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Abstract

Microfluidic technologies have substantially advanced cancer research by enabling the isolation of 

rare circulating tumor cells (CTCs) for diagnostic and prognostic purposes. The characterization of 

isolated CTCs has been limited due to the difficulty in recovering and growing isolated cells with 

high fidelity. Here, we present a strategy that uses a 3D scaffold, integrated into a microfludic 

device, as a transferable substrate that can be readily isolated after device operation for serial use 

in vivo as a transplanted tissue bed. Hydrogel scaffolds were incorporated into a PDMS fluidic 

chamber prior to bonding and were rehydrated in the chamber after fluid contact. The hydrogel 

matrix completely filled the fluid chamber, significantly increasing the surface area to volume 

ratio, and could be directly visualized under a microscope. Computational modeling defined 

different flow and pressure regimes that guided the conditions used to operate the chip. As a proof 

of concept using a model cell line, we confirmed human prostate tumor cell attachment in the 

microfluidic scaffold chip, retrieval of the scaffold en masse, and serial implantation of the 

scaffold to a mouse model with preserved xenograft development. With further improvement in 

capture efficiency, this approach can offer an end-to-end platform for the continuous study of 

isolated cancer cells from a biological fluid to a xenograft in mice.

INNOVATION

Microfluidic devices have been effective in capturing rare circulating tumor cells from blood 

and other biological fluids. Yet, the culture and expansion of captured tumor cells remains a 

challenge because of the inability to easily retrieve cells from a device. In this report, we 

introduce an innovative strategy to integrate a 3D hydrogel scaffold into a microfluidic 

device, whereby the scaffold can be retrieved after microfluidic cell attachment for serial in 

vitro or in vivo analysis. This scaffold-integrated chip can enable the characterization of 

isolated circulating tumor cells when optimally combined with cell-specific capturing 

techniques.

Correspondence should be addressed to B.P. (biju_parekkadan@hms.harvard.edu) and J.L. (jungwoo@engin.umass.edu). 
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INTRODUCTION

Microfluidic platforms have emerged as a powerful tool for studying cancer biology, 

particularly by capturing rare circulating tumor cells (CTCs) from patient blood samples1–4. 

Microfluidic captured CTCs have value for diagnostic and therapeutic applications in 

medicine since CTCs are considered precursor metastatic cells that contribute to 90% of 

cancer-associated death5. Various microfluidic platforms have been actively developed to 

enhance CTC-capture efficiency, purity and throughput. These platforms have already 

started to bring new understanding to human cancer and potentially patient care6–10. The 

functional characterization of microfluidically captured CTCs holds great promise to create 

patient-specific tumor cell lines and xenograft models to evaluate cancer heterogeneity and 

explore personalized medicine11,12. Yet, despite substantial technological advances, 

microfluidic captured tumor cells are difficult to retrieve from device without disrupting the 

cell’s physiological state. The downstream characterization of CTCs ex vivo or in 

tumorigenic xenograft models in vivo is limited.

Recently a few studies have demonstrated the feasibility of CTC expansion by optimizing 

cell culture environments. For instance, Zhang et al. introduced fibroblasts and extracellular 

matrix (ECM) proteins into a microfluidic chip right after capturing CTCs that improved ex 

vivo proliferation of tumor cells13. Yu et al. also reported that serum free medium, human-

derived growth factors, hypoxia, and non-adhesive substrates synergistically improved ex 

vivo culture of CTCs14. These results indicate that engineering cellular microenvironments 

would be an effective strategy to promote the survival and growth of CTCs. Biomaterials 

have been also introduced into microfluidic devices to help create an in vivo-like 

environment for captured CTCs15–19. These biomaterial-microfluidic platforms exhibit 

excellent fluidic control and have significantly improved the survival and function of 

captured CTCs. However, these integrated biomaterials cannot be separated from encased 

microfluidic devices making it restrictive for downstream functional analysis. In the field of 

tissue engineering, three-dimensional cell culture matrices (also known as scaffolds) have 

been widely used to mimic natural functions of ECM including structural support, 

mechanical and biochemical cues, and molecular gradients20,21. Its porous geometry 

accommodates a large number of cells, directs multicellular organization, and subsequently 

promotes the acquisition of differentiated tissue-level function22,23. Importantly, the 

freestanding nature of scaffolds allows easy integration into macro-bioreactors and/or in vivo 

models to create functional tissue analogues24,25. Scaffolds can be easily retrieved after 

bioreactor operation26 and in vivo implantation for subsequent studies27. Yet, macro-

bioreactor scaffolds are poor in fluidic control and in situ imaging when compared to 

microfluidic platforms, which limits their application for CTC capture platforms.

In this report, we introduce a new strategy to study CTCs by integrating a 3D hydrogel 

scaffold into a microfluidic device that can be retrieved after perfusion for downstream 

functional analysis. We focus on prostate tumors as a leading cause of death in adult men 

with a high propensity for bone metastasis28 and used a prostate tumor cell line as a model 

system for cell attachment and xenograft formation. The strategy to integrate a 3D hydrogel 

scaffold into a microfluidic device is simple; we exploited an intrinsic property of hydrogel 

to expand into a microfluidic chamber after going from a dehydration/hydration cycle once 
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in contact with fluid. The microfluidic cell culture could be visualized under a microscope 

and, after use, the scaffold inside could be retrieved for serial implantation and in vivo 

analysis. In this study, we focused on understanding the operating conditions to isolate a 

tumor cell line in a microfluidic 3D hydrogel structure. Tumor cells, that were isolated in the 

scaffold, were retrieved and implanted into mice as a direct extension to create a functional 

xenograft. The presented approach is readily applicable to other hydrogel scaffolds with 

structural and material diversity to provide tissue-specific 3D microstructures with relevant 

ECM components for microfluidic cancer research.

RESULTS

Modular design of a scaffold-integrated microfluidic platform

Two modules, a porous hydrogel scaffold and a PDMS-based fluidic chamber, were 

independently manufactured before being merged together in a final micro-reactor design. 

Hydrogel scaffolds were synthesized in polyacrylamide using a template-fabrication method 

to provide a standardized matrix that is mechanical stabile, optically transparent, and highly 

porous to accommodate molecular and cellular transport29,30. The macroscopic dimension 

of a fully hydrated hydrogel scaffold was 6.7 ± 0.14 mm diameter and ∼1.5 mm thickness 

consisting of regularly arranged and interconnected uniform size spherical cavities (D = 208 

± 15 µm). The cavity surfaces were coated with type I collagen to improve cell adhesion 

(Fig. 1a). Hydrogel scaffolds reversibly undergo substantial volume change in response to 

hydration. For example, hydrogel scaffolds immersed in 100% ethanol shrink to 4.0 ± 0.92 

mm in diameter and ∼0.6 mm in thickness, which corresponds to ∼78% volume reduction 

compared with its fully hydrated state. Rehydrated scaffolds can recover their hydrated state 

dimension, optical transparency, and mechanical durability even after more than 10 rounds 

of dehydration and rehydration (Fig. 1b). We exploited these intrinsic properties to integrate 

a hydrogel scaffold into a PDMS-based bioreactor. The reduced size of a dehydrated 

hydrogel scaffold made it easy to be inserted in a cylindrically shaped PDMS chamber that 

has slightly smaller dimension than a fully hydrated hydrogel scaffold (D = 6 mm, H = 1 

mm). This bioreactor with an inserted scaffold could then sealed onto a glass slide and 

bonded with oxygen plasma. Priming of the device with deionized water rapidly rehydrated 

the enclosed hydrogel scaffold, which expanded to completely fill the PDMS chamber space 

leaving no dead volume (Fig. 1c, Supplementary Video 1a).

Transport characteristics of scaffold-integrated microfluidic bioreactor

The scaffold provides a tortuous, high surface-area-to-volume platform similar to a tissue 

ECM. Before introducing cells, we systematically characterized hydrodynamic 

microenvironments created within the integrated hydrogel scaffold. Taking advantage of the 

regular porous structure, we used the lattice Boltzmann method to simulate the complex 

microflow corresponding to three different bulk flow rates (Q = 10, 50 and 100 µL/min). In 

the simulation, inter-connected cavities in the hydrogel were arranged on a regular face-

centered cubic lattice31, and the velocity field inside the scaffold was determined at different 

aSupplementary Video 1 (“Rehydration of a PDMS chip inserted dehydrated scaffold via infusing PBS”) can be viewed at http://
www.worldscientific.com/doi/suppl/doi:10.1142/S2339547815500065
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bulk flow rates. As shown in Fig. 2a, the computational modeling revealed that the fluid 

rushes into a cavity from an inter-connecting channel, glides across the core of the cavity, 

and rushes out via a channel to an adjacent cavity. As the bulk flow rate was increased, the 

spatial heterogeneity of the velocity field also increased, and the contrast between the fast 

microflow near the channels and the slow microflow near the cavity surface became sharper. 

In addition, the simulation results revealed that the flow rate positively correlates with the 

perfused space, and negatively with the perfusion uniformity. The model also indicated the 

formation of local stagnation points that preferentially formed near the cavity surface 

adjacent to inter-connecting channels. We computed the mechanical shear stress profiles in 

the fluid perfused regions of the scaffold (Fig. 2b) and found that the regions of high stress 

are correlated with regions of strong velocity gradients, near the entrance of inter-connecting 

channels. For Q = 10 µL/min, the magnitude of the shear stress at the center of cavities is of 

the order of 0.1 megapascal (MPa). The stress at the cavity walls is about 10 times larger, 

∼1 MPa. The stresses are largest in the interconnecting pores, as the fluid is forced through 

narrow constrictions. Here the magnitude of the shear stress is about 100 times larger (∼10 

MPa) than the bulk. The magnitude of the stress is approximately proportional to the flow 

rate; thus, for example, the shear stress at the cavity center at Q = 100 µL/min is 

approximately 1 MPa. Collectively these data suggest that cells adherent on the cavity 

surface would not undergo high shear and could remain adherent while being exposed to 

convective delivery of macromolecules within the solution.

These simulations were experimentally tested in microreactors and monitored under an 

optical microscope that allowed direct observation of dynamic transport phenomena through 

a transparent hydrogel matrix. An enclosed hydrogel scaffold retained its interconnected 

macroscopic channels for bulk flow, with moderate deformation of the cavity size due to the 

pressure. Overall pore size was reduced as 154 ± 45 µm and we observed different pore 

diameter distribution in the central (125 ± 41 µm) and marginal (173 ± 45 µm) regions 

(Supplementary Fig. 1); while the simulations modeled the hydrogel as a non-deformable 

material, this experimental observation is consistent with the pressure and stress profiles 

observed in the model. In addition, the hydrogel scaffold provides subcellular scale pores 

(2.37 ± 0.45 µm) in the hydrogel matrix that could be used for small molecule transport (Fig. 

3a). We first analyzed the perfusion profile of cellular size (D ∼10 µm) fluorescent 

polymeric microparticles under controlled pressure-driven flow. Most microparticles passed 

through open porous microstructures in the hydrogel scaffold as forming meandering 

streamlines, while some particles deviated from the streamlines and became trapped in 

stagnation points that were found at the varying diameters of convoluted channels as 

predicted by the model (Supplementary Video 2b). The trajectory of individual particle 

movement was captured by increasing exposure time of a fluorescent microscope (Fig. 3b), 

which allowed quantitative and qualitative comparison of inter-scaffold perfusion profiles as 

a function of flow rate (Fig. 3c).

We then examined the perfusion profile of small molecules using a rhodamine solution 

under gravity-induced flow (i.e. 39 µL/min in an empty chamber) and compared transport 

bSupplementary Video 2 (“Perfusion profile of cellular size microparticles perfusion at 10 μL/min) can be viewed at http://
www.worldscientific.com/doi/suppl/doi:10.1142/S2339547815500065
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phenomenon with an empty chamber or a chamber with a bulk hydrogel disc inserted that 

had only subcellular scale pores. As shown in Fig. 3d, the fluid entering into an empty 

chamber remained centralized initially with little edge dispersion, but soon converged at the 

outlet. The fluid entering into a scaffold-reactor continuously branched to the edges by 

passing while creeping through the micro-porous structure. Pressure gradients from the edge 

to the center, as suggested by the modeling, could account for the edge dispersion of the 

fluid stream along the lines of least resistance. In both cases, the entire chamber was 

eventually perfused by rhodamine solution in 5 minutes. However, during the same period 

no significant flow was made in a bulk hydrogel chamber due to the high hydraulic 

resistance. After washing, we observed significantly extended retention time of dye 

molecules in a scaffold chamber compared to an empty chamber. The relative flow rate of 

hydrogel scaffold chambers reached about 90% of empty chambers (Fig. 3e). These results 

indicate that the differential porous structure in hydrogel scaffolds created two different 

hydrodynamic regimes with 90% bulk flow via microscale pores and the remaining 10% 

flow via subcellular scale pores in the hydrogel matrix. These data provided confidence in 

operating the device under the specific range of flow rates (0.5–100 µL/min) during seeding 

and culture, while also validating the use of computational modeling to predict further 

insight into any future modifications of the bioreactor.

Attachment of tumor cells in scaffold chips with and without a feeder layer

As a proof-of-concept, PC3 human prostate tumor cells were evaluated for engraftment in 

the scaffold using a protocol guided by our modeling flow simulations (Fig. 4a). PC3 cells 

were engineered with a luciferase and green fluorescent protein reporter (Luc-GFP PC3) to 

microscopically distinguish tumor cells in the scaffold and also quantitatively determine the 

growth of tumor cells. Infused Luc-GFP PC3 cells (5 × 104 cells in 1 mL at 20 µL/min) 

traveled following sinusoid-like pore channels and randomly attached to the scaffold within 

the device. Using this method, cancer cell capture efficiency was ∼55% and 

microfluidically captured cells remained viable for at least 3 days under continued chip 

perfusion at (Fig. 4b). These data indicated that the porous hydrogel matrix coated with 

ECM was sufficient to capture cancer cells.

A separate study was designed to explore if pre-coating the scaffold with a feeder layer of 

human bone marrow stromal cells (BMSCs), which are known to support PC3 cell function, 

would impact engraftment. Based on the result of particle perfusion studies, we developed a 

cell seeding protocol using single, rapid infusion of a concentrated cell suspension (5 × 105 

BMSCs in 200 µL) for more uniform dispersion and coverage (Fig. 4c). The mechanically 

durable hydrogel retained its physical integrity during high flow rate conditions, which is 

challenging in other soft hydrogel-based fluidic channels e.g. collagen and alginate. The 

density of cell suspension was determined according to the estimated surface area provided 

by the enclosed hydrogel scaffold that is about 35 times larger than an empty chamber where 

only the bottom surface is available for cell adhesion (Supplementary Fig. 2). We achieved 

around 80% cell seeding efficiency using this method (Supplementary Fig. 3). Live/dead 

staining after 24 hours of perfusion culture showed over 90% cell viability (Supplementary 

Fig. 4). Confocal Z-stack images confirmed that BMSCs distributed and adhered in both 

axial and transverse directions within a scaffold-chip (Fig. 4d). Tumor cells were then 
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infused to create a co-culture. Adhesion and proliferation of captured Luc-GFP PC3 cells 

interacting with BMSCs during perfusion culture was easily monitored (Fig. 4e) and some 

of them stuck to the BMSCs (Fig. 4f, Supplementary Video 3c). There was no significant 

improvement in engraftment efficiency with the use of a feeder layer.

Retrieval of bioreactor-primed scaffolds for direct in vivo implantation

A distinguishing feature of the modular scaffold-integrated microreactor design is that a 

prepared 3D microenvironment can be retrieved intact for continuous in vitro and in vivo 

functional analysis after reactor operation (Fig. 5a). Retrieved microfluidically engrafted 

tumor cells with or without a stromal coating could be maintained in a standard well plate 

that allowed quantitative monitoring stromal dependent tumor-specific growth using 

bioluminescence (Fig. 5b). In this format, it was observed that BMSC scaffolds significantly 

enhanced PC3 tumor cell growth. The culture can be continued until the available surface 

area is fully covered by tumor and stromal cells. Scanning electron microscope images of 3 

weeks in vitro cultured scaffolds showed a fully covered pore surface that exhibited quite 

distinct morphology between tumor-only culture and tumor-stromal co-culture (Fig. 5c). 

This stromal-enhanced growth was not seen in control co-cultures on 2D tissue culture 

plastic, which suggests the importance of a 3D environment for stromal-support of PC3 

prostate tumor cell growth (Supplementary Fig. 5). We could also retrieve and directly 

implant microfluidically prepared tumor-stroma co-cultures in vivo that enabled both 

qualitative and quantitative analysis of stromal-dependent tumor development using whole-

body bioluminescent imaging (Fig. 5d). The scaffolds, inoculated with PC3 cells, formed 

xenografts after subdermal implantation in immunodeficient NSG mice. Although BMSC-

scaffolds showed moderately enhanced engraftment profiles compared to stromal-free 

scaffolds, no significant difference was observed due to the large deviation (Fig. 5e). Gross 

images of explanted scaffolds after 7 weeks implantation provide the feasibility of an 

integrated device that can microfluidically prepare cells in scaffold for direct in vivo 

implantation (Fig. 5f).

DISCUSSION

In this study, we presented an integrative approach to link in vitro tumor cell capture and in 

vivo implantation using a modular designed microfluidic hydrogel scaffold. Although 

biomaterials have been applied with microfluidic platforms to provide in vivo-like 3D 

extracellular milieu18,32–35, the cells cannot easily be separated from the biomaterial for 

continuous functional analysis ex vivo and/or in vivo. The key innovation here was the 

integration of a mechanically durable synthetic hydrogel scaffold within a PDMS fluidic 

device as a transferable matrix. A porous polyacrylamide hydrogel maintained structural 

integrity after dehydration, rehydration, and high pulsatile flow during cell seeding. These 

features are critical for microfluidic integration and uniform cell dispersion. A 

nonuniformity in pressure differences that was observed in our studies could be improved 

with a more rigid structure or even leveraged for inducing differential mechanical signaling 

cSupplementary Video 3 (“Infusing PC3 cancer cell suspension at 10 μL/min to a BMSC growing microfluidic hydrogel scaffold“) 
can be viewed at http://www.worldscientific.com/doi/suppl/doi:10.1142/S2339547815500065
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in the same scaffold without compartmentalization. The standardized 3D microstructure that 

was formed by the template-based synthesis was amenable to computational modeling and 

predictable flow conditions. In addition, the hierarchical porous structure exhibited 

physiologically relevant mass transport as accommodating both bulk flow (90%) by the 

macroscopic channels that connect each cavity within the scaffold and diffusion flow (10%) 

in subcellular pores in hydrogel matrix itself. This specific 3D porous hydrogel scaffold has 

been used for in vitro and in vivo bone marrow tissue engineering and cancer research 

applications29,36–39. Here, we have created a microfluidic chamber for scaffold culture and 

applied it as a microfluidic tumor cell attachment and implantation substrate. The presented 

approach could be also evolved with different biomaterials to expand the structural and 

material diversity of microenvironments in response to a user’s desired application.

There are a number of areas where the technology can be improved, particularly in the 

sensitive and specific capture of such rare cells. Many microfluidic capture technologies 

have primarily focused on improving capture efficiency in the context of inherently low 

number of CTCs40,41. Our model system studies did not consider these important 

considerations of primary tumor cells, the presence of blood, low isolated cell numbers, and 

capture efficiency. Instead, we focused on the downstream growth of CTCs in a single 

microfluidic platform that can stabilize subsequent culture to amplify CTC number ex vivo 

and facilitate recovery and characterization. This first-generation chip had robust 

colonization and implantation results using a model prostate cell line and provided 

confidence in moving forward with blood experimental samples under ethical and regulatory 

guidelines of human subjects research. The selective capture of cells from biological 

samples in the scaffold on-chip could facilitate targeted growth ex vivo and subsequent in 

vivo testing. In the current design of microfluidic hydrogel scaffolds, CTC-capture was 

largely determined by contoured channel geometry that generated stagnation points. Our 

results suggest that the adherence of prostate tumor cells was a function of the collagen 

coating and microstructure of the scaffolds and was not improved by a prestromalized 

scaffold. Yet, a stromal coating did significantly promote the proliferation of adhered tumor 

cells both in vitro and in vivo suggesting that a tailored microenvironment can encourage 

growth after cell capture. The use of selective antibodies, pre-coated tissue beds, and 

enlarged chip dimensions may collectively enhance the ability to capture and concentrate 

CTCs. Currently, scaffolds are irreversibly integrated into a PDMS chamber by an oxygen-

plasma treatment. Thus, the retrieval process required manual cutting of PDMS that could 

damage the co-culture environment in the hydrogel scaffolds. Reversible bonding or 

encasing methods42,43 could be developed to improve and potentially automate the intact 

recovery of tumor-cell captured scaffolds.

Diagnostic and drug testing assays are also envisioned using this integrated platform. The 

technology we have described is designed to complement CTC capture approaches with a 

non-destructive method to retrieve cells isolated in a device for post-hoc expansion, 

analysis, or transfer into an animal model for in vivo functional testing. Patient-specific 

xenografts could be created with this direct implantation method to serve as a companion 

model for monitoring tumor progression and drug efficacy during clinical trials. These 

microfluidic hydrogel scaffolds can also have value in understanding basic cancer biology 
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and progression in a 3D environment upon capture33,34,44–47. Besides cancer research, the 

microfluidic hydrogel scaffolds can be applied for capturing other clinically important rare 

cells or infectious pathogens to monitor their dynamic progression.

The preparation of microscale tissues for unimpeded in vivo use could also benefit from this 

technology. The encased hydrogel scaffold significantly increased the available surface area 

for cell adhesion by 35-times when compared to an empty chamber in which only bottom 

surface is available for cell adhesion. This increased surface area, combined with a highly 

porous structure for mass transport, can enable a relatively dense cell culture. We and other 

investigators have made arrays of spherical microcavities in PDMS for the spheroid culture 

of cancer cells that permit explicit characterization of fluid transport and co-culture under 

defined conditions 48–51. The in vivo integration of these arrayed spheroid cultures is 

difficult. Using parallel processing, multiple tissues on-chip could be merged together for a 

larger and uniform graft with optimal nutrient delivery achieved at the smaller unit scale. 

Engineered microtissue units can be assembled after retrieval to make a patient-specific size 

and shape of a multicellular 3D organization with tissue-level functionality. Additional 

structural and cellular complexity, such as an embedded endothelium, may aid in 

accelerating functional engraftment in vivo. There is also an opportunity to dope 

biodegradable polymers into the scaffold materials that can degrade in vivo and provide 

space for the infiltration and remodeling of host cells with the implanted biomaterial over 

time.

In conclusion, we present a new approach to help characterize isolated tumor cells from a 

biological fluid by integrating a hydrogel scaffold matrix into a fluidic device. This hybrid 

technology can offer great flexibility in structural design and material selection to provide a 

diverse range of tissue-mimicking microenvironments in a microfluidic platform. A 

microfluidically isolated tumor scaffold was successfully built and directly implanted into 

mice with preserved xenograft capacity as a proof-of-concept. Taken together, we anticipate 

that this technology could contribute to the translation of CTC capture technologies and 

microphysiological tumor models for diagnostic and therapeutic applications.

MATERIALS AND METHODS

All chemicals and supplies were purchased from Sigma Aldrich or Fisher Scientific unless 

otherwise stated. All mouse and primary human cell experiments were reviewed and 

approved by an internal review board of Massachusetts General Hospital.

Microfluidic hydrogel scaffold fabrication

Polyacrylamide based inverted colloidal crystal hydrogel scaffolds (Pore D = 250 ± 30 µm) 

were prepared following the previously reported method 29. Macroscopic dimension of fully 

hydrated hydrogel scaffolds was about 6.5 mm diameter and 1.5 mm thickness. Type I 

collagen fibers were covalently immobilized on the pore surface utilizing an amine and 

photo-reactive heterobifunctional cross-linker (Sulfo-SANPH). PDMS based cylindrical 

chambers (D = 6 mm, H = 1 mm) were prepared by modifying a plastic master molding 

technique52. The overall dimension of a microchip was 20 mm × 15 mm × 5 mm (Length × 

Width × Height). Before PDMS integration, hydrogel scaffolds were dehydrated by 
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immersed in a 70% ethanol solution that substantially shrank the hydrogel scaffold volume 

while maintaining gel-like elasticity. After oxygen-plasma surface treatment of a PDMS 

chamber and a glass slide, a dehydrated scaffold was immediately inserted into the PDMS 

chamber, sealed with the glass slide and then placed on a hot plate at 60 °C for 10 minutes. 

Subsequently the PDMS chamber was perfused with deionized water that rehydrated the 

dehydrated hydrogel scaffold and also washed away remaining ethanol. The microfluidic 

hydrogel scaffold was further perfused with phosphate buffered saline (PBS) and stored at 4 

°C until used.

Characterization of transport and hydrodynamic microenvironments

Acellular microfluidic hydrogel scaffolds were used to characterize hydrodynamic and 

transport microenvironment. Empty and a bulk hydrogel disc (6.5 mm diameter, ∼1.5 mm 

thickness) inserted chambers were prepared following the procedure described above and 

used as controls. Rhodamine B solution (MW = 479) was passively infused into the 

microfluidic chips by gravitational force to simulate and also directly visualize small 

molecule transport phenomenon. The relative flow rate was determined by measuring the 

volume of eluted dye solution for 5 minutes. Polycapolacton based microparticles (D ∼ 10 

µm) including fluorescein isothiocyanate (FITC) were prepared by slightly modifying the 

previously reported single-emulsion droplet based microfluidics53. Fluorescent 

microparticles having similar dimension to floating cells were infused into the microfluidic 

hydrogel scaffold at three different flow rates i.e. 10, 50 and 100 µL/min using a syringe 

pump (New Era). Flow rate dependent perfusion profiles and the trajectory of individual 

particle movement were monitored under an inverted fluorescent microscope (Zeiss 

AxioVert 200).

Inter-pore perfusion profiles were simulated using a computational fluid dynamics method 

called the lattice Boltzmann method54,55. In this method, fictive particles undergo 

consecutive collision and propagation on a discrete mesh56. It is ideally suited to model 

complex internal boundaries represented by the hydrogel microstructure, due to local 

dynamics and particle nature of the method. Computations were implemented using the 

open-source PalaBos software on a D3Q19 mesh57. The model geometry consisted of 

cavities of 100 µm radius arranged on a face-centered cubic (FCC) lattice, connected by 

channels of 10 µm radius; 3 FCC unit cells in the x-direction and 2 FCC unit cells in the y- 

and z-directions were used. Periodic boundary conditions were employed in the y- and z-

directions, while a pressure gradient was applied along the x-direction. No-slip boundary 

conditions were enforced at the cavity surfaces58. At the flow rates studied, the pressure 

gradient was proportional to the bulk flow rate, and we chose pressure gradients that yielded 

bulk flow rates of 10, 50 and 100 µL/min. The results of the computation were visualized 

using ParaView and VisIt visualization tool kits59,60.

Microfluidic culture human prostate tumor cells and bone marrow stromal cells (BMSCs)

PC3 human prostate tumor cells were culture with medium composed of 10% fetal bovine 

serum and 1% penicillin and streptomycin (Gibco/Life Technologies) in Dulbecco’s 

Modified Eagle’s Medium. Stable Luciferin and green fluorescent genes-transduced PC3 

cell line (Luc-GFP PC3) was generated using high titer bidirectional lentivirus as previously 
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described61; 5 × 104 Luc-GFP PC3 cells dispersed in 1 mL medium were infused into 

microfluidic chip at 20 µL/min. After incubation for 3 hours in a static condition, 

microfluidic chip was perfused with media at 0.2 µL/min using a 12-channel programmable 

syringe pump. Primary BMSCs were isolated from health donor’s fresh bone marrow 

aspirate (Lonza) and expanded following the previously reported protocol62. BMSCs were 

cultured with medium composed of 15% fetal bovine serum, 100 U/mL penicillin, 100 

µg/mL streptomycin, 20 mg/L gentamicin, 1 ng/L fibroblast growth factor, and 3 g/L sodium 

bicarbonate in alpha-minimum essential medium (α-MEM) at 37 °C with 10% CO2 and 

100% humidity. A dense BMSC suspension (1 × 106 cells in 200 µL) was rapidly infused 

into the microfluidic hydrogel scaffold by a single injection and then incubated for 3 hours 

in a static condition before starting medium perfusion at 0.2 µL per min using a 12-channel 

programmable syringe pump (New Era). After 3 days perfusion culture of human BMSCs, 5 

× 104 Luc-GFP PC3 cells dispersed in 1 mL medium were infused into BMSC and acellular 

microfluidic hydrogel scaffolds at 20 µL/min. Subsequently tumor cells introduced 

microfluidic scaffolds were perfused at 0.2 µL/min. PC3 cancer cells and human BMSCs 

seeding efficiency was determined by counting cell number before and after infusion into a 

microfluidic hydrogel scaffold (n = 5).

Microscopic imaging

By serially infusing FITC-Dextran and deionized water, deformed pore structure of a 

hydrogel scaffold integrated into a PDMS chamber was visualized under a fluorescent 

microscope (Zeiss). After 24 hours human BMSCs seeding, calcein and ethidium 

homodimer-1 based live-dead staining dye solution (Invitrogen) was infused into the 

microfluidic hydrogel scaffold chip and cell viability was determined under a fluorescent 

microscope. Live-dead stained fluorescent images were further processed to quantitatively 

determine cell viability. For fluorescent imaging of human BMSC-PC3 co-culture, BMSCs 

were pre-stained with a 5-(and-6)-(((4-Chloromethyl)Benzoyl)Amino) 

Tetramethylrhodamine (CMTMR) cell tracker dye (541 nm Excitation/565 nm Emission) 

before introducing the microfluidic hydrogel scaffold. Luc-GFP PC3 cells were directly 

imaged using a GFP channel. For scanning electron microscope (SEM) imaging, 

microfluidic cultured scaffolds were retrieved from a PDMS chamber using a razor blade 

and immediately fixed in 2% glutaladehyde solution. Subsequently hydrogel scaffolds were 

serially dehydrated with 20, 50, 70, 90 and 100% ethanol solution, and further dried using a 

lyophilizer overnight. A thin platinum/gold film was deposited on the samples using a 

sputter coating machine (208HR, Cressington) and then imaged under Field Emission SEM 

Ultra55 (Zeiss).

In vitro and in vivo monitoring retrieved microfluidically-primed microenvironment

After 1-week perfusion culture of Luc-GFP PC3 tumor cells in an acellular and a BMSC-

residing microfluidic chip, an integrated hydrogel scaffold was retrieved by cutting and then 

delaminating a PDMS from a glass slide. Although an integrated scaffold can be retrieved 

intact, this manual process could damage the scaffold that potentially damages co-culture 

environment. Retrieved hydrogel scaffolds were immediately placed in a 24-well plate and 

500 µL of 1:10 diluted luciferin substrate (Promega) was loaded in each well. 

Bioluminescent signal from Luc-GFP PC3 cells was measured by a microplate reader 
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(BioTeck Synergy2) for 7 days with 2–3 days interval. As a control experiment, 500 Luc-

GFP PC3 cells were cultured on a 24-well plate with and without BMSCs. The growth of 

tumor cells were determined by measuring bioluminescent signal for 11 days after loading 

500 µL of 1:10 diluted luciferin substrate. In a separate experiment, retrieved scaffolds were 

subdermally implanted on the dorsal side of 8 week old NOD/SCID/IL2γnull (NSG) male 

mice (Jackson Laboratory) following the previously reported method29. Typically 4 

scaffolds were implanted in each mouse i.e. 2 from acellular and the other 2 from BMSC 

microfluidic hydrogel scaffolds. Post 1 and 5 weeks mice were imaged after intraperitoneal 

injection of 150 µL D-Luciferin bioluminescent substrate (Caliper Life Sciences) using an In 

Vivo Imaging System (IVIS-100) (Perkin Elmer) with constant settings throughout the entire 

experiment.

Statistics

Statistical comparisons of data were performed using SPSS version 17 software. 

Nonparametric tests, i.e. Kruskal-Wallis and Mann-Whitney tests, were applied for semi-

quantitative image and bioluminescent signal analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Modular design of a microfluidic hydrogel scaffold. (a) Schematic of porous hydrogel 

scaffold fabrication procedure (Left) and corresponding SEM images in each stage (Right). 

Template structures were prepared with a narrow size distribution of microspheres and were 

infiltrated with hydrogel precursor solution prior to polymerization. Template beads were 

then selectively dissolved which left an inverted template structure to hydrogel matrix. 

Finally, the cavity surface was coated with Type I collagen to promote cell adhesion. (b) 

Hydrogel scaffolds undergo dramatic and fully reversible volume change between hydrated 
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and dehydrated states over 10 cycles. Dehydration of the hydrogel scaffold (D = 4.01 ± 0.09 

mm, H ≈ 0.6 mm) shrank up to 78% of volume compared with its fully hydrated state (D = 

6.74 ± 0.14 mm, H ≈ 1.5 mm), which is completely restored after rehydration (n = 10, *p < 

0.01). (c) Schematic of microfluidic hydrogel scaffold preparation by integrating a hydrogel 

scaffold into a PDMS-based perfusion chamber. A dehydrated scaffold was placed in a 

PDMS chamber that has slightly smaller dimension to the fully hydrated scaffold and 

subsequently sealed with a glass slide. Micrographs below show the rehydrated scaffold in a 

chip completely fills the chamber space.
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Figure 2. 
Computational simulation of hydrodynamic and mechanical microenvironment in a 

microfluidic hydrogel scaffold. (a) Visualized 3D target volume and simulated fluidic 

perfusion in a single cavity at 10, 50 and 100 µL/min volumetric flow rate (Q) from three 

diffeent angles. The size of the computational box is 565.7 × 565.7 × 848.5 µm. Velocity 

magnatitue is meter per sec. (b) Visualized 3D target volume and the mechanical shear 

stress (ΔP) profile at the three flow rates in the central region of an integrated scaffold.
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Figure 3. 
Characterization of inter-scaffold hydrodynamic microenvironment. (a) Fluorescent image 

of micro-scale pores in a scaffold-chip visualized by injecting rhodamine solution (Left) and 

SEM image of subcellular scale pores in bulk hydrogel matrix (Right). (b) Perfusion profile 

of cellular size fluorescent microsparticles (D = 10∼15 µm) at three different flow rates. 

Streamline flows were captured by setting exposure time to 20 seconds. (Scale bar, 200 µm) 

(c) Quantitative comparision of perfused area at different flow rates. Increased flow rates 

perfuse not only more particles but also more area. (n = 5, *p < 0.05) (d) Perfusion profiles 

of rhodamine solution in an empty, scaffold and bulk-gel inserted chip under gravity-

induced flow. No significant mass transport was detected in a bulk gel inserted chamber due 

to high fluidic resistance in the absence of macroscopic pores. Considerably longer retention 

of rhodamine molecule was observed in a scaffold-chip than an empty chamber. (e) 

Comparison of relative flow rates. Regularly arranged, hierarchical scale pores in hydrogel 

scaffold supports about 90% fluidic perfusion of an empty chamber (n = 5, *p < 0.1).
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Figure 4. 
Microfluidic 3D co-culture of human BMSCs and PC3 prostate cancer cells. (a) Schematic 

of PC3 human prostate cancer cell seeding into a scaffold-chip and subsequent perfusion 

culture. (b) Fluorescent image of Luc-GFP PC3 prostate cancer cells captured in a 

microfluidic scaffold after 3 days perfusion culture. PC3 cells are red colored to distinguish 

from human BMSCs. (c) Schematic of human BMSCs seeding into a scaffold-chip by single 

rapid injection and subsequent perfusion culture. (d) 3D confocal images of post 3 days 

perfusion culture show that BMSCs stably adhered on pore surface and well distributed both 
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axial and lateral directions of an integrated hydrogel scaffold. (e,f) Fluorescent images of co-

culture microfluidic chip show engrafted human prostate tumor cells in 3D 

microenvironment.
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Figure 5. 
Retrieval of hydrogel scaffold from microfluidic devices with retained xenograft capacity. 

(a) Schematic of retrieval of an integrated hydrogel scaffold from a microfluidic device for 

continues in vitro and in vivo analysis. (b) In vitro growth analysis of microfluidically 

captured Luc-GFP PC3 prostate tumor cells after transferring to a well plate using 

bioluminescent imaging (n = 6, *p < 0.05). Fluorescent image of tumor cells in a retrieved 

scaffold (Inner panel). (c) Morphological analysis of tumor cell growth with and without 

human BMSCs after 3 weeks in vitro culture. (d) In vivo growth analysis after subdermal 

implantation into immunodeficient mice using bioluminescent imaging. (e) Quantification of 

bioluminescent monitoring of tumor cell growth over 5 weeks in vivo (n = 6). (f) Gross 

image of explanted scaffolds 7 weeks after implantation.
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