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Abstract
The three-dimensional (3D) cell culture system has received widespread attention in drug discovery, but
current 3D culture models have limitations, and a simple and repeatable 3D culture model needs to be
developed for high-throughput screening. In this study, we designed an encapsulation device to co-culture
MCF-7 cells and HUVE cells in core-shell microcapsules. The formation of vascular lumen was
determined by immunohistochemistry and immunofluorescence, and cell proliferation was detected by
CCK-8 assay. Anticancer drugs (doxorubicin or paclitaxel) were added 12 hours after the 2D cultured cells
were plated or 7 days after the cells grew in the core-shell microcapsules to observe the drug reactions
between the models. We found that vascularized micro-tumors were successfully obtained after 14 days
of 3D culture. Moreover, our study showed that the proliferation rate of 3D cultured cells was slower than
that of 2D cultured cells. In addition, 3D cultured cells were more resistant to anticancer drugs than 2D
cultured cells. In this study, we believe that the 3D culture model may provide an available platform for
drug screening and is valuable for the study of tumor development and angiogenesis.

1. Introduction
For women, breast cancer (BC) is the most common type of cancer, accounting for about 31% of all new
diagnoses[1]. In the process of drug discovery, the lack of efficacy and safety problems are the main
reasons leading to the failure of clinical development phase[2]. Due to the high investment and low
success rate in drug discovery, it is necessary to find new methods to improve the success rate of drug
discovery. Two-dimensional (2D) cell cultures are the most commonly used in vitro methods for pre-
clinical drug discovery, but they fail to mimic the real tumor microenvironment (TME) in vivo[3, 4]. Three-
dimensional (3D) cell cultures are superior to 2D cell cultures in studying cell-cell and cell-matrix
interactions[5]. Moreover, 3D tumor models can more accurately simulate the biological characteristics of
solid tumors, such as cellular heterogeneity, gene expression, drug resistance, etc[4].

TME is a complex ecosystem full of heterogeneity, including cancer cells, stromal cells, blood vessels,
nerve fibers, extracellular matrix (ECM) and related acellular components[6]. Stromal cells (including
endothelial cells) may affect the sensitivity of cancer cells to anticancer drugs by modifying ECM and
paracrine factors[7]. However, most 3D tumor models currently lack a vascular system. Due to diffusion
limitations, living cells only exist within 200µm on the surface of 3D tumor models including spheroids[8].

Cell microencapsulation is a relatively new 3D culture technique that immobilizes well-functioning and
living cells in a suitable matrix[9]. The appropriate matrix should mimic ECM, be biocompatible, and
support cell survival. Alginate, collagen, fibrin, gelatin and hyaluronic acid are widely used natural
polymer biomaterials because of their similarity to extracellular matrix components and can be used for
cytotoxicity testing of various anticancer drugs in 3D cell models[10]. Sodium alginate is the most
commonly used culture material, including (1,4) -linked β-d-mannose (M block) and α-l-glucose acid
blocks (G block), which can be crosslinked with divalent cations (such as Ca2+) to form hydrogels[11, 12].
Collagen, as the main component of ECM protein, has low antigenicity, low inflammatory reactivity and
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biocompatibility, providing mechanical support for antagonistic forces[13, 14]. There are several methods
for encapsulating cells into microcapsules, including electrostatic spraying, photolithography,
emulsification and droplet microfluidics, but these fabrication processes are relatively complex and
unsuitable for widespread use, and high efficiency is critical for future research[15, 16].

In this study, we designed a simple, reproducible and highly efficient microencapsulated device to co-
culture MCF-7 cells and HUVE cells in microcapsules to establish an in vitro vascularized micro-tumor
model for chemotherapeutic drug screening.

2. Materials and Methods

2.1 Cell Culture
MCF-7 cells (breast cancer cell line) and Human umbilical vein endothelial (HUVE) cells were donated by
Professor Wu and Professor Zhao's laboratory, respectively. The Cells were cultured in dulbecco's
modified eagle medium (DMEM, Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco, USA) and
1% penicillin-streptomycin solution (Beyotime Biotechnology, Shanghai, China) and placed in a 5%
humidified incubator at 37°C. The cells were digested from the culture flask using trypsin, centrifuged at
1200rpm/min for 5 minutes, the supernatant was discarded, and the cells were deposited on ice for later
use.

2.2 Fabrication of Cell Encapsulation Device
The cell encapsulation device consisted of three different sizes of flat needles, including a purple needle
with an inner diameter of 510µm, a pink needle with an inner diameter of 600µm, and a black needle with
an inner diameter of 740µm. Firstly, the purple needle was placed inside the pink needle so that the two
needles formed concentric circles in cross section. Then, the black needle vertically inserted in pink
needle, and the three needles were bonded using hot melt adhesive as shown in Fig. 1. Next, the simple
device was connected through the ' cross ' scratch on the 1.5ml EP tube cover. Finally, the whole device
was fixed in a 50ml centrifuge tube with a hollow foam.

2.3 Preparation of Core-Shell Microcapsules
Prior to the experiment, the cell encapsulation device was soaked in anhydrous ethanol and irradiated
with UV light for 30 minutes, and then sterile saline was used to flush the device channels. The device has
two microchannels, with inlet 1 as the core phase and inlet 2 as the shell phase. We mixed the neutralized
rat tail tendon collagen type I (#C8062, Solarbio, China) at an initial concentration of 5mg/ml with MCF-
7/HUVE cells (total density 2×106 cells/ml), and added 2% sodium carboxymethyl cellulose to increase
the hardness of ECM, finally kept the collagen concentration at 1.5mg/ml and injected into inlet 1. 2%
sodium alginate or a mixture containing HUVE cells was injected from inlet 2. The outlet of the device
was connected to a 1.5ml EP tube containing 0.1M CaCl2 solution. All solutions were filtered using a
0.22µm needle filter.
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Starting the centrifuge and adjusting the speed, sodium alginate will be gelatinized in CaCl2 solution to
form microcapsules, and the collected microcapsules were transferred to complete medium containing
EGM-2 cell culture factor (# CC-4176; Lonza, Switzerland) and cultured in a 5%CO2 incubator at 37°C for
14 days.

2.4 Immunofluorescence
The cell-containing microcapsules were taken out after 1, 3, 5, and 7 days of culture, and Calcein AM/PI
staining kit (Beyotime Biotechnology, Shanghai, China) was used to detect cell activity. Firstly, the Calcein
AM/PI detection working fluid was prepared according to the instructions. Then, the microcapsules were
washed with PBS, added with an appropriate amount of Calcein AM/PI detection working solution, and
incubated at 37 ° C in dark for 30 minutes. Finally, the staining was observed using a fluorescence
microscope.

The cell-containing microcapsules cells were taken out after 14 days of culture, and the shell (sodium
alginate) was dissolved with 75mM sodium citrate to release micro-tumors. After washing with PBS for 3
times, the collected cell aggregates were transferred to a slide and fixed with 4% paraformaldehyde. After
washing with PBS for 3 times, 0.5% Triton X-100 (Biosharp Life Sciences, Guangzhou, China) was added
and incubated at room temperature for 15 minutes to increase the permeability of the cell membrane to
the antibody. After washing with PBS, 2% BSA prepared with PBS was added and incubated at room
temperature for 1 hour. Next, CD31 antibody with a dilution of 1: 100 (#11265-1-AP; proteintech, Wuhan,
China) and actin antibody at a dilution of 1: 200 (# T0021; affinity Biosciences, USA) were added and
incubated overnight at 4°C in a wet box. The next day, after washing 3 times with PBS, fluorescent
secondary antibodies with a dilution of 1: 500 were added in the dark environment, including goat anti-
mouse antibody coupled to DyLight 488 (# A23210; abbkine, USA) and goat anti-rabbit antibody
conjugated to DyLight 594 (# A2 3420; abbkin, USA), incubated at 37°C in dark for 1 hour. Next, DAPI
(Biosharp Life Sciences, Guangzhou, China) was added and incubated at room temperature for 10
minutes. After washing with PBS for 3 times, anti-fluorescence quenching agent was added dropwise and
sealed. Finally, the staining was observed using a confocal microscope.

2.5 Immunohistochemistry
The cell-containing microcapsules were taken out after 2 weeks of culture, and the shell (sodium
alginate) was dissolved with 75mM sodium citrate to release micro-tumors. After washing with PBS for 3
times, the collected cell aggregates were fixed with 4% paraformaldehyde for 24 hours. Then, the
collected cell aggregates were dehydrated, embedded and prepared into 4µm paraffin sections. The
paraffin sections were baked in a 65°C incubator for 2 hours, and dewaxed with xylene to water. The
0.01mol/L sodium citrate buffer was prepared and the antigenic sites were exposed by high-pressure
thermal repair method. CD31 antibody (1:800; # 11265-1-AP; Protentech, Wuhan, China) was dripped and
incubated overnight at 4 ° C. The next day, after washing PBS 3 times, an appropriate amount of Max
Vision TM HRP polymer anti rabbit IHC kit (# Kit-5006; MXB Biotechnology, Fuzhou, China) were added,
and incubated at room temperature for 15 minutes. After washing with PBS for 3 times, DAB staining
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solution was added. Then, the slices were immersed in hematoxylin for staining, dehydrated and sealed.
Finally, the imaging was observed using an optical microscope.

2.6 Proliferation Assay
As 3D culture groups, microcapsules containing MCF-7 cells, HUVE cells, and these two types of cells (1:
1) were inoculated on 96 well plates (100/well), and cultured in a complete medium containing EGM-2
cell culture factor. As 2D culture groups, MCF-7 cells, HUVE cells, and these two types of cells (1: 1) were
inoculated in 96 well plates (500 cells/well), and cultured in a complete medium containing EGM-2 cell
culture factor. On the 1st, 3rd, 5th and 7th day of culture, CCK-8 (Beyotime Biotechnology, Shanghai,
China) reagent was used to measure the absorbance of cells at 450nm.

2.7 In Vitro Drug Response
Doxorubicin (DOX) was purchased from Keygen Biotech, Jiangsu, China (#KGA8184). Paclitaxel (PTX)
was purchased from Solarbio Life Sciences, Beijing, China (#IP0020). Dimethyl sulfoxide (DMSO) was
added to fully dissolve the drug to prepare a storage solution and stored at -80°C. Prior to the
experiments, the drug was diluted with fresh medium at the appropriate concentration, with the final
DMSO concentration was < 0.1%.

As 3D culture groups, microcapsules containing cells cultured for 1 week were inoculated in a 96 well
plates (100/well), including microcapsules containing MCF-7 cells, HUVE cells and the two kinds of cells
(1: 1). As 2D culture groups, MCF-7 cells, HUVE cells and two kinds of cells (1: 1) were inoculated in 96
well plates (5000 cells/well) and cultured for 12 hours. Then, the diluted DOX/PTX (0-100µg/ml) was
added and incubated for 24 hours. The absorbance of the cells at 450nm was determined using CCK-8
reagent.

3. Results

3.1 Preparation of Core-Shell Microcapsules
The formation process of core-shell microcapsules is shown in Fig. 1. In the encapsulation process, it is
very important to use hydrogels with appropriate viscosity, the most suitable viscosity is usually in the
range of 300 − 30 00mPa ·s. The hydrogel solution with viscosity lower than 300mPa·s will lead to
mechanical instability of the structure. Conversely, increasing the viscosity of the hydrogel (≤ 
100000mPa·s) will bring mechanical integrity, but requires high pressure to squeeze the aqueous solution
of the hydrogel, while cell viability and proliferation will decrease. The viscosity of different
concentrations of sodium alginate was measured by a viscometer, and the results showed that 2%
sodium alginate (4,050mPa·s) was more suitable for cell encapsulation (Fig. 2a). We collected the
formed microcapsules for further observation and statistical analysis, and found that the microcapsules
were homogeneous and their diameters were approximately normal distribution, with an average
diameter of 444µm (Fig. 2b).
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As shown in Fig. 2c, we compared the effects of three models on cell activity. The core of model A was a
mixture of type I collagen and 2% sodium carboxymethyl cellulose (3: 6.5) containing MCF-7 cells and
HUVE cells, and the shell was 2% sodium alginate. The core of model B was a mixture of type I collagen,
2% sodium carboxymethyl cellulose and 2% sodium alginate (3: 5.5: 1) containing MCF-7 cells and HUVE
cells, and the shell was 2% sodium alginate. The core of model C was a mixture of type I collagen and 2%
sodium carboxymethyl cellulose (3∶ 6.5) containing MCF-7 cells, and the shell was 2% sodium alginate
containing HUVE cells. During the 1-week culture, cell activity was tested by sampling every 2 days. It was
found that cells growing in a 3D microenvironment surrounded by matrix and gradually aggregated and
maintained high activity (Fig. 2d-f). We also found that the cells in Model A had the lowest death rate and
the greatest ability to aggregate.

Fig 2. Formation of core-shell microcapsules. (a) Viscosity of different concentrations of sodium alginate.
(b) Normal distribution of microsphere size with a mean diameter of 444µm. (c) Schematic diagrams of
the three different models. (d-f) Cell growth of microcapsules formed under Model A, Model B and Model
C, respectively.

3.2 Formation of a 3D Vascularized Microtumor
We further observed the vascularization of micro-tumors in microcapsules produced by each of two
models (A and C) under conventional static culture in 12-well plates. Since the cells in the microcapsules
produced by Model B had a high mortality rate during culture, no further experiments were performed. The
core of Model A was a mixture of type I collagen and 2% sodium carboxymethyl cellulose containing
MCF-7 cells and HUVE cells (1: 1), and the shell was 2% sodium alginate. The core of Model C was a
mixture of type I collagen and 2% sodium carboxymethyl cellulose containing MCF-7 cells, and the shell
was 2% sodium alginate containing the same cell number of HUVE cells. The difference between the two
models is whether there is direct cell‒cell contact between MCF-7 cells and HUVE cells after
encapsulation.

The microcapsules produced by the two models were transferred to complete medium containing EGM-2
cell culture factor, including cytokines such as vascular endothelial growth factor (VEGF), human
fibroblast growth factor (hFGF), human endothelial growth factor (hEGF) and R3-insulin-like growth factor
1 (R3-IGF-1), to promote vasculogenesis and angiogenesis and then collected after two weeks of culture.
The expression of CD31 in micro-tumor tissues was detected by immunohistochemistry and
immunofluorescence. We observed that the microcapsules generated by both models had evident lumens
formed by HUVE cells, as shown in Fig. 3a-b.

Figure 3. The formation of vascular lumen in micro-tumors. The micro-vascular lumen structure was
observed by staining actin, CD31 and nuclei. (a) Micro-tumors formed by Model A. (b) Micro-tumors
formed by Model C.

To study cell proliferation in the 3D engineered system, we selected Model A with low mortality, high
aggregation and angiogenesis for further experiments. As shown in Fig. 4b-d, we observed that cell



Page 7/16

proliferation in the 3D culture system was generally slower than that in the 2D culture system.

Figure 4. Cell proliferation in two-dimensional (2D) and three-dimensional (3D) culture. (a) Physical
picture of cell proliferation in 3D culture. (b) Proliferation of mixed MCF-7 cells and HUVE cells in 2D and
3D culture. (c) Proliferation of MCF-7 cells in 2D and 3D culture. d) Proliferation of HUVECs in 2D and 3D
culture. Scale bar = 50µm. (*, P < 0.05; **, P < 0.01; ***, P < 0.001)

3.3 In Vitro Drug Response
We compared the sensitivity of 2D and 3D cultured cells to chemotherapeutic drugs (DOX/PTX). As
shown in Fig. 5a-f, 2D cultured cells were more sensitive to DOX and PTX. The average inhibitory
concentration to achieve 50% cell killing (IC50) of free DOX was 8.79µg/ml and 20.82µg/ml in a mixture
of MCF-7 cells and HUVE cells in 2D and 3D culture, respectively (a 1.3-fold increase). The IC50 of free
DOX in 3D culture (28.48µg/ml) of MCF-7 cells was 7.3 times that of 2D culture (3.89µg/ml), while the
IC50 of free DOX in 3D culture (148.82µg/ml) of HUVE cells was 8.7 times that of 2D culture
(17.03µg/ml). In 2D and 3D culture, the IC50 of free PTX in the mixture of MCF-7 cells and HUVE cells
was 37.33µg/mL and 55.73µg/ml, respectively (a 0.4-fold increase). The IC50 of free PTX in 3D culture
(78.80µg/ml) of MCF-7 cells was 2.6 times that in 2D culture (29.23µg/ml), while the IC50 of free PTX in
3D culture (144.23µg/ml) of HUVE cells was 4.3 times that in 2D culture (32.81µg/ml).

Figure 5. The sensitivity of 2D and 3D cultured cells to chemotherapeutic drugs. (a) Survival curves of the
mixed MCF-7 cells and HUVE cells after doxorubicin (DOX) treatment and the IC50 values. (b) Survival
curves of MCF-7 cells after DOX treatment and the IC50 values. (c) Survival curves of HUVE cells after
DOX treatment and the IC50 values. (d) Survival curves of the mixed MCF-7 cells and HUVECs after
paclitaxel (PTX) treatment and the IC50 values. (e) Survival curves of MCF-7 cells after PTX treatment
and the IC50 values. (f) Survival curves of HUVECs after PTX treatment and the IC50 values. (*, P < 0.05;
**, P < 0.01; ***, P < 0.001)

In the tested cell lines, there was a significant difference in sensitivity between 2D culture and 3D culture.
These findings demonstrated that the dimension of the culture model affects the sensitivity of tumor
cells to anticancer drugs.

4. Discussion
3D cell cultures have gained increasing attention in drug screening. However, many current available 3D
culture techniques cannot be widely used due to time-consuming, expensive and lack of repeatability. In
this study, we designed a simple, reproducible and efficient cell encapsulation device by which MCF-7
cells and HUVE cells were encapsulated in semi-permeable hydrogels. Although the biocompatibility of
sodium alginate has been widely studied, the effect of alginate composition on its biocompatibility is a
controversial issue. The residual impurities in sodium alginate are the main causes of poor
biocompatibility, foreign body reaction and inflammatory response[17]. The use of purified sodium
alginate can reduce the potential immune response of the host[18]. This is consistent with our
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experimental results. We found that cells encapsulated in hydrogels containing sodium alginate appeared
to have higher mortality and poorer cohesion. Therefore, we used collagen with low antigenicity as the
core and add sodium carboxymethyl cellulose to increase the viscosity of the solution. This method
achieves good biocompatibility and suitable porous structure for efficient cell attachment with good cell
activity, proliferation and extracellular matrix remodeling.

Angiogenesis can promote the development and progression of tumors, while solid tumors require blood
vessels to grow[19, 20]. During angiogenesis, endothelial cells respond to growth signals (e.g., basic
fibroblast growth factor (bFGF), VEGF) to proliferate and migrate to form new blood vessels[20, 21].
Although several growth factors play a role in angiogenesis, VEGF is the most effective angiogenesis
stimulator[22]. Cancer cells in 3D microtumors can release VEGF to activate the VEGF / VEGFR signaling
pathway, which plays a crucial role in angiogenesis and tumor growth[7, 23]. Therefore, we cultured the
generated microcapsules in medium supplemented with endothelial cell growth factors, including VEGF,
hFGF-B, R3-IGF-1 and hEGF. After 14 days of culture, the expression of CD31 was detected by
immunofluorescence and immunohistochemistry, and HUVE cells were found to form tubular lumens in
the micro-tumor tissues. These results indicated that we successfully constructed in vitro 3D vascularized
micro-tumors.

A large amount of evidence suggests that the growth rate difference between 2D monolayer and 3D
culture systems depends on cell line and ECM[24]. Anna et al. found that the proliferation of colorectal
cancer (CRC) cell lines in laminin-rich extracellular matrix (lrECM) was significantly reduced[25]. In
addition, Vesa et al. showed that the growth rate of JIMT1 cells cultured in Matrigel was 1.86-fold faster
than that of 2D monolayer culture. Interestingly, the growth rate of the same cell in poly-2-hydroxyethyl
methacrylate (poly-HEMA) was 7.2-fold slower than that of 2D monolayer culture[26]. Our results
indicated that the growth rate of cells in 3D culture (model A) was slower than that in 2D monolayer
culture.

Many studies have found that 2D and 3D cultured cells have different responses to anticancer drugs, and
3D cultured cells have lower sensitivity to anticancer drugs[27, 28]. Compared with in vivo tumors, 2D
cultured tumor cells in vitro exhibit slower tumor progression and lower drug resistance, leading to lower
efficiency of drug screening and testing[29]. Yoshinori et al. found that different BC cell lines have
different sensitivity to PTX and DOX[30]. In 3D culture, dense multicellular spheroids formed by BT-549,
BT-474 and T-47D showed stronger resistance, while loose multicellular spheroids formed by MCF-7, HCC-
1954 and MDA-MB-231 showed similar sensitivity to 2D culture. Our current study found that the
resistance index (RI) of 3D cultured cells to anticancer drugs (DOX and PTX) was 1.49 to 8.73 times that
of 2D cultured cells. This further indicates that TME has a significant effect on cell drug resistance, but
the mechanism of drug resistance in this 3D culture model is still unclear and needs further exploration
and research.

5. Conclusions
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In summary, we demonstrated the ability this sample encapsulation device to form core-shell
microcapsules and successfully constructed 3D vascularized micro-tumors in vitro. In addition, our study
showed that 3D cultured cells had slower proliferation rate and higher drug resistance than 2D cultured
cells. Therefore, the 3D culture model may be valuable for studying the mechanism of tumor
angiogenesis, drug resistance of tumor cells and screening anticancer drugs.
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Figure 1

The schematic diagram of encapsulation device for forming core-shell microcapsules.
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Figure 2

Formation of core-shell microcapsules. (a) Viscosity of different concentrations of sodium alginate. (b)
Normal distribution of microsphere size with a mean diameter of 444μm. (c) Schematic diagrams of the
three different models. (d-f) Cell growth of microcapsules formed under Model A, Model B and Model C,
respectively.
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Figure 3

The formation of vascular lumen in micro-tumors. The micro-vascular lumen structure was observed by
staining actin, CD31 and nuclei. (a) Micro-tumors formed by Model A. (b) Micro-tumors formed by Model
C.
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Figure 4

Cell proliferation in two-dimensional (2D) and three-dimensional (3D) culture. (a) Physical picture of cell
proliferation in 3D culture. (b) Proliferation of mixed MCF-7 cells and HUVE cells in 2D and 3D culture. (c)
Proliferation of MCF-7 cells in 2D and 3D culture. d) Proliferation of HUVECs in 2D and 3D culture. Scale
bar = 50μm. (*, P< 0.05; **, P<0.01; ***, P<0.001)
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Figure 5

The sensitivity of 2D and 3D cultured cells to chemotherapeutic drugs. (a) Survival curves of the mixed
MCF-7 cells and HUVE cells after doxorubicin (DOX) treatment and the IC50 values. (b) Survival curves of
MCF-7 cells after DOX treatment and the IC50 values. (c) Survival curves of HUVE cells after DOX
treatment and the IC50 values. (d) Survival curves of the mixed MCF-7 cells and HUVECs after paclitaxel
(PTX) treatment and the IC50 values. (e) Survival curves of MCF-7 cells after PTX treatment and the IC50
values. (f) Survival curves of HUVECs after PTX treatment and the IC50 values. (*, P < 0.05; **, P < 0.01;
***, P < 0.001)
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