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Abstract

Three-dimensional (3D) tumor models have been established in various microfluidic systems for

drug delivery and resistance studies in vitro. However, one of the main drawbacks of these models

is non-uniform distribution of cells, leaving regions with very low cell density within the 3D

structures. As a result, molecular diffusion in the cell compartments is faster than that observed in

solid tumors. To solve this problem, we developed a new technique for preparation of 3D tumor

models in vitro. It was based on a microfluidic device containing three parallel channels separated

by narrowly spaced posts. Tumor cells were loaded into the central channel at high density. To test

the system, B16.F10 melanoma cells were perfusion-cultured overnight and the resulting 3D

structure was characterized in terms of viability, density, and morphology of cells as well as

transport properties of small fluorescent molecules. Immediately upon loading of tumor cells, the

cell density was comparable to those observed in B16.F10 tumor tissues in vivo; and the viability

of tumor cells was maintained through the overnight culture. The tumor model displayed low

extracellular space and high resistance to diffusion of small molecules. For membrane-permeant

molecules (e.g., Hoechst 33342), the rate of interstitial penetration was extremely slow, compared

to membrane-impermeant molecules (e.g., sodium fluorescein). This versatile tumor model could

be applied to in vitro studies of transport and cellular uptake of drugs and genes.
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Introduction

Three-dimensional (3D) tumor models are invaluable tools for the study of disease

mechanisms and drug efficacy. One of the main advantages of 3D models is that they can

provide structural barriers observed in solid tumors, which block interstitial penetration and

reduce cellular uptake of drugs. The limited drug delivery into tumor cells has been

considered to be a leading cause for incomplete response of solid tumors to chemotherapy

(Grantab et al., 2006; Jain, 1997, 1998; Wang and Yuan, 2006; Yuan, 2011).
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Most 3D tumor models are based upon spheroidal (Durand, 1990; Hsiao et al., 2009;

Sutherland and Durand, 1976, 1984), or multicellular layer (MCL) (Grantab et al., 2006;

Hicks et al., 1998), arrangements of cells. Although these models have been widely used in

investigation of multidrug resistance (Francia et al., 2005; Kobayashi et al., 1993) and drug

delivery (Cowan et al., 1996; Cowan and Tannock, 2001; Grantab et al., 2006; Hicks et al.,

1997, 2003; Tannock et al., 2002), or utilized for drug screening (Bartholoma et al., 2005;

Kunz-Schughart et al., 2004), each of these models has certain limitations. The spheroid,

originating from a single cell or small aggregates of cells, can grow to a multicellular

structure with a diameter of several hundred microns (Freyer and Sutherland, 1980).

However, it is difficult to precisely control size and geometry of spheroids, and it may not

be feasible for some tumor cells to form spheroids. In drug delivery studies, it is hard to

quantitatively determine interstitial transport of small, non-fluorescent drugs since spatial

distributions of these molecules in spheroids are unknown. The MCL is formed by placing a

layer of tumor cells on a collagen-coated microporous membrane and culturing them to form

a multilayer several hundred microns thick (Cowan et al., 1996; Hicks et al., 1997; Tunggal

et al., 1999). Contrary to the tumor spheroid, the MCL has a simple planar geometry,

making it well-suited for quantitative analysis of drug penetration (Cowan et al., 1996;

Hicks et al., 1998, 2003). It can be used to quantitatively investigate transport of non-

fluorescent and unlabeled molecules. However, visualization of fluorescent drug distribution

within the MCL or cellular responses to drug treatment often requires disruption of the

culture for fixation and tissue sectioning, making this type of model unsuitable for real-time,

in situ microscopic visualization of fluorescent drugs and cell markers. Similar to the

spheroid, some tumor cells cannot grow to form uniform MCL with a thickness over 100

µm. The limitations of spheroid and MCL models mentioned above can be avoided by

engineering 3D tumor tissues in microfluidic systems.

Current approaches to 3D culture of mammalian cells in microfluidic systems usually

involve the use of hydrogels for cell trapping, embedment, or encapsulation to provide 3D

structures (Bauer et al., 2010; Chen et al., 2010; Elliott and Yuan, 2011; Kim et al., 2007;

Ng and Pun, 2008; Sung et al., 2011; Toh et al., 2005, 2007; Wlodkowic and

Darzynkiewicz, 2010; Wong et al., 2008). However, the polymeric matrix used may prevent

tumor cells from being densely packed in microfluidic channels, resulting in large pores in

interstitial space that provide little resistance to small molecule delivery. As a result current

microfluidic models cannot provide realistic predictions on efficacies of many

chemotherapeutic agents although they may be excellent models for investigation of

macromolecule or nanoparticle transport (Ng and Pun, 2008). To increase the cell density, a

gel-free technique has been developed for creating 3D structures. It uses peptide cross-

linkers to induce cell aggregation, and then the aggregates are loaded into a designated cell

compartment (Ong et al., 2008). While this creative strategy circumvents the need for using

hydrogels to build 3D cellular structures, the cross-linkers, which are attached to cells for

several days before being degraded completely, may affect cell functions or induce adverse

effects on cells. The main drawback of this gel-free technique is that the distribution of cells

is dramatically heterogeneous in the culture compartment (Ong et al., 2008), with a large

fraction of the compartment being occupied by cell culture medium. This fluid space can

Elliott and Yuan Page 2

Biotechnol Bioeng. Author manuscript; available in PMC 2014 September 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



form least resistance pathways for drug transport that do not exist in solid tumors. In this

regard, the gel-free model is also unsuitable for the study of small drug delivery.

To develop 3D structures that provide significant resistance to drug transport throughout

entire region in tumor models, we developed a new microfluidic system, in which the cell

density in the culture compartment was uniform and comparable to those observed in solid

tumors in vivo. The new tumor model was characterized in terms of cell viability, density,

and morphology as well as transport and cellular uptake of small fluorescent molecules.

Results from the study indicated that the 3D in vitro tumor model was a promising platform

for quantitative investigation of drug penetration in tumor tissues.

Materials and Methods

Microfluidic Device Fabrication

The schematic and the dimensions of the device are shown in Figure 1. The device was

designed using AutoCAD and the pattern was transferred to a chrome mask. Standard

photolithography techniques were used to prepare the silicon template with the negative

photoresist SU-8 3035 on the silicon wafer (MicroChem Corp, Newton, MA). The thickness

of SU-8 on the silicon wafer was verified after template preparation using NanoSpec 210

(Nanometrics, Milpitas, CA). The silicon template was then used for replica molding of

poly(-dimethylsiloxane) (PDMS; Dow Corning USA, Midland, MI) to obtain microfluidic

channels. After curing PDMS at 60°C for 1 h, inlets and outlets were cored using a 20G

round punch (Technical Innovations, Angleton, TX). PDMS was then sterilized by

submerging in 70% ethanol for 5 min, rinsing with sterile water, and allowing to air dry

under a sterile hood. Devices were completed by bonding the PDMS replica to sterile glass

coverslips and baking overnight at 100°C. It was found that oxygen plasma treatment was

not necessary for sufficient bonding in this study. At inlets, ½-inch 23G stainless steel

tubing was inserted and connected to 5-ml plastic syringes via standard 23G luer stubs and

polyethylene tubing. In preparation for cell loading, sterilized devices were first vacuum-

filled with phosphate-buffered saline (PBS; Cellgro, Mediatech Inc., Manassas, VA), to

remove air from microfluidic channels. While still submerged in sterile PBS, a 1:1 (v/v)

mixture of collagen type I from calf skin (C8919; Sigma–Aldrich, St. Louis, MO) and 100%

ethanol was infused into each outer channel of the device, one channel at a time. Inlets and

outlets for the channels not being infused were blocked to prevent the flow of the collagen

mixture into the central channel. Once each outer channel was filled with the collagen

solution, the entire device, submerged in PBS, was incubated at 37°C for 30 min.

Cell Loading into Microfluidic Device

B16.F10 melanoma cells were cultured in high-glucose Dulbecco’s Modified Eagle Medium

(DMEM) containing L-glutamine and sodium pyruvate and supplemented with 10%

HyClone bovine growth serum (Thermo Scientific, Rockford, IL). The culture was

maintained at 37°C, and 95% air and 5% CO2 (Elliott et al., 2011). Unless otherwise stated,

all cell culture reagents were obtained from Gibco, Invitrogen (Grand Island, NY). Prior to

cell loading into the microfluidic device, adherent tumor cells were trypsinized and re-

suspended in serum-free DMEM at a concentration of 5–6 × 106 cells/ml. In addition, the
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outer channels pre-treated with collagen were simultaneously infused with DMEM

supplemented with 10% fetal bovine serum (Sigma–Aldrich) and 60 mM HEPES buffer at a

rate of 0.05 ml/h for 5 min, using a syringe pump (Harvard Apparatus, Holliston, MA). The

cell suspension was very gently infused by hand into the central channel, using a 1 ml

syringe, to minimize the amount of cells that escaped into the outer channels through the

gaps between the posts. Both outlets remained open to allow drainage of medium. During

the loading process, the microchip was placed on an inverted microscope stage to ensure

proper cell loading. Once the central channel was loaded with cells, the tubing connected to

the channel was clamped to prevent backflow of cells toward the inlet and culture media was

continually supplied in a one-pass perfusion manner via the outer channels at a flow rate of

0.07 ml/h. The entire device was floated in a 37°C water bath, which was covered for the

duration of the overnight culture to prevent evaporation of media from within the device and

formation of air bubbles.

Cell Packing Density Determination

Cell nuclei in the central channel were stained by infusing 4’,6-diamidino-2-phenylindole

(DAPI; Molecular Probes, Invitrogen), into the outer channels at a concentration of 14 µM

in serum-free DMEM for 20 min at a rate of 0.1 ml/h, while the central channel remained

closed. After the infusion, the cells were incubated at room temperature for another 30 min

to allow further penetration of the dye into the centermost part of the cell compartment.

Using confocal microscopy (LSM 510, Zeiss, Thornwood, NY), stacked 2-µm optical slices

of the stained nuclei were obtained at three randomly selected positions within the cell

compartment. The experiment above was repeated three times, using different devices, for

calculation of the average number of cells per unit volume. ImageJ software was used for

cell counting.

Cell Viability Staining

B16.F10 cells were stained in situ by infusing DMEM containing CellTracker™ Green

CMFDA (5 µM, Invitrogen, Eugene, OR) and propidium iodide (PI; 10 µM, Invitrogen) via

the outer channels at 0.1 ml/h for 20 min at 37°C. Cells were immediately imaged by

confocal microscopy (LSM 510, Zeiss). The number of dead (i.e., red) cells per unit volume

was divided by the cell packing density determined above to estimate the fraction of dead

cells, which was equal to unity minus cell viability.

Quantification of Sodium Fluorescein Distribution

The device was first loaded with B16.F10 cells alone as described above, or a mixture of

B16.F10 cell suspension and collagen type I solution at 1:1 volume ratio. Then, the device

was placed on the stage of an inverted microscope (Zeiss Axiovert 100 TV) to permit real-

time fluorescence imaging. Sodium fluorescein (NaF) solution (0.1 mM in serum-free

DMEM; Sigma, St. Louis, MO) was infused into one of the outer channels at 0.1 ml/h, and

dye-free DMEM was infused into another outer channel at the same rate for 15 min. After

the infusion, fluorescence images were taken at various positions along the entire length of

the central channel. For each image, MATLAB software was used to determine the 2D

distribution of fluorescence intensity. The intensity in the central channel (Ic) was observed
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to fluctuate randomly with location, presumably due to local heterogeneity in extracellular

space distribution and noise in low-light measurement. Therefore, Ic within an image was

averaged in the direction of channel length to obtain a mean intensity profile along the

channel width (Imean). The mean intensity profile normalized by the intensity in the outer

channel (Imax) was determined at four to fives different locations along the length of the

central channel. The average and SD of Imean/Imax profiles are reported for each

experimental group.

Mathematical Model of NaF Diffusion

The diffusion of NaF in the central channel was assumed to be 2D and the distribution of

NaF was assumed to be periodic along the length of the central channel except near the dead

end and the inlet. Therefore, a unit region was defined in Figure 2 for diffusion simulation. It

was rectangular in shape with x varying from 0 to L and y from 0 to w2, where L is the width

of central channel, w2 = (b + w)/2, w is the width of posts, and b is the width of gaps

between two adjacent posts. The model could be further simplified by assuming b/w2 being

close to zero. Under these conditions, the governing equation and boundary conditions are:

where c is the concentration in the central channel, c0 is the concentration in the outer

channel being perfused with NaF solution, x and y are spatial coordinates, t is time, ε is the

fraction of tumor volume that is available for NaF diffusion (Krol et al., 1999, 2003), and D

is the apparent diffusion coefficient that has included non-specific binding of NaF to cells

and extracellular matrix (ECM) (Lin et al., 2007). The subscript “c” represents the central

channel, “1” and “2” represent the gap regions connecting the central channel to the two

outer channels being perfused with NaF solution and NaF-free medium, respectively. δ(y) is

the Dirac delta function and ℓ is the length of cell plug observed in the gap that may vary

between zero, that is, no cell in the gap region, and w when the entire region is occupied by

cells. The value of ℓ may also vary among different gaps in a given device. For the specific

microfluidic device used in this study, L = 100 µm, w = 50 µm, and b = 4 µm. The baseline

values of other model constants were assumed to be as follows: ℓ = w/2, εc = 0.2, ε1 = ε2 =

0.8, D1 = D2 = 4× 10−6 cm2/s (Nugent and Jain, 1984), and Dc = D1/2. The equations listed

above were solved numerically using a finite difference method.

Results and Discussion

Tumor Model Characterization

The tumor model was characterized, in terms of viability, density, and morphology of cells.

More than 95% of tumor cells were viable after overnight (i.e., 12 h) culture, which could be

observed in Figure 3a and b. For those dead cells, their locations were independent of the

distance from the outer channels, indicating that the cell death was not caused by the lack of
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nutrient supply. Morphological changes of cells after overnight culture were compared in

Figure 4a and b. Individual cells were clearly visible immediately after cell loading into the

central channel but cell outlines became invisible at 12-h post cell loading, implying that the

extracellular space was reduced significantly. To further investigate changes in cell

morphology, we stained cell nuclei with DAPI. The images shown in Figure 4c and d

demonstrated that the nuclei appeared to have elongated and enlarged after overnight

culture. Quantitatively, the images of DAPI-stained cells were used to count the number of

cells. Based the images in three trials, the mean and standard deviation of cell packing

densities were 3.35 × 10−4 ± 0.73× 10−4 cells/µm3 in the central channel immediately after

cell loading, and 2.78 × 10−4 ±0.16 × 10−4 cells/µm3 after overnight culture. These data

were on the same order of magnitude as the cell densities observed in vivo (Mossop et al.,

2006; Stephens and Peacock, 1978) (see Table I). In light of the slight reduction in the cell

packing density and few dead cells, there did not appear to be any significant proliferation of

cells during the 12-h culture period. Using the image of cells immediately after they were

loaded into the central channel, the diameter of cells was measured. Its mean ±SD were 14.3

± 1.5 µm (n = 41), suggesting that the average volume of a cell was 1,526 µm3 if the shape

of cells was assumed to be spherical (Elliott et al., 2011). Therefore, the volume fraction of

cells in the central channel was approximately 51% upon loading or the volume fraction of

extracellular space was 49%, which was consistent with the in vivo data of solid tumors

reported in the literature (Krol et al., 1999).

Another observation in our study was that when cells were just loaded into the central

channel, they could easily be pushed out by altering the fluid pressure at the inlets of outer

channels via removing and re-connecting the polyethylene tubing. After overnight culture,

however, the cell dissociation due to the pressure alteration was rarely observed in the

central channel.

Transport of Membrane-Impermeant Molecule

To further characterize the 3D tumor model for drug delivery studies, we investigated

transport of a cell membrane-impermeant molecule, sodium fluorescein (NaF), across the

central channel in three experimental groups, in which fluorescence intensity profiles of NaF

in the central channel were measured at 0- or 12-h post cell loading, or immediately after a

mixture of cells and collagen was loaded. In all experiments, microfluidic channels were

imaged after the two outer channels were perfused for 15 min with NaF solution and NaF-

free medium, respectively. Representative images under trans-illumination and epi-

illumination are shown in Figure 5a and b, respectively. The average intensity profiles

(Imean/Imax) are shown in Figure 5c. The profile at the top was the highest among the three

curves, and slightly nonlinear near x = 0. In this experimental group, the cell density was the

lowest because the collagen prevented cells from being densely packed, thereby increasing

the extracellular space. The nonlinearity of the curve might be caused by convection

(Shamloo et al., 2008). The middle and bottom profiles were approximately linear functions

of x, suggesting that the dominant mode of NaF transport in these two groups was diffusion.

The profiles also suggested that the extracellular space was reduced after overnight culture,

which was caused presumably by cell body enlargement since the cell density was slightly

reduced during the same period.
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In addition to the intensity level, the slopes and the standard deviations (SD) of the intensity

profiles also differed among the three experimental groups. The difference in the slope was

likely to be related to the difference in relative resistance to diffusion between the cell

compartment and the gaps that connected the central and outer channels (see discussion

below). The SD was a measure of variation in Imean/Imax profiles along the length of the

central channel. The largest SD was observed in the top curve shown in Figure 5c, which

was presumably due to non-uniform mixing of cells with collagen before they were loaded

into the central channel. When cells were loaded alone, SD was high initially (see the middle

curve), due to heterogeneous distribution of extracellular fluid space, and then decreased

significantly after overnight culture (see the bottom curve), because cell body enlargement

would occur preferentially in the least resistance region where the extracellular fluid space

was large. The experiments discussed above were repeated twice and similar intensity

profiles were obtained, indicating that the results were reproducible.

To understand which factors could influence the slope of concentration profiles shown in

Figure 5c, we developed a mathematical model and used it to numerically simulate 2D

diffusion of NaF in the tumor model. Results from the simulation indicated that the average

concentration, which corresponded to Imean/Imax measured experimentally, increased with

time and reached a steady state within 5 min because there was insignificant difference

between the concentration profiles at 3 and 5 min, respectively (Fig. 6a). This model

prediction was verified experimentally by comparing Imean/Imax profiles measured at 5 and

60 min, respectively. There was no difference between these profiles (data not shown). For a

given dimension of microfluidic device, the mathematical model predicted that the 2D

concentration profiles normalized by c0 and εc depended on x, t, and a dimensionless

parameter, R, which is the relative resistance to diffusion between the central channel and

the gaps, i.e.,

assuming that ε 1 = ε2 and D1 = D2. At steady state, the intensity profiles were predicted to

be linear and the slope of the linear profile, normalized by εc, depended only on R. The

predicted relationship is shown in Figure 6b. The baseline value of R was 0.64 for the slope

to be 2.8 × 10−3 µm−1. The model also predicted that the slope was equal to εc/L or εc was

equal to the product of slope and L. Using the slope data measured in this study (Fig. 5c),

and L = 100 µm, the value of εc immediately after cell loading was calculated to be 0.42,

which was close to the extracellular volume fraction based on the cell density measurement

reported above. The difference was only 14% that might be due to errors in estimating single

cell volume and the presence of isolated pores in the extracellular space within the central

channel that were unavailable for NaF diffusion. At 12-h post cell loading, the value of εc

was calculated to be 0.22, which was significantly smaller than its value immediately after

cell loading. Most likely, this reduction in εc was caused by inadequate connection of the

extracellular space between different regions in the central channel (Yuan et al., 2001).

Using the slope data, the values of εc estimated above, and the curve shown in Fig. 6b, the

values of R at 0 and 12-h post cell loading were estimated to be 0.354 and 2.66, respectively.
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The analysis above indicated that the overnight culture of tumor cells in the microfluidic

device caused an increase in R by a factor of 7.5, in which a factor of 1.9 was due to the

reduction in extracellular space (i.e., εc was decreased from 0.42 to 0.22) and at least a factor

of 4.0 was due to a decrease in diffusion coefficient of NaF (i.e., Dc) in the cell

compartment, because it was unlikely for ε1 and D1 to increase and ℓ to decrease during the

overnight culture.

The 2D distributions of NaF in the central channel were also simulated in the study. The

results at 10 s, 3 min, and 5 min are shown in Figure 7a–c, respectively. They were

approximately uniform in the y direction for t ≥ 3 min except at locations near the gap

regions where the concentration was the highest at x = 0 and the lowest at x = L.

Penetration of Membrane-Permeant Molecule

Several small fluorescent dyes that were cell membrane-permeant were used in the

investigation. They included CellTracker Green and PI used for cell viability determination

(Fig. 3a), DAPI for cell density measurement (Fig. 4c and d), and Hoechst 33342 for

staining cell nuclei (Fig. 8). The cellular uptake and subsequent entrapment via reactions

with intracellular molecules would effectively reduce extracellular concentration of these

molecules. In this regard, the cells could be considered as molecular sinks that effectively

reduced the rate of transport and depth of penetration in the cell compartment.

CellTracker™ Green, PI, and DAPI could uniformly label all cells in the central channel

after being infused into the two outer channels for 20 min, indicating that the rate of

diffusion for each dye was faster than the rates of cellular uptake and intracellular

entrapment. For Hoechst 33342, however, the penetration depth was less than those of the

other three fluorescent dyes even at 2 h after the side channels were perfused with its

solution (16 µM) for 20 min at 0.1 ml/h and room temperature (Fig. 8b). The limited

penetration was consistent with the observation in a previous study of Hoechst 33342 using

spheroid model (Durand, 1982), and the data of anticancer drug penetration in previous

studies based on spheroid and MCL models (Hicks et al., 1998, 2003; Tannock et al., 2002;

Tunggal et al., 1999; West et al., 1980). In fact, a correlation has been shown between rate

of anti-cancer drug transport through MCL and packing density of tumor cells (Grantab et

al., 2006), suggesting that poor penetration of small drug molecules in solid tumors is caused

by cellular uptake.

Another interesting result observed in the study was the lack of penetration for calcein

acetoxymethyl ester (calcein-AM) loaded into the outer channels. Calcein-AM has been

routinely used to stain the cytosol of viable cells. However, it could only stain the cells close

to the outer channels that were perfused with a solution of calcein-AM (10 µM) and PI (10

µM) for 20 min (Fig. 9a); and this pattern of calcein distribution could not be improved

when the perfusion time was increased to 3 h at 37°C. As a comparison, another pattern of

calcein distribution in the central channel is shown in Figure 9b, where the cells were

incubated in the same solution of calcein-AM and PI for 20 min at 37°C prior to being

loaded into the microfluidic device. This control image demonstrated that calcein-AM could

stain the cytosol of cells cultured outside the microfluidic device. The discrepancy described

above might have two possible explanations. One was that the lack of calcein-AM
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penetration in the central channel was due to cellular uptake, which consumed a significant

amount of calcein-AM in extracellular space and left few molecules available for further

penetration. The same phenomenon has been observed in spheroid and MCL models. To

improve the penetration depth of calcein-AM in these 3D tumor models, previous studies

have to first inactivate cytosolic esterases via temperature reduction during dye delivery and

then increase the temperature to 37°C to entrap the dye in cytosol via hydrolysis of calcein-

AM (Al-Abd et al., 2008; Wartenberg and Acker, 1995). However, we observed that the

same temperature manipulation (i.e., first loading the dye for 30 min at 0°C on ice and then

incubating the chip at 37°C in a water bath for up to 3 h) had minimal effects on calcein-AM

penetration in our tumor model. The second explanation was that calcein-AM uptake at

lower extracellular concentration, which occurred in the middle region of the central

channel, was blocked in cells with multidrug resistance. It has been shown that calcein-AM

uptake can be extruded by P-glycoprotein and that calcein produced in cells can be pumped

out by multidrug resistance-associated protein (MDP) (Legrand et al., 1998). When the

extracellular concentration was high in regular cell culture or for cells close to the outer

channels, the molecular pumps were saturated. As a result, the intracellular concentration of

calcein was increased significantly (Fig. 9a and b).

Potential Applications

The 3D tumor model developed in this study can be used for in vitro drug delivery and

efficacy studies in a more realistic environment. For example, it can be combined with the

fluorescence recovery after photobleaching (FRAP) technique to measure diffusion

coefficient of fluorescent tracer/ drug in tumor interstitial space (Berk et al., 1997). It can be

used to investigate effects of cellular uptake on small molecule penetration in tumor tissues.

Another application is to investigate mechanisms of drug resistance when the system is

combined with fluorescent reporters that can indicate cell death (e.g., PI) or cellular

responses to drugs (e.g., fluorescent protein sensors). The microfluidic system is better than

the MCL for drug resistance study since it allows easier determination of spatial and

temporal distributions of fluorescent reporters. Unlike the cell monolayers used routinely in

drug resistance studies, the microfluidic system can generate a concentration gradient of

drugs exists across the cell compartment, which can mimic perivascular distribution of drugs

delivered systemically. This gradient may lead to cell killing in regions with high

concentration and drug resistance in regions with low concentration. As a result, both dead

and resistant cells are observed simultaneously within the same system. In addition to the

applications discussed above, our model can be used to investigate mechanisms of spreading

of replication-competent viruses or bacterial cells in studies of oncolysis or gene delivery in

solid tumors (Elliott et al., 2011). The viruses and bacteria, carrying genes for fluorescent

proteins, can be visualized in 3D using confocal or two photon microscopy. Furthermore,

the microfluidic model can be applied to investigation of mechanisms of tumor cell invasion

in a mechanically confined environment (Irimia and Toner, 2009), when tumor cells migrate

from central to outer channels. It may also be useful for co-culturing tumor and stromal cells

in the microfluidic system to study their interactions (Hsiao et al., 2009; Langley and Fidler,

2011; Tlsty and Coussens, 2006).
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In summary, a new in vitro tumor model was established, which might provide a promising

platform for drug delivery studies. It exemplified the benefits of microfluidic approaches to

development of in vitro tumor models that could more closely mimic characteristics of

native tumor tissues, in terms of cell density and microcirculatory system for nutrient and

drug supply. The ability to directly visualize distributions of fluorescent molecules and

tumor cells in 3D configuration without disrupting the system proved the usefulness of this

model for time-dependent drug penetration and pharmacodynamics studies. Compared to

other 3D tumor models, there were a few unique features in this model. These included (i)

high density of cells in the central channel, which was comparable to the value measured in

solid tumors in vivo, (ii) short period required to achieve high cell density, compared to

spheroid and MCL models, and (iii) well-controlled geometry of multicellular structures for

drug transport studies. In addition, all types of tumor cells can be loaded into the

microfluidic system to form 3D structures, at least for a short period, whereas spheroid and

MCL models are limited to those that are capable of forming multicellular structures in

vitro. Future studies need to be performed to characterize ECM and cell–cell adhesion in the

current model, monitor changes in the tumor model over extended culture periods, and

incorporate additional features of solid tumors into the model design.
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Figure 1.
a: Schematic representation of microfluidic device design for 3D tumor model. The device

consisted of three channels that were 0.25 cm in length and 30 µm in height. They were

separated by an array of square posts, 50 µm (width) x 30 µm (height), and spaced 4 µm

apart. The outer channels were 200 µm wide and the central channel for cell culture was 100

µm wide. b: A photo of the PDMS device. c: Overall setup of the perfusion system for

tumor cell culture in the device. The water bath was maintained at 37°C. [Color figure can

be seen in the online version of this article, available at http://wileyonlinelibrary.com/bit]
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Figure 2.
Model geometry. Molecular diffusion was considered in a unit region in the central channel

of the microfluidic device. The region is shown by the light gray area. The dark grey squares

represent the PDMS posts. The width of gap between two adjacent posts was assumed to be

zero since it was one order of magnitude smaller than the post width. As a result, the gaps on

two sides of the region were treated as point source and point sink, respectively.
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Figure 3.
B16.F10 cells in microfluidic device after 12 h culture. The tumor cells were stained with

CellTracker™ Green CMFDA and PI (red). Stacked 2-µm optical slices obtained from two

different locations of a microchip are shown in panels (a) and (b), respectively. Boxed

panels at top and right in panel (b) show cross-sections of the captured region at the

dissecting lines. The black squares are PDMS posts. [Color figure can be seen in the online

version of this article, available at http://wileyonli-nelibrary.com/bit]
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Figure 4.
Images of B16.F10 cells in microfluidic device taken immediately after loading (a,c) and at

12-h post cell loading (b,d). Panels (a) and (b) are images of cell compartment taken under a

regular light microscope with trans-illumination; panels (c) and (d) show stacked 2-µm

optical slices of the device containing tumor cells with their nuclei labeled with DAPI.

These images were taken under a confocal microscope and used for counting cell numbers.
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Figure 5.
Distribution of NaFin microfluidic channels. Panel (a) shows atypical image of microfluidic

channels with cells in the central channel under trans-illumination.The same region under

epi-illumination is shown in panel (b). Both images were taken after the lower channel was

perfused continuously for 15 min with NaF solution and the upper channel was perfused

with NaF-free medium for the same period. The image in panel (a) also shows the flow

direction by arrows, and the origin and direction of x axis, which are the same as those

defined in Figure 2. The average fluorescence intensity profiles for NaF in the central

channels are shown in panel (c). They were obtained either immediately after loading of a

mixture of collagen and cells (0 h), immediately after loading of cell suspension without

collagen (0 h), or at 12 h after loading of cell suspension without collagen. Each data point

represents the mean of the average intensity from four to five images taken at different

locations along the length of the central channel. The error bar indicates standard deviation

of data among these locations. The slopes of linear fitting of the data in curves i, ii, and iii

were −2.5 × 10−3 µm−1, −0.85 × 10−3 µm−1, and −0.93 × 10−3 µm−1, respectively.
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Figure 6.
Numerical simulation of average concentration profiles of NaF across the central channel.

The time-dependent concentration profiles normalized by c0 were assumed to be the same as

the average intensity profiles (Imean/Imax). They are plotted in panel (a) for different time

points. The profiles at 3 and 5 min were approximately the same, suggesting that the profiles

had reached a steady state at 5 min. The steady state profile could be compared to Imean/Imax

measured experimentally. The slope of the steady state profile, normalized by εc, is shown in
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panel (b). It depended only on the resistance to NaF diffusion in the cell compartment

relative to that in the gaps between posts.
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Figure 7.
Two-dimensional concentration profiles of NaF in the central channel. The profiles were

calculated at three time points: (a) 10 s, (b) 3 min, and (c) 5 min. There was a significant

increase in concentration from 10 s to 3 min but minimal change in concentration

distribution when the diffusion time was longer than 3 min.
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Figure 8.
Distribution of Hoechst 33342 in microfluidic channel. Both outer channels were perfused

for 20 min with Hoechst 33342 solution (16 µM) at 12-h post cell loading. The images were

taken at 30 min (a) and 2 h (b) after the outer channels were loaded with Hoechst dye.

[Color figure can be seen in the online version of this article, available at http://

wileyonlinelibrary.com/bit]
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Figure 9.
Distribution of calcein-AM in microfluidic channel. a: Both outer channels were perfused

with a solution of calcein-AM (10 µM) and PI (10 µM) at 12-h post cell loading. The

perfusion was performed for 20 min at 37°C. The image was taken immediately after the

perfusion. b: Cells in the image were pre-incubated in the same solution of calcein-AM and

PI for 20 min at 37°C before they were loaded into the microfluidic channel. The image was

taken at 12-h post cell loading. [Color figure can be seen in the online version of this article,

available at http://wileyonlinelibrary.com/bit]
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