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Abstract

Development of high-fidelity 3D models to recapitulate the tumor microenvironment is essential 

for studying tumor biology and discovering anticancer drugs. Here we report a method to engineer 

the 3D microenvironment of human tumor, by encapsulating cancer cells in the core of 

microcapsules with a hydrogel shell for miniaturized 3D culture to obtain avascular microtumors 

first. The microtumors are then used as the building blocks for assembling with endothelial cells 

and other stromal cells to create macroscale 3D vascularized tumor. Cells in the engineered 3D 

microenvironment can yield significantly larger tumors in vivo than 2D-cultured cancer cells. 

Furthermore, the 3D vascularized tumors are 4.7 and 139.5 times more resistant to doxorubicin 

hydrochloride (a commonly used chemotherapy drug) than avascular microtumors and 2D-

cultured cancer cells, respectively. Moreover, this high drug resistance of the 3D vascularized 

tumors can be overcome by using nanoparticle-mediated drug delivery. The high-fidelity 3D tumor 
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model may be valuable for studying the effect of microenvironment on tumor progression, 

invasion, and metastasis, and for developing effective therapeutic strategy to fight against cancer.
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Cancer is one of the major causes of death globally.1,2 However, development of new 

anticancer drugs are slow, expensive, and most of them provide little improvement in quality 

or extension of life even though they may work well in animal models.3 The latter is due to 

the huge interspecies differences in cell, tissue, and organ physiology and anatomy.4–6 On 

the other hand, the most commonly used 2D culture method of preparing cancer cells for 

drug discovery has proven to induce altered gene and protein expression in cells compared to 

3D culture that is natural to nearly all cells in human body.7–9 Current approaches for 3D 

culture include suspending cells in liquid medium to form multicellular spheroids and 

seeding cells in hydrogels or porous scaffolds.10–14 Although they are simple and 

inexpensive, it is difficult to achieve high-throughput production and obtain spheroids of 

uniform size.10,11 Moreover, the lack of vascularization is a critical limitation of most 

contemporary 3D tumor models for drug discovery, because the diffusion limit (typically 

less than ~200 μm, the half distance between two blood capillaries)11,15–18 of nutrients and 

oxygen in highly cellularized tissue (such as tumor) may result in viable cells only in the 

surface layer of less than ~200 μm in the tumor model. Vascularization is also required for 

studying cancer metastasis in vitro, and the difference between normal vasculature and that 

in solid tumors (immature, tortuous, and hyperpermeable vessels) offers an opportunity for 

anticancer therapies.19–21 Moreover, stromal cells including endothelial cells may impact the 

cancer cells via paracrine factors and modification of the extracellular matrix,22–28 which 

may affect the sensitivity of cancer cells to anticancer drugs. Therefore, tumor vasculature is 

an important component of the tumor microenvironment that must be incorporated in 3D 

tumor models for high-fidelity drug discovery and understanding of tumorigenesis and 

metastasis. However, contemporary work on vascularization in vitro has been focused on 

random assembly of endothelial cells in a homogeneous system (e.g., hydrogel) to form new 

blood vessels (i.e., vasculogenesis) with no control on their distribution; vasculogenesis 

around a bioprinted or microfabricated track or channel that may be simple in geometry or 

difficult to be embedded with interstitial cancer cells; and the sprouting of existing vessels to 
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produce new capillaries (i.e., angiogenesis).29–42 Lastly, the effect of vascularization on 

cancer drug resistance in vitro has not been well studied.

In this study, we developed a “bottom-up” approach to fabricate 3D vascularized human 

tumor with controlled formation of a complex 3D vascular network and studied the effect of 

vascularization on cancer drug resistance. This is achieved by first encapsulating and 

culturing cancer cells in core-shell microcapsules (< ~200 μm in radius) consisting of a type-

I collagen rich core enclosed in a semipermeable alginate hydrogel shell to form cell 

aggregates or micro-tumors (μtumors), using a high-throughput non-planar 

polydimethylsiloxane (PDMS) microfluidic encapsulation device (Scheme 1a and Figure 

S1). Next, these μtumors in core-shell microcapsules are used as the building blocks to 

assemble with stromal cells (including endothelial cells) in a collagen hydrogel under 

dynamic perfusion culture in a PDMS-glass microfluidic perfusion device, to form 

millimeter-sized 3D vascularized tumor (Scheme 1b and Figure S2). It is hypothesized that 

assembling microscale (less than the diffusion limit of nutrients and oxygen in cellularized 

tissue) cell-containing modules will provide geometric and physicochemical guidance to the 

vascular cells, thereby enabling the formation of a complex 3D vascular network around the 

cancer cells in the modules to mimic the vascular and cellular configuration in in vivo 
tumors. As tumor-associated stromal cells have been shown to contribute to cancer drug 

resistance,43,44 we further examined the response to free and nanoparticle-encapsulated drug 

of the 3D vascularized tumor compared to conventional 3D avascular μtumors and 2D-

cultured cells.

RESULTS AND DISCUSSION

Fabrication and characterization of avascular μtumors

Figure 1a shows the spherical and core-shell morphology of the microcapsules together with 

the fibrous collagen core revealed by scanning electron microscopy (SEM). The 

microcapsules have a total and core size (in diameter) of 387 ± 15 μm and 273 ± 21 μm, 

respectively (Figure 1b). Since the diffusion limit for oxygen and nutrients in vivo is less 

than ~200 μm, the small size (less than ~200 μm in radius) of the core-shell microcapsules 

allows adequate mass transport for all the encapsulated cells to survive and proliferate. By 

suspending MCF-7 human mammary cancer cells at 5 × 106 cells/ml in the core collagen 

solution (1.5 mg/ml and introduced into the microfluidic encapsulation device via I3, 

Scheme 1a and Figure S1a), 33 ± 6 cells can be encapsulated in the core of each resultant 

microcapsule (Figure 1b). Figure 1c shows the morphology and proliferation of the MCF-7 

cells encapsulated and cultured in the microcapsules: Over 10 days under the miniaturized 

3D culture, the cells proliferated to form highly viable μtumors (i.e., avascular aggregates of 

cancer cells) with 1442 ± 317 in each μtumor. The high viability is probably due to the small 

size of the μtumors (less than ~150 μm in radius) that is less than the diffusion limit of 

oxygen and nutrients (~200 μm in highly cellularized tissue).11,15–18 It is worth noting that 

the cell proliferation over 10 days inside the microcapsules does not have significant impact 

on the overall size of the microcapsules.

We next investigated the effects of culturing microenvironment on the growth and metastatic 

potential of the encapsulated cancer cells, by varying the collagen density in the core of the 
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microcapsules from 0.5 to 3 mg/ml, to modulate the physicochemical properties (i.e., 
stiffness and cell adhesion) of the core extracellular matrix (ECM) in the microcapsules. In 

order to further increase the mechanical property to study the role of stiffness alone on the 

cell proliferation, we added 1–2% (w/v) of alginate together with collagen to make the core 

ECM in some cases because alginate has no adhesion domain for cells to attach. Rheological 

analyses show that the elastic modulus (G′) can be tuned over ~1–15000 Pa (Figures 1d and 

S3), spanning the range of stiffness of normal and malignant mammary tissues.45–47 With 3 

mg/ml collagen in the core ECM (G′= 22 Pa), we observed small and multiple aggregates in 

the core-shell microcapsules after 10 days of culture (Figure S4). When the collagen 

concentration is lowered to 1.5 mg/ml (G′=3.68 Pa) or 0.5 mg/ml (G′=0.48 Pa), the cell 

proliferation is significantly improved (by 5.9 and 4.6 folds for 1.5 and 0.5 mg/ml, 

respectively) compared to that of 3 mg/ml (Figures 1e and S4). To determine the role of 

stiffness alone on the cell proliferation, we included alginate (1–2%) in the 1.5 mg/ml 

collagen core ECM. As shown in Figures 1e and S4, further increasing the stiffness with 

alginate significantly reduced the MCF-7 cell proliferation in the core-shell microcapsules.

Malignant transformation of tumors of epithelial origin including the mammary 

adenocarcinoma is often accompanied by changes in the tumor microenvironment including 

the ECM stiffness.46,48 Therefore, we investigated the effect of the ECM stiffness on the 

malignant behavior of MCF-7 cells under the miniaturized 3D culture by examining the 

expression of two epithelial to mesenchymal transition (EMT) marker genes including 

VIMENTIN and CXCR4 and one epithelial marker gene (E-CADHERIN). As the stiffness 

of the ECM is increased (keeping the cell adhesion constant by using the same collagen 

density of 1.5 mg/ml), we observed significantly increased expression of VIMENTIN (by up 

to 10 folds) and CXCR4 (by up to 3.6 folds) without significant change in the expression of 

E-CADHERIN (Figure 1f). These data suggest the ECM stiffness is a crucial regulator of 

EMT under the miniaturized 3D culture, which is consistent with previous reports regarding 

the effect of stiffness on the EMT of cancer cells cultured under 2D and bulk 3D 

conditions.45,48,49 Taken together, these data show the capability of engineering the tumor 

microenvironment within the core-shell microcapsules to study the biological behavior of 

cancer cells under miniaturized 3D culture, including interrogating the contribution of 

environmental cues to tumor progression and metastatic potential.

Fabrication and characterization of vascularized 3D tumors

After successful formation of μtumors in the core-shell microcapsules, we assembled them 

in a PDMS-glass microfluidic perfusion device with stromal cells for perfused culture to 

form 3D vascularized tumor. A schematic overview and real images of the microfluidic 

perfusion device are shown in Scheme 1b and Figure S2. The device consists of a sample 

chamber (width × length × depth = 1 × 5 × 0.5 mm) connected to two reservoirs of culture 

medium through eight micro-pillars (width × length × depth: 0.8 × 0.8 × 0.5 mm). The 

perfusion (with the medium of HUVECs) is driven by hydrostatic pressure (ΔP) resulting 

from the difference in height (Δh) of the medium column linked to the two reservoirs on the 

two different sides of the sample (Scheme 1b and Figure S2). The composite hydrogel 

consisting of encapsulated μtumor modules together with primary human umbilical vein 

endothelial cells (HUVECs) and human adipose-derived stem cells (hADSCs) in 1.5 mg/ml 
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type-I collagen was injected into the sample chamber (~10 μl) of the microfluidic perfusion 

device. The hADSCs are incorporated in the system because they are present in breast tumor 

stroma in vivo,50 and can positively influence the vascularization by secreting pro-

angiogenic growth factors.51,52 After gelling at 37 °C for 30 min, the composite hydrogel is 

constrained within the sample chamber of the microfluidic device by the eight micro-pillars. 

A total of ~50 core-shell microcapsules encapsulated with μtumors could be placed in the 

sample chamber. We monitored the effect of perfusion on the viability and growth of the 

assembled μtumors and stromal cells. Without perfusion (achieved by adding the same 

amount of medium on both sides of the sample chamber so that Δh was 0), capillary 

formation was minimal and many cells were dead by day 4 (Figure S5). When perfusion was 

applied through an initial hydrostatic pressure of 1 cm (Δh) of medium (ΔP: ~100 Pa) with 

medium being changed every 12 hr before Δh approached 0 (Figure S2d–e), both the cancer 

and stromal cells were highly viable (Figure 2a) and vascular structures could be observed 

after 4 days of culture (condition 1 in Figure 2b). This is probably because the radius of the 

building blocks (i.e., μtumors in core-shell microcapsules) is less than the diffusion limit of 

nutrients and oxygen in highly cellularized tissue (~200 μm),11,15–18 which enables adequate 

transport of nutrients and oxygen to all cells in the system including cells in the core of the 

μtumors. Therefore, all further experiments were conducted under dynamic culture with the 

hydrostatically driven perfusion.

Next, we investigated the effect of the presence of the 3D building blocks or modules (i.e., 
μtumors in core-shell microcapsules) on guiding the endothelial cells in the collagen 

hydrogel for capillary morphogenesis around the encapsulated μtumors. Cancer cells in the 

μtumors should release cytokines such as VEGF, bFGF, and IL-8 to promote vasculogenesis 

and angiogenesis.53 To confirm this, the concentration of VEGF (that has a larger molecular 

weight than bFGF and IL-8) in the 1 ml of medium for culturing the same number (20,000) 

of encapsulated cells (in μtumors) and 2D-cultured cancer cells at different days was 

quantified by using enzyme-linked immunosorbent assay (ELISA). As shown in Figure S6, 

VEGF indeed can be released through the alginate shell of the microcapsules into medium 

and the VEGF produced by cells in the encapsulated 3D μtumors is significantly more than 

that of 2D cultured cells during the first 3 days. In addition, the μtumors or core-shell 

microcapsules should provide a geometric guidance for the endothelial cells to assemble and 

form a complex 3D vascular network around the building blocks.34,54 Indeed, after one-day 

culture, HUVECs displayed elongated morphology around the microcapsules. Controlled 

formation of vacuoles and tube-like structures around the microcapsules was observed on 

day 2. On day 4, controlled formation of a complex 3D capillary network around the 

microcapsules was observable throughout the sample (condition 1 in Figures 2b–c and S7).

Because microcapsules act as a physical barrier to prevent direct cell-cell contact between 

the encapsulated μtumors and HUVECs, contribution of the μtumors to vasculogenesis is 

through the secretion of vasculogenic factors by cells in the μtumors. We found that 

vasculogenic morphogenesis of HUVECs is highly dependent on the co-culture with the 

μtumors, since the formation of interconnected vascular networks is minimal in the absence 

of μtumors (i.e., mixed with empty microcapsules) within 4 days of culture with perfusion 

(condition 2 in Figures 2b–c and S7). We further investigated the effect of direct cell-cell 

contact between the μtumors and HUVECs on vascularization in addition to the 
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aforementioned cytokine effect. For this, we dissolved the alginate shell of the core-shell 

microcapsules by perfusing the samples with 75 mM sodium citrate for 5 min after one day 

of culture. During the course of the following three days of perfusion culture with medium, 

we observed significantly enhanced vascularization (condition 3 in Figures 2b–c and S7). 

However, vascularization could not be achieved if the same numbers of the three types of 

single cells (i.e., without any microencapsulation or μtumors) were mixed in collagen for 

loading into the chamber to make the samples. As shown in Figure S8a, The samples were 

observed to shrink greatly and adhere only onto the surface of the micro-pillars in the 

sample chamber on days 1–4, and no clear network of blood vessels could be observed in 

the device. Similar phenomenon of apparent shrinkage (by ~3 times in diameter or ~27 times 

in volume in 4 days) was also observed with the conventional method of directly mixing the 

three types of cells (without any microencapsulation) in collagen hydrogel for static culture 

in 24-well plates (Figure S8b). Importantly, the presence of encapsulated μtumors (even if 

the alginate hydrogel shell is dissolved after 1-day culture) can prevent this issue (Figures 2, 

S7, and S8b). In order to confirm the advantage of using both microencapsulation and 

microfluidic perfusion device, vascularization was further examined in the samples under 

conventional static culture in 24-well plates. As shown in Figure S9, few HUVECs stayed 

the collagen hydrogel after 1-day culture for the samples without microencapsulation under 

static culture, possibly due to the significant shrinkage of the samples. Although HUVECs 

could be observed in the groups with encapsulated μtumors (without or with dissolution of 

alginate after 1-day culture), the cells did not form an interconnected vascular network in 

four days as they did under dynamic perfusion culture in the microfluidic perfusion devices 

(Figure 2c).

To further confirm that the vasculature engineered using the μtumors with dissolution of the 

alginate hydrogel shell after one-day culture, we examined it for its 3D structural integrity 

and the presence of characteristic CD31 and VE-CADHERIN protein markers. 

Immunofluorescent staining of these markers together with F-ACTIN cytoskeleton filaments 

shows the formation of a complex microvascular network with good interconnectedness 

after 4-day culture in the microfluidic perfusion device (Figures 2d and S10–S11, and Movie 

S1). Moreover, we observed the presence of lumens in the vessels enclosed by HUVECs as 

shown in the bottom panels in Figures 2d and S10–S11.

In vivo tumorigenicity of the μtumors and stromal cells

To understand in vivo tumorigenesis of the 3D-engineered system of μtumors mixed with 

HUVECs and hADSCs in collagen, we injected it subcutaneously into athymic nude mice 

that were sacrificed at 14 days after injection to obtain the resultant tumors. Control 

experiments with 2D-cultured MCF-7 cancer cells alone and a mixture of single hADSCs, 

HUVEC and MCF-7 cells (at the same ratio as that in the 3D-engineered system) without 

any microencapsulation were performed in parallel. The total number of cells were the same 

for all the conditions. As shown in Figure 3a–b, the 3D-engineered system (conditions 3 and 

4) is much more tumorigenic than the cancer cells alone (condition 1) or mixture of 

hADSCs, HUVEC and MCF-7 cells (condition 2). Although the difference between the 

groups without (condition 3) and with (condition 4) alginate dissolution at one day after 

injection is insignificant, the size/weight is more uniform for the tumors obtained under 
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condition 4 than 3 (Figure 3a–b). To find out if the difference in size of the tumors formed 

under the four different conditions could be related to their difference in vascularity, we 

quantified the density of blood vessels in the tumors. The density of blood vessels 

(containing red blood cells or RBCs indicated by arrow heads) in the tumors formed with the 

3D-engineered system (conditions 3 and 4) is significantly higher than that formed from 

conditions 1 and 2 (Figure 3c–d). The staining of human CD31 (hCD31) shows that blood 

vessels of human origin are readily observable only for conditions 4 and 3 and green 

fluorescence is barely observable in the tumors for condition 2 (Figure 3e). The average size 

of blood vessels is also larger in the tumors formed from the engineered system than 2D 

cultured cells (Figure 3c). It is worth noting that no microcapsules were observed in the 

tumors under condition 3, indicating the alginate hydrogel shell of the microcapsules was 

liquefied/degraded during the 14 days in vivo. Taken together, these data suggest that 3D 

culture of MCF-7 cells and incorporation of supporting HUVECs and hADSCs can improve 

in vivo tumorigenicity compared to the conventionally 2D-cultured cells.

Drug discovery with the 3D vascularized tumors

After successful fabrication and characterization of the avascular 3D μtumors and in vitro 
vascularized 3D tumors, we analyzed their responsiveness to chemotherapy to illustrate their 

utility for drug discovery. The Food and Drug Administration (FDA) approved anticancer 

drug doxorubicin hydrochloride (DOX) for treating breast cancer was used.55 We compared 

the cytotoxicity of DOX on the conventionally 2D-cultured MCF-7 cancer cells, avascular 

3D μtumors, and in vitro vascularized 3D tumors. DOX was administered by incubating it 

with the three different model systems for 4 days at concentrations ranging from 0–100 

μg/ml. The CCK-8 cell viability assay was used to assess the cell viability. As shown in 

Figure 4a, 2D-cultured MCF-7 cells were the most sensitive to DOX. Cancer cells in the 

engineered 3D (avascular) μtumors (3D-A) were significantly more resistant to the free 

DOX than the 2D-cultured cells. Moreover, cells in the vascularized 3D tumors (3D-V, 

cultured with perfusion) are significantly more resistant to the free DOX from 10–60 μg/ml 

than the cancer cells in the 3D avascular μtumors. The inhibition concentration of free DOX 

to kill 50% of cells (IC50) was 0.24, 7.13 (increased by 29.7 times), and 33.48 (increased by 

139.5 times) μg/ml on average for the 2D-cultured cells, cells in the avascular 3D μtumors, 

and all the three types of cells in the vascularized 3D tumors, respectively. The IC50 of cells 

in the vascularized 3D tumors is 4.7 times of that of cells in the avascular 3D μtumors.

It is worth noting that the high drug resistance of the vascularized 3D tumors is not due to 

the possible high drug resistance of HUVECs or hADSCs. In fact, MCF-7 cancer cells 

(IC50: 0.24 μg/ml, Figure 4a) are more drug resistant than hADSCs (IC50: 0.17 μg/ml, 

Figure S12a) and HUVECs (IC50: 0.09 μg/ml, Figure S12b). Although the mixture of the 

three types of cells (hADSCs+HUVECs+MCF-7 cells, IC50: 0.75 μg/ml, Figure S12c) is 

more drug resistant than any of the three types cells alone, it is much less drug resistant than 

the vascularized 3D tumors (3D-V, IC50: 33.48μg/ml, Figure 4a). The differential drug 

sensitivity may not be attributed to the difference in DOX availability either, as the DOX is 

observed to homogeneously distribute in all the cells under all the three different culture 

conditions (Figure S13). To investigate more on the possible mechanisms of drug resistance 

of the 3D-cultured MCF-7 cells in the avascular μtumors and vascularized tumors, we 
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studied the expression of the putative mammary cancer stem cell (CSC) marker CD44 

together with the differentiation marker CD24 using immunocytochemistry and flow 

cytometry.55 As shown in Figure S14, the expression of CD24 decreases significantly and 

the expression of CD44 is significantly increased in the avascular 3D μtumor cells, 

compared to the 2D-cultured cancer cells. Similar trends in the expression of CD24 and 

CD44 are observed for the 3D μtumors embedded in the 3D vascularized tumor compared to 

the 2D-cultured cancer cells (Figure S14a). Therefore, the mechanisms associated with the 

CSC drug resistance55–59 may contribute to the enhanced IC50 of cells in the 3D μtumors. 

Furthermore, we propose that there should be interplay among various factors (intracellular 

changes, paracrine signaling, and modification of the ECM)22–26 that may contribute to the 

reduced drug sensitivity in the avascular 3D μtumors and in vitro vascularized 3D tumors, 

which warrants further investigation.

To show the utility of our 3D vascularized tumor model for anticancer drug discovery, we 

tested the efficacy of a nanoparticle-mediated combination therapy using the models. As 

schematically illustrated in Figure 4b, the LC60S-DI nanoparticles used are composed of a 

lipid (L) outer membrane and a fullerene (C60) core embedded in a matrix of mesoporous 

silica (S), and encapsulated with DOX (D) and indocyanine green (ICG or I).60 The 

nanoparticles are ~60 nm in diameter with a round morphology (Figure 4c and Figure S15) 

and have a negatively charged surface as indicated by the negative surface zeta potential of 

approximately −22.3 mV (Figure 4d). The former is excellent for cellular uptake and passive 

targeting of tumor in vivo while the latter is important for the blood stability of the 

nanoparticles.19–21,60 The nanoparticles enable combined chemo, photothermal, and 

photodynamic therapies for tumor destruction, because the encapsulated ICG can efficiently 

absorb near infrared (NIR, 800 nm) laser to generate heat and reactive oxygen species.60 

Moreover, release of the encapsulated DOX can be precisely controlled by dosing the NIR 

irradiation. To check the anticancer capability of the LC60S-DI nanoparticles on the most 

drug-resistant 3D vascularized tumors, we perfused/incubated the tumors in the microfluidic 

perfusion device with the nanoparticles for 12 hr, irradiated the tumors with NIR (at 1.5 

W/cm2 for 1 min), and further cultured them for 3.5 days with a total treatment time of 4 

days. As shown in Figure 4e, the LC60S-DI nanoparticle-mediated combination therapy is 

significantly more effective than chemotherapy with free DOX alone for destroying the 3D 

vascularized tumors. The cell viability at the DOX dose of 10 μg/ml in nanoparticles is 

significantly lower than that of chemotherapy with 10 μg/ml in free DOX. The IC50 

significantly dropped by more than 16 times to ~1.9 μg/ml with the combination therapy 

compared to chemotherapy with free DOX (Figure 4f). It has been reported that a dose of 

2.5 mg/kg (body weight) for DOX encapsulated in the nanoparticles could result in effective 

destruction of tumors in vivo while the same dose of free DOX has minimal impact on tumor 

growth. If the density of mammalian tissue is assumed to be ~1 kg/l (i.e., the density of 

water), the 2.5 mg/kg(body weight) is equivalent to 2.5 mg/l or 2.5 μg/ml. Consistent with 

the in vivo studies, our data show that 2.5 μg/ml of DOX in the nanoparticles could 

effectively kill the 3D vascularized tumor (Figure 4e–f), while 2.5 μg/ml of free DOX has 

minimal impact on the survival of the 3D vascularized tumor although it is effective in 

killing 2D-cultured cancer cells and 3D avascular μtumors (Figure 4a). Therefore, our in 
vitro 3D vascularized tumor model may be valuable for replacing conventional animal 
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models and 2D-cultured cancer cells and 3D avascular μtumors, to prioritize candidate 

anticancer compounds for further confirmation with clinical trial studies.

CONCLUSIONS

In summary, we demonstrate the ability to form μtumor modules in core-shell microcapsules 

using a high-throughput non-planar microfluidic encapsulation technology. The 

physicochemical properties of the core-shell microcapsules can be readily modulated to 

study their effects on the proliferation and gene expression of the encapsulated cancer cells. 

Using the μtumors as the building blocks and geometric guidance of vasculogenesis, we 

fabricated 3D vascularized human mammary tumor from bottom up by assembling the 

μtumors with stromal cells including endothelial cells and adipose-derived stem cells. We 

confirmed the tumor vasculature based on vessel structures and protein markers. We further 

tested the anticancer efficacy of free DOX and DOX encapsulated in nanoparticles (LC60S-

DI) with the in vitro vascularized 3D human tumors. The results support the importance of 

tumor microenvironment on the effectiveness of chemotherapy. This in vitro vascularized 3D 

human tumor model may be valuable for studying the role of the tumor microenvironment 

including cell-cell and cell-ECM interactions in cancer progression and metastasis and for 

drug discovery.

MATERIALS AND METHODS

Materials

Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow Corning (Midland, 

MI, USA). SU8 2100 and 2025 were purchased from MicroChem (Westborough, MA, 

USA). Fetal bovine serum (FBS) was purchased from Invitrogen (Carlsbad, CA, USA). 

MCF-7 human mammary cancer cells were purchased from ATCC (Manassas, VA, USA). 

Primary human umbilical vascular endothelial cells (HUVECs) with and without green 

fluorescence protein (GFP) were purchased from Angio-Proteomie (Boston, MA, USA) and 

Lonza (Allendale, NJ, USA), respectively. Primary human adipose-derived stem cells 

(hADSCs) were purchased from Lonza (Allendale, NJ, USA). The rat-tail type I collagen 

was purchased from BD Bioscience (Franklin Lakes, NJ, USA). Doxorubicin hydrochloride 

(DOX) was purchased from LC laboratories (Woburn, MA, USA). The phospholipid 1,2-

dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Anatrace 

(Maumee, OH, USA). All other materials were purchased from Sigma (St. Louis, MO, 

USA) unless specifically noted otherwise.

Fabrication of microfluidic encapsulation device

To fabricate the non-planar microfluidic cell encapsulation device, microchannels were 

patterned on a silicon wafer by multilayer photolithography technique. A 100 μm of a layer 

of SU8 2025 was first coated and then soft-baked followed by exposure to ultraviolet (UV) 

light through the first shadow mask (Cad/Art services, Bandon, OR, USA) printed with the 

core channel. After a post-exposure baking, an additional layer (50 μm) of SU-8 photoresist 

was spun coated, soft baked, exposed with a second shadow mask to pattern the shell 

channel. The third layer for oil/separation channel was similarly patterned. All three 
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exposures were aligned using an EVG620 automated mask aligner. In the end, the SU8 

pattern on the substrate was developed in the SU-8 developer (MicroChem), rinsed with 

isopropyl alcohol, and dried using nitrogen gas. The microfluidic encapsulation devices 

were then made by replica molding of PDMS. The mixture of cross-linker and PDMS pre-

polymer (1:10) was poured on a patterned silicon wafer. PDMS was cured at 65 °C for at 

least 3 hr and then carefully peeled off. Two PDMS slabs with the same channel design were 

then plasma-treated for 30 s using a Harrick (Ithaca, NY, USA) PDC-32G plasma cleaner at 

18 W and 27 Pa, wetted with methanol, aligned and bonded together under a microscope to 

produce the final cell encapsulation device. Assembled device was kept on a hotplate at 

80 °C for ~ 10 min to evaporate residual methanol and further kept at 65 °C for 2 days to 

make it sufficiently hydrophobic for experiments.

Fabrication of microfluidic perfusion device

The microfluidic perfusion device was composed of a top PDMS part, a bottom PDMS part, 

and a bottom glass slide (Figure S2). The top PDMS part (12 mm in thickness) was prepared 

by using 60-mm petri dish as the mold and punched with four holes (1–4) using a standard 

9.5 mm biopsy puncher (Figure S2a). To fabricate the bottom PDMS part, two layers of SU8 

2100 were spun-coated on a silicon wafer to achieve a total thickness of 500 μm. After soft 

baking, wafer was exposed to UV light through the shadow mask (with features including 

micro-pillars, sample chamber, and reservoirs, Figure S2b), followed by post-exposure 

baking and development. The PDMS pre-polymer mixed with cross-linker was poured on 

the wafer and baked at 65 °C for at least 3 hr. The bottom PDMS part (2 mm in thickness) 

was then carefully peeled off from the wafer without damaging the pillars. Thereafter, four 

holes (1–4) were punched in the bottom PDMS part using a standard 2 mm biopsy puncher 

(Figure S2b). The bottom and top PDMS parts were then plasma-treated, the four holes 

aligned, and the two parts bonded together with the features (i.e., micro-pillars, sample 

chamber, and reservoir) on the external surface of the resultant PDMS assembly. The PDMS 

assembly was autoclaved before further use. After loading sample in the sample chamber, 

the PDMS assembly was bond to a thin (0.15 mm in thickness) glass slide (Fisher Scientific, 

Waltham, MA, USA) to form the final PDMS-glass microfluidic perfusion device as shown 

in Figure S2c. It is worth noting that any potential wetting of the surface of the PDMS 

assembly during and after loading sample in the chamber could weaken the binding between 

the assembly and glass slide. This issue was minimized by designing the device with a total 

binding area between the PDMS assembly and glass slide being much bigger than the area 

of the sample chamber as shown in Fig. S2b. In addition, the two parts were bonded 

immediately after loading sample in the chamber to minimize the time of possible surface 

wetting.

Cell culture

MCF-7 cancer cells were cultured in EMEM (base medium, ATCC) supplemented with 10% 

FBS, 10 μg/ml insulin, 100 U/ml penicillin, and 100 μg/ml streptomycin. HUVECs with or 

without GFP were cultured on gelatin-coated flask in endothelial basal medium (EBM, 

Lonza) supplemented with an EGM-2 bullet kit (Lonza). The hADSCs were cultured in 

hADSC basal medium (Lonza) supplemented with 10% FBS, 2 mM of L-glutamine, and 50 

μg/ml of gentamicin amphotericin. All cells were cultured at 37 °C in humidified 5% CO2 
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incubator. The medium was changed every other day. HUVECs and hADSCs between 3–7 

passages were used. Samples in the microfluidic perfusion device were perfused with the 

medium of HUVECs.

Encapsulation of cancer cells in core-shell microcapsules

The fluids in the shell (from I2 inlet) and core (from I3 inlet) microchannels were 2% 

sodium alginate (purified as previously reported)61 and neutralized rat-tail type I collagen 

solution with MCF-7 cancer cells (density: 5 × 106 cells/ml), respectively. In order to 

minimize the mixing of the aqueous core and shell solutions during microcapsule formation, 

the viscosity of core solution was increased by adding 1% sodium carboxymethylcellulose 

while keeping the final collagen concentration between 0.5–3 mg/ml. In some cases, alginate 

was also added to the core solution with cells to increase the stiffness of the core ECM. A 

1% sodium carboxymethyl cellulose solution was used as the extraction solution (from I4 

inlet), which was necessary for stable interface between oil and the aqueous extraction fluid 

in the extraction channel. All the solutions were sterile and buffered with 10 mM HEPES to 

maintain pH 7.2 before use. Further, the osmolality of all the solutions was maintained at 

~300 mOsm by the addition of D-mannitol. To make mineral oil infused with aqueous 

calcium chloride solution for flowing in the oil channel (from I1 inlet), stable emulsion of 

mineral oil and 1 g/ml aqueous calcium chloride solution (volume ratio: 5:1 with the 

addition of 1.2% SPAN 80) was prepared by sonication for 1 min using a Branson 450 

Sonifier. Solutions (except collagen that was kept at ice temperature) were injected into the 

microfluidic device using Harvard Apparatus (Holliston, MA, USA) Pump 11 Elite syringe 

pump at room temperature to generate microcapsules suspended in the oil phase and then 

extract them into the aqueous extraction solution. Flow rates for core, shell, oil, and 

extraction flows were 100 μl/hr, 250 μl/hr, 6 ml/hr, and 4 ml/hr, respectively. Oil exited the 

device from outlet 2 (O2). The aqueous outlet (O1) of the device was connected to a 50 ml 

centrifuge tube containing cell culture medium to collect the microcapsules. The collected 

microcapsules were further incubated at 37 °C for 30 min in a 5% CO2 incubator to gel 

collagen. The encapsulated cells were further cultured for 10 days to obtain MCF-7 cell 

aggregates or micro-tumors (μtumors) with 1442 ± 317 MCF-7 cancer cells per μtumor.

Quantification of gene expression

Gene expression was quantified using quantitative reverse transcription-polymerase chain 

reaction (qRT-PCR). After 10 days of culture, MCF-7 μtumors were released from the core-

shell microcapsules by treating them with 75 mM sodium citrate (~5 min to dissolve the 

alginate shell as a result of ion chelation), followed by 1000 units/ml type I collagenase (30 

min at 37 °C to dissolve the collagen ECM). The cells were then washed with isotonic (by 

default) PBS and centrifuged. RNAs were extracted from the cells using RNeasy plus mini 

kit (Qiagen, Valencia, CA, USA) by following the manufacturer’s instructions. Next, reverse 

transcription (RT) was carried out to generate complementary DNA (cDNA) using the 

iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) and GeneAmp 9700 PCR 

system. The qRT-PCR was conducted with the superfast SYBR Green mix (Bio-Rad) using 

a Bio-Rad CFX96 real-time PCR system. Expression of human VIMENTIN, E-
CADHERIN, AND CXCR4 were studied with human GAPDH being used as the 

housekeeping gene. Primer sequences of all the genes are given in Table S1.
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Rheological characterization

Rheological measurements of the core ECM materials in the microcapsules were carried out 

using a 40-mm cone geometry plate (for collagen hydrogel) and 40 mm parallel plate (for 

collagen-alginate hydrogel) on a TA Instruments (New Castle, DE, USA) AR-1000N 

rheometer. Collagen-based solutions (100 μl) at different concentrations were prepared as 

aforementioned and placed directly on the plate on the rheometer at 4 °C. The temperature 

was then raised to 37 °C for 30 min to crosslink the collagen. For samples with alginate, the 

solution (700 μl) was placed in a PDMS mold to make a 40 mm circular hydrogel. Alginate 

in the samples was crosslinked by adding calcium-infused mineral oil (prepared as 

aforementioned) on top of the sample in the PDMS mold. After gelling the alginate for 30 

min at room temperature during which the collagen was also largely gelled, the samples 

(after removing oil and washing with mannitol in the PDMS mold) were placed at 37 °C for 

30 min to further gel the collagen. Finally, the samples were carefully placed on the plate. 

Stress sweeps at a constant frequency of 1 Hz were first performed to obtain the linear 

viscoelastic region for collecting subsequent data. Frequency sweeps were performed in the 

linear viscoelastic regime to determine values of the storage/elastic (G′) and loss/viscous (G

″) modulus. Values at 1 Hz are reported in Figure 1d.

Formation of 3D vascularized tumor in microfluidic perfusion device

After formation of MCF-7 μtumors on day 10, core-shell microcapsules were collected and 

the excess medium was removed by passing them through a 100-μm cell strainer. 

Neutralized collagen solution was prepared on ice as per the manufacture’s instructions 

(using 10× PBS, 1N NaOH, and DI water). Thereafter, the collagen solution was mixed with 

microcapsules (with or without μtumors) and stromal cells (HUVECs and hADSCs). The 

final collagen concentration in the sample was 1.5 mg/ml. Volume of microcapsules was 

40% of the total volume of the mixed sample. The final density of HUVECs and hADSCs in 

collagen solution in the sample was 10 × 106 cells/ml and 1 × 106 cell/ml, respectively. 

Thereafter, the sample was carefully introduced into the sample chamber of the PDMS 

assembly (i.e., the bonded top and bottom PDMS parts) using a 100-μl positive displacement 

pipette. The sample volume was ~10 μl with approximately 72,000 (in ~50 μtumors or 

microcapsules), 60,000, 6,000 MCF-7 cancer cells, HUVECs, and hADSCs, respectively. 

The PDMS assembly with the sample was immediately bonded/sealed with a 0.15-mm thick 

rectangular (L × W: 50 × 45 mm) glass slide to form the PDMS-glass microfluidic perfusion 

device loaded with sample. The sample-laden device was then put in a 37 °C and 5% CO2 

humidified incubator for 30 min to gel collagen. Two holes (1 and 3, Figure S2) connected 

to the same reservoir channel on one side of the sample in the device were then filled with 

cell culture medium of 10 mm in height (~710 μl). This produces a hydrostatic pressure to 

drive the perfusion of the sample.35 To initiate direct cell-cell interactions between cell in 

the MCF-7 μtumors and stromal cells, the sample was perfused with 75 mM sodium citrate 

solution for 5 min after one-day culture to dissolve the alginate shell of the microcapsules in 

the sample. The sample was then perfused with PBS for 5 min to remove the dissolved 

sodium alginate and residual sodium citrate solution, and fresh medium was added for 

further perfusion culture.
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The samples made of the three types of single cells (hADSCs, HUVECs, and MCF-7 cells) 

were prepared and perfused in the same way except that single MCF-7 cells of the same 

amount as that in the μtumors were used. The samples for conventional static culture were 

prepared in the same way except that they were pipetted into the wells of 24-well plates for 

gelling at 37 °C in a 5% CO2 humidified incubator for 30 min and further culturing statically 

in the plates with 1 ml of the same medium used for dynamic culture in the microfluidic 

perfusion device.

Imaging and immunostaining

Fibrous collagen ECM in the core of microcapsules was visualized using scanning electron 

microscopy (SEM). For SEM, the core-shell microcapsules were fixed by glutaraldehyde 

followed by dehydration through a series of treatments with ethanol and chemical dryer 

hexamethyldisilazane (HMDS). Samples were then mounted on an aluminum stub using 

double stick carbon tape, coated with a very thin film of Au in a sputter coater, and imaged 

with an FEI NOVA nano400 scanning electron microscope.

The sample in the microfluidic perfusion device was imaged every day using a Zeiss Axio 

Observer Z1 microscope. On day 4, samples were washed by perfusion with PBS for 5 min, 

and fixed by perfusion with 4% paraformaldehyde for 20 min at room temperature. After 

fixation, samples were washed 3 times by perfusion with PBS for 5 min, and blocked and 

permeabilized by perfusion with 3% bovine serum albumin (BSA) and 1% (v/v) Triton 

X-100 in 1× PBS buffer for 1 hr at room temperature, respectively. Following blocking, 

samples were incubated/perfused with rabbit polyclonal CD31 antibody (Abcam ab28364) 

and rabbit monoclonal VE-Cadherin antibody (Cell Signaling D87F2) at the ratio of 1:50 

and 1:100, respectively, for overnight at 4 °C. Next day, the unbounded antibody was 

removed by washing/perfusing the samples with PBS for three times (5 min for each time). 

The samples were then incubated with secondary antibody at a ratio of 1:200 dilution with 

1% BSA in PBS for 1 hr at room temperature. After 1 hr, excess antibody was washed 3 

times by perfusion with PBS for 5 min, and the cell nuclei were stained using Hoechst. The 

samples were then imaged using an Olympus FV1000 spectral confocal microscope. To 

analyze the lumen structures in the samples, the Bitplane (Concord, MA, USA) Imaris 

3D/4D image processing and analysis software (version 8.4) was used.

For immunofluorescence staining with CD44 and CD24, 2D-cultured cells, 3D avascular 

μtumors and 3D vascularized tumors were fixed with 4% paraformaldehyde for 20 min at 

room temperature. After fixation, samples were washed 3 times with PBS. After washing, 

samples were incubated in 3% BSA in 1× PBST at room temperature for 1 hr to block 

potential non-specific binding. Following that, samples were incubated overnight at 4 °C 

with CD44 antibody (Abcam, ab97478) at the dilution ratio of 1:100. Next day, unbounded 

antibody was washed with PBS for 3 times (5 min each). Then the samples were incubated 

with secondary antibody at the dilution ratio of 1:200 in PBS with 1% BSA at room 

temperature. After 1 hr, excess antibody was washed 3 times with PBS. Afterward, the 

samples were incubated with CD24-PE (Miltenyi Biotec Ltd., Cambridge, MA, USA) for 1 

hr at room temperature. Following that, samples were washed 3 times with PBS (5 min 
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each), and the cell nuclei were stained using Hoechst (1 μg/ml). The samples were then 

imaged using an Olympus FV1000 spectral confocal microscope.

In vivo tumorigenesis and cryo-sectioning

Athymic female NU/NU nude mice (6–8 weeks old) were purchased from Charles River and 

were maintained on a 16:8 hr light-dark cycle. All procedures for animal usage were 

approved by the Institutional Animal Care and Use Committee (IACUC) at The Ohio State 

University and utmost care was taken to minimize suffering. To obtain xenograft model of 

the human mammary cancer, 3D μtumors within the microcapsules together with HUVECs 

and hADSCs in 1.5 mg/ml collagen solution (prepared in the same way as aforementioned 

for in vitro experiments) were injected subcutaneously in mice. A total of 100 μl of sample 

was injected per mice. After 1 day, half of the mice were injected with 75 mM sodium 

citrate solution at 5 different locations (20 μl per location, 100 μl in total) to dissolve the 

alginate shell of the microcapsules. For control experiments, ~1.4 × 106 of 2D-cultured 

cancer cells (equivalent to the total number of cells in 100 μl of the 3D system) or the 

mixture of the three types of single cells (at the same ratio as that in the 3D system and ~1.4 

× 106 in total) were suspended in 100 μl of 1.5 mg/ml collagen solution and injected per 
mice. The mice were euthanized at 2 weeks after the injection. Tumors were collected, 

weighed, formalin fixed, paraffin embedded, and hematoxylin & eosin (H&E) stained for 

further histological analysis. Cryo-sections of the tumors were also prepared for 

immunofluorescence staining with FITC-tagged human CD31 antibody (Abcam ab13466). 

A total of 3 tumors (from 3 mice) were analyzed per group.

Preparation and characterization of drug-laden nanoparticles

The lipid (DPPC) coated fullerene (C60)-silica (S) hybrid (LC60S) nanoparticles were 

prepared using a reverse microemulsion method as previously reported by our group.60 The 

LC60S nanoparticles were further loaded with DOX and indocyanine green (ICG) by 

soaking with DOX and then ICG for 30 min, respectively. The encapsulation efficiency is 

98.4% and the loading content was 4.7% for both DOX and ICG. The nanoparticle size 

(diameter, nm) and surface zeta potential were determined using a Brookhaven (Holtsville, 

NY, USA) 90 Plus/BI-MAS dynamic light scattering (DLS) instrument. The morphology of 

nanoparticles was characterized using standard sample preparation protocols for both 

transmission (TEM) and scanning (SEM) electron microscopy. All the aforementioned 

methods for characterizing the nanoparticles are detailed in our previous publication.60

In vitro drug response

For drug response studies, 20,000 of 2D-cultured MCF-7 cells, hADSCs, HUVECs, or the 

mixture of the three types of cells (at the same ratio as that in the 3D system) were seeded in 

each well of 24-well plates for 12 hr before drug treatment. The attached cells had ~100% 

confluency with the maximum cell-cell contact to mimic the extensive cell-cell contact in 

the 3D MCF-7 μtumors obtained as aforementioned. For drug treatment, a total of 100 of the 

μtumors in core-shell microcapsules were placed in each well of 24-well plates. The 3D 

vascularized tumors were formed in the microfluidic perfusion device as aforementioned and 

treated with drug in situ. All the different samples were incubated/perfused for 4 days with 

free DOX (dissolved in culture medium) of various concentrations. Some of the 3D 
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vascularized tumors in the microfluidic devices were also treated/perfused with DOX and 

ICG-laden nanoparticles (LC60S-DI) at various concentrations in culture medium. After 12 

hr of perfusion with the LC60S-DI containing medium, samples were irradiated with near 

infrared (NIR, 800 nm) laser at 1.5 W/cm2 for 1 min and further cultured for 3.5 days with a 

total culture time of 4 days. To determine the cell viability after 4 days, all the samples were 

washed with PBS (3D vascularized tumors were perfused for 5 min with PBS), and fresh 

medium with 10% CCK-8 (Dojindo, Rockville, MD, USA) reagent was added to each 

sample and incubated/perfused for 4 hr at 37 °C. Afterward, 100 μl of medium/perfusate was 

pipetted from the samples/devices and placed in each well of a 96-well plate. Thereafter, the 

absorbance at 450 nm was quantified using a Perkin Elmer Victor™ X4 multilabel plate 

reader. Cell viability was calculated as the ratio of absorbance of each experimental sample 

to that of control samples cultured in pure medium for each group.

Flow cytometry analysis

For flow cytometry studies, MCF-7 aggregates were released from the core-shell 

microcapsules by treating them with 75 mM sodium citrate (~5 min to dissolve alginate) and 

then 1000 units/ml type I collagenase (30 min at 37 °C to remove the collagen ECM). The 

samples were then washed with PBS and centrifuged. The dissociated MCF-7 cells were 

washed with 1× PBS and stained with CD44-FITC (Invitrogen, Carlsbad, CA, USA) and 

CD24-PE (Miltenyi Biotec Ltd., Cambridge, MA, USA) antibodies according to the 

manufacturer’s instructions. Lastly, the stained samples were analyzed using a BD LSR-II 

Flow Cytometer together with BD FACS Diva software (Franklin Lakes, NJ, USA).

ELISA analysis of VEGF

VEGF production was determined using ELISA (Novex™, Frederick, MD, USA) according 

to the manufacturer’s instructions. Briefly, the 20,000 2D cultured cancer cells or the same 

number of cancer cells in the encapsulated 3D avascular μtumors obtained as 

aforementioned were cultured in 1 ml of medium in 24-well plates. A total of 100 μl of the 

medium was collected and the sample replenished with fresh medium every day for 4 days. 

For ELISA assay, 50 μl of the incubation buffer was added to all wells except that for 

chromogen blanks. A total of 50 μl of standard diluent buffer was mixed with 50 μl of 

sample or controls in the wells. Then, the preparations were incubated for 2 hr at room 

temperature. After adding 100 μl of human VEGF biotin conjugate solution into each well 

for 1 hr at room temperature, 100 μl of streptavidin-HRP was added into each well except 

the chromogen blanks. The plate (with plate cover) was incubated for 30 min at room 

temperature. Afterward, 100 μl of stabilized chromogen was added into each well. Finally, 

100 μl of stop solution was added into each well to stop the reaction. The samples were then 

read for absorbance at 450 nm using a BioTek Synergy HT multi-detection microplate 

reader (Winooski, VT, USA).

Statistical analysis

All data are reported as the mean ± standard deviation of results from at least three 

independent runs conducted at three different times. Student’s two-tailed t-test assuming 

equal variance was performed in Graphpad Prism (version 5, San Diego, CA, USA) to 

determine the p-value for assessing statistical significance (p < 0.05).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of proliferation and gene expression of avascular 3D μtumors. (a) A 

differential interference contrast (DIC) image of a typical microcapsule showing its core-

shell morphology and a scanning electron microscopy (SEM) image showing collagen (1.5 

mg/ml) fibers in the microcapsule core. Alg: alginate and Col: collagen. (b) Distribution of 

the total and core size of the microcapsules together with the distribution of the number of 

cells in them. (c) Typical phase contrast and fluorescence (live/dead) images of the 

encapsulated cells in microcapsules with a 1.5 mg/ml collagen core, showing the cell 

proliferation over 10 days. (d) Elastic modulus of different core ECMs. (e) Quantification of 

relative cell proliferation represented by the size of aggregates on day 10 obtained from 

culturing the cells in different collagen core ECMs in the microcapsules. The size is 

normalized to that of the 3 mg/ml collagen core condition. (f) Quantitative RT-PCR data 

showing the effect of matrix stiffness on the expression of mesenchymal (VIMENTIN and 

CXCR4) and epithelial (E-CADHERIN) phenotype markers of cells in the μtumors. The 

symbol * denotes p < 0.05. Scale bar: (a) 100 μm for the DIC image or 5 μm for the SEM 

image and (c) 100 μm.
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Figure 2. 
Assembly of μtumors in the microfluidic perfusion device to form vascularized 3D tumor. 

(a) Live/dead staining of the vascularized tumor on different days showing high cell 

viability. HUVECs without green fluorescence protein (GFP) were used. Arrow and 

arrowhead represent microcapsule shell and μtumor, respectively. (b) Phase contrast and 

fluorescence images (4×) showing vessel formation on day 4 with (1) μtumors encapsulated 

in microcapsules, (2) empty microcapsules, and (3) μtumors without microcapsules (the 

alginate hydrogel shell was dissolved by perfusing the samples with 75 mM sodium citrate 
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solution for 5 min after one day of culturing the sample). HUVECs with GFP were used. (c) 

Time-lapse micrographs at 10× showing the progression of vessel formation within 4 days. 

Extensive vascularization was observed on days 3 and 4 when the μtumors were present, 

whereas vascularization was minimal with empty microcapsules. Moreover, removing the 

alginate hydrogel shell after one-day culture further facilitates vascularization. Arrow and 

arrowhead represent microcapsule shell and μtumor, respectively. (d) The vessel structure 

visualized by staining for ACTIN filament, CD31, and cell nuclei. Cross-sectional images (i, 

ii, and iii) demonstrate the presence of lumen in the vessels. HUVECs without GFP were 

used. Scale bar: (a and c) 100 μm, (b) 200 μm, (d) 50 μm and for cross-sectional images: 20 

μm.
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Figure 3. 
In vivo tumorigenicity of the 3D-engineered system of encapsulated μtumors, HUVECs, and 

hADSCs in collagen. (a) Photographs of mice and tumors obtained on 14 days after 

subcutaneously injecting single 2D-cultured MCF-7 cancer cells aone (condition 1), mixture 

of single hADSCs, HUVEC, 2D-cultured MCF-7 cancer cells (condition 2), the 3D-

engineered system (condition 3), and the 3D-engineered system with dissolution of alginate 

at 1 day after injection (condition 4) in collagen into athymic nude mice. The total number 

of cells were the same for all the conditions. (b) Weight of the tumors collected on day 14 
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post subcutaneous injection. (c) Representative histology (H&E) images of tumors, showing 

blood vessels with red blood cells (RBCs, arrow heads). (d) Quantitative measurement of the 

density of blood vessels in tumors obtained from the four conditions. (e) Confocal images of 

immunofluorescent staining for human CD31 (hCD31, green) and cell nuclei (blue) in the 

tumors. HUVECs without GFP were used. The symbol * denotes p < 0.05. Scale bar: (a) 5 

mm, (c) 40 μm, (e) 100 μm.
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Figure 4. 
Drug response of the 3D vascularized tumor. (a) Viability of 2D-cultured cancer cells, 3D 

avascular μtumors (3D-A), and 3D vascularized tumors (3D-V) after 4 days of incubation or 

treatment with free doxorubicin hydrochloride (DOX). Also shown is the IC50 of free DOX 

for the three different tumor models. The symbol * denotes p < 0.05 when compared to 2D-

cultured cancer cells, and # denotes p < 0.05 when compared with 2D-cultured cancer cells 

and 3D avascular μtumors. (b) A schematic illustration of the LC60S-DI nanoparticles 

consisting of lipid (L), fullerence (C60), silica (S), DOX (D) and indocyanine green (ICG or 

I). (c) Size distribution and (d) surafce zeta potential of the nanoparticles determined by 

dynamic light scattering (DLS). (e) Viability of all cells in 3D-V after 4 days of treatment 

with LC60S-DI with various effective DOX concentrations. (f) IC50 of free and 

nanoencapsulated DOX for the destruction of 3D vascularized tumors. The symbol $ denotes 

p < 0.05 when comparing between the free and nanoparticle-encapsulated DOX.
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Scheme 1. 
Schematic illustration of the bottom-up approach for creating 3D vascularized human tumor. 

(a) A non-planar microfluidic encapsulation device is used for encapsulating cancer cells in 

core-shell microcapsules and the cells are cultured in the microcapsules for 10 days to form 

micro-tumors (μtumors, less than ~200 μm in radius). Mineral oil infused with calcium 

chloride, aqueous sodium alginate solution (to form the microcapsule shell), aqueous 

collagen solution (with or without cells) to form the microcapsule core, and aqueous 

extraction solution are pumped into the device via inlets I1, I2, I3, and I4, respectively. The 

aqueous phase (containing core-shell microcapsules) and oil exit the device from outlets O1 

and O2, respectively. (b) A microfluidic perfusion device is used to assemble the μtumors 

and stromal cells including endothelial cells for perfusion culture to form 3D vascularized 

tumor. The μtumors in core-shell microcapsules are assembled together with human 

umbilical vein endothelial cells (HUVECs) and human adipose-derived stem cells 

(hADSCs) in collagen hydrogel in the microfluidic perfusion device. The alginate shell of 

the microcapsules is dissolved to allow cell-cell interactions and the formation of 3D 

vascularized tumor in the microfluidic perfusion device under perfusion driven by 

hydrostatic pressure. Unit for the dimensions of micro-pillars and sample chamber: mm; P: 

pressure; ρ: density; g: gravitational acceleration; and h: height of medium column linked to 

the reserviors.
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