cells in the fluidic

channels of the cell culture chip with pneumatic micro-valves. The activated fibroblasts appeared as the stretched body and

high expression of a-SMA under the treatment of the cancer cell medium.55 Reprinted with permission from T.-H. Hsu

et al., Lab Chip 11, 1808 (2011). Copyright 2011 The Royal Society of Chemistry. (b) The invasive transition of breast can-

cer cells can be seen after co-cultured with fibroblasts on the Y-shaped microfluidic chip.56 Reprinted with permission from

K. E. Sung et al., Integr. Biol. 3, 439 (2011). Copyright 2011 The Royal Society of Chemistry. (c) Carcinoma-associated

fibroblasts promoted tumor invasion in the spheroid mode on a microfluidic 3D co-culture device.62 Reprinted with permis-

sion from T. Liu et al., Lab Chip 10, 1671 (2010). Copyright 2010 The Royal Society of Chemistry.
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barrier function, representing a vital component involving in the process of tumor intravasation,

extravasation, and angiogenesis.65

Several works have been performed on a microfluidic device by using endothelial cells as

a major component and study some biological processes related to angiogenesis and tumor

invasion. Putnam et al. designed a microfluidic device which was composed of paralleled chan-

nels connected by a series of postarrays and investigated the endothelial cells with the support-

ing ability for new blood vessel generation.66 This device can facilitate the cell loading process

sequentially by using the periodic hexagonal posts designed to contain different types of cells

in hydrogels (Fig. 4(a)). Bone marrow-derived mesenchymal stem cells (MSCs) suspended

within 3D fibrin gels were patterned in the channel adjacent to endothelial cells and they exe-

cuted a morphogenetic process akin to vasculogenesis, forming a primitive vascular plexus and

maturing into a robust capillary network with hollow well-defined lumens. In addition, a typical

endothelial sprouting process from an intact vessel could be observed on a microfluidic plat-

form by designing the device with two parallel endothelial loaded channels and 3D collagen

matrix on the abluminal side.67 As shown in Fig. 4(b), the process of blood vessel dilation

could be induced by the negative vascular endothelial growth factor (VEGF) gradient and filo-

podial extensions could be caused by the positive VEGF gradient in the sprouting of new ves-

sel. Furthermore, the authors reproduced the dynamics of vascular anastomosis68 using the

same device. The obvious advantages obtained by this device are that it can reproduce anasto-

mosis process with functional vessel, by accurately lining the endothelial cells adjacent the col-

lagen gel and precise control of the physiological flow within microstructure, thus providing a

novel approach to study the mechanisms of angiogenesis in cancer development.

Microfluidic platform can offer a versatile and quantitative way to study the participation

of endothelial cells in tumor progression by constructing controllable cues.69 Takayama et al.
developed a suitable microdevice to recapitulate the adhesion behavior of breast cancer cells on

endothelial layers in the intravasation process under physiological conditions.70 As shown in

Fig. 5(a), the device consists of two PDMS layers sandwiched by a thin porous polyester mem-

brane cultured with endothelial cells. When the cancer cells flow into the top channel, the

FIG. 4. The endothelial sprouting and new blood vessel formation in biomimetic tumor microenvironment. (a) Schematic

representation of a microfluidic device showing two parallel main channels, which provide media and nutrients to the gel

channels to support cell co-culture between MSCs and endothelial cells.66 Confocal images shown in an orthogonal display

confirmed the presence of hollow lumens in the forming capillary-like structure. Reprinted with permission from B. Carrion

et al., Biotechnol. Bioeng. 107, 1020 (2010). Copyright 2010 John Wiley and Sons. (b) Microfluidic device with localized

3D ECM used for endothelial sprounting67 and new functional microvessel formation by anastomosis in vitro. Particle

(white arrow) advection through the lumen can be seen from pictures captured from the video.68 Reprinted with permission

from J. W. Song and L. L. Munn, Proc. Natl Acad. Sci. U.S.A. 108, 15342 (2011). Copyright 2011 National Academy of

Sciences; J. W. Song et al., Integr. Biol. 4, 857 (2012). Copyright 2012 The Royal Society of Chemistry.
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chemokines within the bottom channel can site-specifically stimulate the middle endothelium

and induce the intravasation of cancer cells (Fig. 5(a)). Another more complicated tumor-

vascular system was developed on a chip with the involvement of tumor cells, endothelial cells,

and macrophage cells.71 This device consists of two independently addressable microchannels,

in which tumor and endothelial cells are seeded (Fig. 5(b)). The two channels are intercon-

nected via a 3D hydrogel incorporating into multiple functional regions, thus, enabling the

observation, real-time imaging, and precise quantification of endothelial barrier function simul-

taneously. The intravasation of tumor cells could be enhanced with increased rates and fast dy-

namics when the endothelial barrier was impaired by TNF-a secreted from macrophages.

Another microfluidic device with unique structures was proposed to recapitulate the bioengi-

neered blood vessels in 3D microenvironment and investigate the trans-endothelial invasion of

tumor aggregates in the process of extravasation.72 This work closely resembled the blood ves-

sel model in tumor microenvironment by incorporating vessel cavity, endothelium, perivascular

ECM, and chemokine gradient (Fig. 5(c)). The results demonstrated that the ACC-M tumor cell

aggregates with positive expression of CXCR4 receptor could transmigrate across the endothe-

lium under the stimulation of gradient chemokine CXCL12 and damage the endothelial integ-

rity in an irreversible manner, indicating the significance of CXCL12/CXCR4 signal pathway in

the process of extravasation. Some work also tried to probe the cell migration behavior in the

mutual interaction between tumor cells and endothelial cells by mechanical assembly method73

or pneumatic microvalve control.74

3. Mesenchymal stem cells

MSCs are progenitors of stromal cells and fibroblasts, which have been found to interact with

multiple types of tumors in microenvironment, and have aroused great concerns in cancer biology.

Nowadays, there are two sides regarding to the participation of MSCs in tumor progression, one is

positive and the other is negative.75 For the positive side, MSCs hold a promise avenue for tumor-

targeted delivery of therapeutic agents, and can be engineered to release drugs for some specific tu-

mor therapy.76 Recently, a microfluidic platform is also explored to investigate the role of MSCs in

FIG. 5. The process of intravasation and extravasation recapitulated on the biomimetic microfluidic devices. (a) The adhe-

sion of cancer cells on the endothelium layer was region-specifically investigated under physiological flow conditions on

the microfluidic vasculature.70 Reprinted with permission from J. W. Song et al., PLoS ONE 4, e5756 (2009). Copyright

2009 Public Library of Science. (b) Microfluidic tumor-vascular interface model for tumor cells intravasation study. The

confluent endothelial monolayer can be formed on the 3D ECM. In the process of intravasaton, breast carcinoma cell (white

arrow) migrated across the HUVEC mono layer (magenta) in the presence of macrophage.71 Reprinted with permission

from I. K. Zervantonakis et al., Proc. Natl Acad. Sci. U.S.A. 109, 13515 (2012). Copyright 2012 National Academy of Sci-

ences. (c) Mimicking the extravasation process of tumor aggregates from the endothelial layer based on the bioengineering

blood vessel model.72 Reprinted with permission from Q. Zhang et al., Lab Chip 12, 2837 (2012). Copyright 2012 The

Royal Society of Chemistry.
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salivary gland cancer progression by using a series of functional microdevices in an in vivo like tu-

mor microenvironment.77 These devices are able to perform the study of heterotypic interaction

between MSCs and ACC-M cells in 2D and 3D assays by precise cells patterning, stable chemokine

gradient formation, and real-time evaluation of cell migration quantitatively. MSCs were observed

to be recruited by ACC-M cells significantly. Particularly, MSCs exhibited the ability to enhance

the invasion of cancer cells under a chemokine CXCL12 gradient, indicating the involvement of

CXCL12–CXCR4 pathway and the role of MSCs in cancer progression. The results emphasized the

potential risk of using MSCs as drug delivery carriers for therapeutic purposes in cancer treatment

by mimicking the complex components in microenvironment.

4. Inflammation cells

The inflammation cells are important constituents of the local environment in tumors,

which are able to support the survival of malignant cells, promote the angiogenesis and metas-

tasis, and subvert adaptive immune responses.78,79 Multiple discrete constructs of 3D cell-laden

hydrogels have been patterned on microfluidic device for real-time imaging of the interactions

between RAW 264.1 macrophage cells and metastatic breast cancer cells after exposure to both

autocrine and paracrine signaling molecules.80 Using this device, a series of regularly spaced

posts were functionalized as geometric capillary burst valves in order to selectively fill with dif-

ferent types of cells embedded in 3D matrix. The RAW cells were observed to invade into

neighboring gels containing MDA-MB-231 cells. Also, the effect of macrophage cells in the

participation of tumor-endothelial interaction could be studied on the microdevice cultured with

multiple types of cells.71 Macrophages could accelerate the tumor migration across the endothe-

lial barrier by secretion of TNF-a under the involvement of two activated mode (M1 and M2).

III. BIOPHYSICAL REGULATIONS OF TUMOR MICROENVIRONMENT

As mentioned above, the importance of the biochemical regulations in the process of can-

cer progression and tumor microenvironment is undisputed; however, the significance of bio-

physical regulations involving in this microenvironment remains poorly understood. In solid tu-

mor tissue, the cancer cells embedded in ECM are often exposed to biochemical cues and

biophysical cues as well. In recent years, the influences of the biophysical factors, such as me-

chanical fluidic flows and pressures on the diverse cell behaviors in tumor microenvironment

have been increasingly acknowledged.81 Microfluidic technology enables the precise control of

dynamic fluidic flows and pressure on the microscale and offers the diverse mechanical micro-

environments of living cells, which has made it possible to create cancer microenvironment

under various physical cues as described in Secs. III A–III C.

A. Physical properties of ECM

In solid tumor tissue, the ECM substrate surrounding the cells can provide not only architec-

tural support to cells but also physical cues to the cells. The physical properties of ECM, espe-

cially the mechanical elasticity/stiffness, are highly associated with the cell movement mode in

the process of tumor invasion.82,83 The motion pattern adopted by tumor cells through variable

ECM microenvironment is dependent on the specific biophysical interactions between tumor

cells and ECM component.84–86 For example, breast cancer cells could activate the actomyosin

contractility and increased spreading area by modifying the ECM stiffness, and the changes in

ECM stiffness could strongly affect the tumor growth, proliferation, and migration.87

Gigli et al. proposed a “double-sheet” composite structure using soft lithography to intro-

duce a gradient rigidity on the uniform PDMS surface.88 By modifying the shape distribution

of microstructure underneath the PDMS membrane and the elasticity, the thickness of PDMS

membrane and the gradient of surface rigidity can be changed. Furthermore, another study was

tested on a type of cervical cancer HeLa cells. A rapid cytoskeleton remodeling was found to

be associated with a more elongated shape characterized by many actin cytoplasmic protrusions

on the PDMS substrate with different stiffness modulation (Fig. 7(a)). Besides, hydrogel
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presursor solution can be photopolymerized with controllable gradient in the crosslinker con-

centration by the integration of gradient generator on a microfluidic device. It can effectively

generate substrates with well controlled micro-gradient profiles and tunable properties at micro-

scale.89 In this work, the cells cultured on the gradient-compliance gel showed a sharp increase

in the spread area, which indicated a tight correlation between the matrix properties and the cel-

lular response. Other researchers also reported to generate variable stiffness or elasticity in the

microchannel by modifying the hydrogels with chloroacetic acid, and provided the ECM with

versatile properties.90

B. Mechanical forces

Interstitial fluid flow is one of the most important mechanical forces, which represents the

movement of fluid through tissues in vivo. Compared to the normal tissues, interstitial flow can

be elevated in tumor tissues because of abnormalities in tumor vascular networks, such as the

unregulated vascular permeability,91 tumor-associated angiogenesis, and lymphangiogenesis, as

well as changes in the tumor stroma.92,93 Interstitial flow not only does apply physical forces to

cells directly but also creates gradients of soluble signals in the tumor microenvironment, thus

influencing cell behavior and modulating cell–cell interactions. As one of the most important

mechanical forces, interstitial flow has an essential role in regulating tumor progression and de-

velopment by modulating various cellular processes.94–96 Microfluidic technology provides the

capabilities to provide the dynamic mechanical cues, such as interstitial flow, to the cells by

creating the micro-scale cell microenvironment that goes beyond the current in vitro models.

Swartz et al. developed a new and functional microfluidic device to examine the effects of in-

terstitial flow on the morphology and migration in breast cancer cells.97 The device was com-

posed of adjacent matrix regions and two parallel medium reservoirs flanked aside. The cells

were initially cultured in the 3D gel with medium, and interstitial flow could be stably formed

by maintaining the different pressures across the medium channels.98 Using this device, the

breast cancer cells were found to become migratory at the percentage of 20% under the stimu-

lation of interstitial flow (Fig. 6(a)). The subpopulation of tumor cells that responded to the

fluid flow with high directness might act as the leader cells to enhance the tumor invasion and

then towards the draining lymphatic vessels.99 In addition, Kamm et al.100 proposed a micro-

fluidic culture system in which the directional and dynamics of cell migration influenced by in-

terstitial flow could be observed and quantified in a physiologically relevant 3D matrix. The

data demonstrated that CCR-7 chemokine receptor could respond to the flow-induced gradient

of an autocrine chemokine signal and then stimulate the migration of MDA-MB-231 cells in

the direction of flow. At the same time, a competing mechanism of tumor cells migrating to the

FIG. 6. The biomechanical forces mediated tumor cell invasion. (a) A single unit containing two gel compartments and me-

dium reservoirs with different pressure was headed for forming the interstitial flow to direct tumor cell invasion drive flow.

Individual cells tracks can be observed in real time with extended shape.97 Reprinted with permission from U. Haessler

et al., Integr. Biol. 4, 401 (2012). Copyright 2012 The Royal Society of Chemistry. (b) Interstitial flow influences direction

of tumor cell migration through competing mechanisms. Besides autocrine chemokine signal in the direction of flow, a

competing mechanism of tumor cells migrating to the opposite direction of the interstitial flow was found to be associated

with FAK Activation.100 Reprinted with permission from W. J. Polacheck et al., Proc. Natl Acad. Sci. U.S.A. 108, 11115

(2011). Copyright 2011 National Academy of Sciences.
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opposite direction of the interstitial flow was found to be associated with integrin and focal

adhesion kinase (FAK) activation (Fig. 6(b)). This microfluidic device can mimic the

physiological fluid force in a micro-scale, demonstrating the two signal pathways mediated the

migration of breast cancer cells to the interstitial flow. Thus, it can provide new insights for

understanding and treating metastatic tumors in the tissue-engineered constructs.

C. Microstructure confinement

Microstructure confinement can be served as one of the physical regulators to tumor cells

in the microenvironment. The motility behaviors of tumor cells migrated in 3D microstructure

mostly exhibit as mesenchymal, amoeboid, and other hybrid modes, which are different from

the flat morphology commonly exhibited on 2D substrates.101,102 Meanwhile, cell heterogeneity

can be conveniently explored by introducing the microfabricated microstructure in the cell cul-

ture system with hundreds of cells.103 The microfluidic channels with defined wall stiffness and

geometry are able to gain insight into the underlying molecular mechanism of tumor cell migra-

tion in the micrometer channels. It was found that human glioma cells confined in the narrow

channels surprisingly migrated faster than in wide channels or on the 2D surfaces, which can

be attributed to the increased polarization of cell-microstructure traction forces.104 The findings

demonstrated that restriction of cells to narrow structure strips can significantly increase the

migration speed of cells, which is in accordance with the results observed in other type of

tumors including breast cancer, lung carcinoma, and so on.105 Interestingly, a small number of

cancer cells were still able to migrate through the narrow channels after the stimulation with

drugs targeting the microtubules, indicating that a subpopulation of cells could remain ability to

migrate large distances in tissues and establish metastasis despite treatment. The microchannel

FIG. 7. The effect of ECM properties and microstructure confinement on tumor invasion. (a) “Double-sheet” composite

structure was used to introduce a gradient rigidity on the uniform surface. The rapid cytoskeleton remodeling of HeLa cells

can be seen with elongated shape and many actin cytoplasmic protrusions on the PDMS substrate with different stiffness

modulation.88 Reprinted with permission from I. E. Palama et al., Integr. Biol. 4, 228 (2012). Copyright 2012 The Royal

Society of Chemistry. (b) Sequential frames showing the displacement of two cells confined in the narrow channel, one cell

with amoeboid and the other with mesenchymal morphology.105 Reprinted with permission from D. Irimia and M. Toner,

Integr. Biol. 1, 506 (2009). Copyright 2009 The Royal Society of Chemistry. (c) The microchannel with subcellular dimen-

sion strongly affects the migration phenotype and the spatial cytoskeletal keratin organization related with the tumor cells

invasive potential.106 Reprinted with permission from C. G. Rolli et al., PLoS ONE 5, e8726 (2010). Copyright 2010 Public

Library of Science.
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with subcellular dimension could also be used to investigate the impact of 3D channel structure

on the dynamics of tumor migration, invasion, and metastasis,106 suggesting the strong influen-

ces of the environmental dimensionality on the migration phenotype of the cells. Particularly,

the spatial cytoskeletal keratin organization demonstrated a close relationship with the tumor

cells invasive potential (Fig. 7(c)).

IV. SUMMARY AND CHALLENGES

Microscale engineering and microfluidic technology have proved to be a valuable platform

for the exploration of tumor microenvironment containing biochemical and biophysical cues.

The technologies reviewed here have the potential to be more predictive human relevant tumor

models for effective drug testing, and to provide insights into the mechanisms of action at

cellular and tissue levels. Despite the considerable advances in the recreation of tumor microen-

vironment on a chip, the integration of multiple biochemical and biophysical factors in a physi-

ologically relevant manner to reconstitute realistic whole tumor physiology still remains a huge

challenge. There are still more questions and bottlenecks to be addressed, such as (1) develop-

ing more accurate approaches to extract the limited number of cells from the microfluidic de-

vice for sequential PCR or western-blotting and help understand the regulation of related gene

or protein expressions in the microenvironment; (2) closely mimicking what is actually happen-

ing in the natural setting of tumor microenvironment, especially for the specified type of can-

cer; (3) paying more attention to the tumor environment changes when the cells are embedded

within 3D matrix for a long time and respond in a cell-mediated way; (4) investigating the sin-

gle cell behavior and cancer stem cell niche upon environmental perturbations and address the

intrinsically heterogenic tumor microenvironment; and (5) coalescing with automated instru-

ments that provide high-level microenvironmental control and real-time analysis of multiple

factors to ensure adoption of the techniques in a practical way. As a field, we have to move

beyond to confront these challenges that are necessary to overcome and translate the research

from laboratory to practical applications. In near future, it is envisaged that the micro-scale

technology may well represent the platform of choice towards next generation research in can-

cer biology, potential therapeutic intervention, and personalized medicine.
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