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Three-dimensional (3D) cell culture has been broadly used to mimic the in-vivo 

microenvironment. Compared with traditional methods for 3D culture in which cells 

are embedded within a bulk extracellular matrix, compartmentalized hydrogel 

microcapsules, such as those with a core-shell structure, provide better mass transfer 

due to higher surface-to-volume ratio. In addition, such capsules can be fabricated by a 

multi-fluidic electrostatic co-spraying technique at a high production rate (> 10,000 

capsules/min) with nearly monodisperse spherical shape and tunable size, and they can 

be cultured in suspension for scalable biomanufacturing applications. In this 

dissertation, I first proved the feasibility of producing complex microcapsules by using 

the electrostatic co-spraying technique. Then, I demonstrated the applications of core-

shell decoupled microcapsules in large-scale production of microtissues, for example, 

tumoroids, hepatocyte/stromal aggregates, and small intestinal organoids, all of which 

could be used for applications such as drug screening and disease modeling. Lastly 

and most importantly, I used the core-shell microcapsules to study the effect of 

physical confinement on mammary tumorigenesis. It has been known that physical 

microenvironment, including matrix stiffness, plays an important role in cancer 

initiation and progression.  In this work, I discovered that confinement – a new 



 

physical parameter unlike stiffness - can also induce malignant transformation in 

mammary epithelial cells. I found that MCF10A cells, a benign mammary cell line 

that forms growth-arrested polarized acini in Matrigel, transforms into cancer-like 

cells within the same Matrigel material following confinement in alginate shell 

hydrogel microcapsules. The confined cells exhibited a range of tumor-like behaviors, 

including uncontrolled cellular growth and invasion. Additionally, 4-6 weeks after 

transplantation into the mammary fad pads of immunocompromised mice, the 

confined cells formed large palpable masses that exhibited histological features similar 

to that of carcinomas. Taken together, my findings not only suggest confinement as a 

previously unrecognized mechanism for malignancy induction in mammary epithelial 

cells but also provide a new, microcapsule-based, high throughput platform in 

therapeutic development for breast cancer.  
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CHAPTER 1: INTRODUCTION 

1.1 Three-Dimensional Cell Culture 

Three-dimensional (3D) cell culture has been broadly used for in-vitro studies, 

such as drug discovery, tissue engineering, and stem cell-based organoid research. In 

traditional two-dimensional (2D) cell culture, the cells are usually grown on a rigid 

substrate, for instance, polystyrene culture flasks or petri dishes (Figure 1a). The 

culture flasks/dishes allow cells attach to the flat surface and form monolayer. 

However, in-vivo, cells are surrounded by an extracellular matrix (ECM) in a 3D 

environment. 3D cell culture provides a more realistic model of the natural 

environment and therefore more accurate predictions of cell behavior (gene 

expression) for in-vivo drug discovery, tissue engineering, tumorigenesis research1. In 

addition, 3D culture better represents the mass transport of nutrients or drugs and 

metabolism. To date, many methods have been developed for 3D cell cultures, for 

example, seeding cells on/in ECM gel1, hanging drop plate2,3, microwells4,5, 

microfluidics6–8, and rotating flasks9. Here we introduce some conventional methods 

for 3D cell culture. 

1.1.1 3D scaffold 

The most common method for 3D cell culture is to seed cells on the surface of 

an ECM gel or mixed within ECM matrix (Figure 1b), where the ECM typically 

consists of type I collagen, reconstituted basement matrix (Matrigel™), or fibrin gel. 

The chosen ECM matrix plays a supporting role in hemidesmosome formation for 

interaction between integrin on cell surface and protein. This method provides a 



 

2 

convenient way to grow cells in 3D matrix. 

1.1.2 Hanging Drop Plate 

Hanging Drop Plate2,3 (Figure 1c) is designed to use gravity force to form cell 

aggregations in 3D culture. Moreover, the culture is not only used for one single cell 

type but also cell co-culture by mixing different types of cells in medium before 

seeding to wells. It is easy to change medium from top of the well and the initial 

number of cells controls the size of the cell aggregations.  

1.1.3 Microwells 

 Microwells4,5 (Figure 1d) developed from microtechnology are typically 

designed in the micrometer size range to create microliter-volume space to trap cells. 

Microwells are typically fabricated via soft lithography from an elastomeric mold cast 

off a master pattern. To form the master pattern photoresist is deposited on a silicon 

wafer and exposed it to UV light through a mask to impart the desired pattern. 

Poly(dimethylsiloxane) (PDMS) precursor is poured on the master mold and 

polymerized by thermal curing. After removing the PDMS from the mold, the 

structure of silicon wafer mold is imprinted in the PDMS, making it ready for 3D cell 

culture. Similar to the hanging drop plate, the size of cell aggregation is determined by 

the cell density in the original medium used to fill the microwells, because the cells 

were dropped into microwell by gravity force. 

1.1.4 Hydrogel Encapsulation 

Hydrogels consist of a hydrophilic polymer matrix, which is swollen with 

water to mimic the in-vivo microenvironment for cell culture. There are two major 
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categories of hydrogel, natural and synthetic hydrogels. Natural hydrogels consist of 

extracellular matrix (ECM) (e.g., type I collagen, reconstituted basement matrix 

(Matrigel™), fibrin gel) and polysaccharides from nature (e.g., alginate, chitosan and 

hyaluronan). On the other hands, synthetic hydrogels, such as acrylic acid, polymethyl 

methacrylate, polyethylene glycol are also used for cell encapsulation in 3D culture. 

The advantages of natural hydrogel are that they are more biocompatible and 

degradable than synthetic hydrogels. However, synthetic hydrogels tend to be more 

consistent in quality assurance. 

Different ECM materials support cell attachment, proliferation and cellular 

function for different types of cells. For instance, fibrin gel supports angiogenesis in 

cultures of human umbilical vein endothelial cells (HUVECs), collagen matrices 

provide stiff fibers for cell migration studies, and laminin-rich reconstituted basement 

membrane matrices (Matrigel™) support stem cell-based organoid growth or 

mammary epithelium development in human benign mammary epithelial cells 

(MCF10A).  While these protein-based matrices are effective scaffolds for in-vitro 

3D cell culture they are not appropriate for transplantation in immunocompetent 

animals. To protect the cells from immune response, polysaccharides, such as alginate 

or chitosan and some synthetic hydrogels are better choices. However, although these 

hydrogels can isolate cells from the immune systems, they cannot fully support the 

cellular functions. 

1.2 Designing compartmentalized hydrogel microcapsules 

Hydrogel microcapsules have been used extensively for cell encapsulation, 

culture and transplantation10–15.The microcapsules protect the cells from the 
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environment, or the immune system when transplanted, while simultaneously allowing 

facile mass transfer necessary for the cellular survival and function. They have 

therefore found tremendous applications in tissue engineering16,17 and cell 

therapy10,15,18. However, in many cases, the microcapsules have no internal structure 

and the cells are encapsulated randomly in whatever material that forms the 

microcapsules, most commonly alginate14,19. It has now been increasingly recognized 

that controlling the structure and composition of these microcapsules will significantly 

expand their applications. For example, alginate-based core/shell microcapsules were 

made to improve the immunoprotective property of the capsules20, liquid-core 

microcapsules were reported for confined 3D cell culture21,22, and janus microcapsules 

were used for co-encapsulation23,24. While they had enhanced properties and functions, 

these structured microcapsules had no natural extracellular matrix (ECM) support. In 

their natural state, cells are supported architecturally by ECM, and surrounded by 

other cell types. Furthermore, many cells require a specific microenvironment to 

perform physiologically relevant functions25–27. For example, collagen particles have 

been shown to induce osteogenic differentiation of the encapsulated mesenchymal 

stem cells28. Thus, it is highly desirable to control the cellular environment within the 

microcapsule platform6,29. 

In this dissertation, we developed complex hydrogel microcapsules with 

controlled ECM internal compartments for efficient and scalable 3D cell culture. 

Compared with conventional 3D culture methods where the cells are embedded in 

bulk ECM hydrogels (e.g. collagen), the microcapsules have a larger surface-to-

volume ratio for mass transfer and can be potentially cultured in suspension in stirred 
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bioreactors for scale-up. We made the microcapsules and encapsulated the cells by a 

one-step electrospray-based, multi-fluidic cell micropackaging technique. The method 

allowed a high rate production (> 10,000/min) of compartmentalized hydrogel 

microcapsules with a uniform spherical shape and nearly monodisperse size 

distribution. The process is relatively simple and does not involve surfactants,7 oils6–8 

or acids7,8 that are typically used in microfluidic flow focusing approaches.  

1.2.1 Production of compartmentalized hydrogel microcapsules 

We made the compartmentalized hydrogel microcapsules by adopting a multi-

fluidic electrostatic spraying technique. (Figure 2) A similar technique has been 

previously used to prepare structured solid polymer particles30,31. However, here we 

used it to produce spherical, nearly monodisperse hydrogel microcapsules including a 

novel triple-layer concentric configuration for cell encapsulation. Figure 3 shows three 

different microcapsule designs (core-shell, side-by-side and triple-layer), all from Ca2+ 

/Ba2+ - crosslinked alginate hydrogel. The alginate in different compartments was 

labeled with a different fluorescent color for visualization purpose. Using model cells 

(MDA-MB-231 expressing GFP, normal human lung fibroblasts (NHLFs) with RFP 

and MCF-10A stained with Hoechst), we demonstrated that different types of cells 

could be encapsulated in distinct compartments within individual microcapsule. With 

a uniform spherical shape, a nearly monodisperse size distribution and a high 

production rate, these hydrogel microcapsules are in contrast with those made 

previously by the high flow rate jetting21 or centrifuge-based23 approaches that 

produced non-uniform microcapsules or the sequential deposition method that was 

difficult to scale up.32 Moreover, the complex hydrogel microcapsules described here 
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are also unlike the previously reported structured particles that were made of solid 

polymers and might not be suitable for cell encapsulation applications. 

1.2.2 Preparation of ECM-supported core-shell hydrogel microcapsules  

To incorporate ECM into the hydrogel microcapsules, we simply replaced one 

or more inner alginate fluids with ECM hydrogel precursor solutions while keeping 

the outer alginate fluid the same. (See Figure 4a, Figure 5a, b and Figure 6a, b for 

schematics.) The microcapsules were formed by an ionic crosslinking of alginate outer 

layer followed by a thermal (37 ºC) crosslinking of ECM inner layers. ECM hydrogels 

such as MatrigelTM provide physiologic growth environments and it is often desired to 

process them into robust microcapsules for cell encapsulation applications. By using 

the multi-fluidic electrostatic cell micropackaging, we can encapsulate and culture 

various types of cells in different ECM compartments inside microcapsules. (See 

Table 1 for a summary.) The microcapsules not only have large surface area for mass 

transfer but can also be suspended in stirred bioreactors for large scale cell culture and 

expansion. Figure 4b-d shows the hierarchical structures of core-shell microcapsules 

with a cell-containing ECM inner layer (collagen). (Also see Figure 5c-e for particles 

with an alginate outer layer and two different ECM cores, and Figure 6c-e for triple-

layer concentric particles with an alginate outer layer and two different ECM inner 

layers.) In Figure 4d, the type I collagen fibers surrounding the cells in the 

microcapsule were observed by the second-harmonic generation microscopy.33 



 

7 

1.2.3 Scalable production of tumor aggregates with controlled size in core-shell 

microcapsules 

Next, we demonstrated the ECM-containing microcapsules represented an 

excellent platform to generate size-controlled tumor microtissues. Tumor microtissues 

have many applications in drug screening, cancer modeling and therapeutic 

development.34,35 Several approaches have been successfully used to make the tumor 

microtissues; for example, the hanging-drop method.3 However, this method requires 

manual seeding of droplets and is difficult to scale up. In contrast, the microcapsules 

can be continuously produced and suspended in stirred bioreactors for large-scale 

microtissue production. Previously, liquid-core microcapsules made via the high flow 

rate jetting approach were proposed as a new platform to produce tumor microtissues 

and study the effect of confinement on their invasiveness.21 However, more than half 

of the produced particles had poor shapes, making the control of microtissue size 

difficult.21 Here we demonstrate the scalable production of microtissues from two 

different breast epithelial cells, nonmalignant MCF-10A (Figure 8a) and invasive 

MDA-MB-231 (Figure 8b) using our alginate/ECM core-shell microcapsules. 

Interestingly, the cells grew in the Matrigel inner layer and stopped growing (or grew 

with a much slower rate) after they filled the inner layer and reached the 

alginate/Matrigel interface (Figure 8c). This is consistent with the observation that 

these cells did not proliferate in microcapsules composed of alginate alone. (Figure 9) 

The confined growth in the microcapsules enabled us to control the microtissue size, 

from 95 μm to 725 μm, by simply changing the size of the Matrigel inner layer (Figure 

8d and Figure 10). Previously, large size (up to 600 μm) tumor microtissues were 
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considered to better mimic the primary tumor before vascularization, but were difficult 

to produce using conventional microfabricated cell culture platforms36. The 3D 

confinement of microcapsules also made structurally defined microtissues comparing 

with other unconfined systems such as bulk hydrogel or microwells for the E-

cadherin-lacking MDA-MB-231 cells (Figure 11)37,38. After formation in within the 

capsules, the microtissues were easily recovered by dissolving the alginate outer layer 

using an ethylene diamine tetraacetic acid (EDTA) solution (Figure 8a4, b4). As 

expected, the cells in the microtissues exhibited a size-dependent, heterogeneous 

viability. While the small size microtissues had mostly live cells, the large ones had 

necrotic centers (Figure 12), typical of non-vascularized primary tumors.39,40 During 

the course of microtissue growth, the hydrogel microcapsules were stable with limited 

swelling (Figure 13), consistent with previous report that the addition of Ba2+ into the 

Ca2+ crosslinking bath made the alginate microcapsules stronger.41 It should be noted 

that for some other types of cells such as Ins-1 cells (Figure 14), the microtissues may 

continue to grow after they fill the ECM core and eventually break the microcapsules. 

1.2.4 Co-cultures in core-shell hydrogel microcapsules 

Another application of these microcapsules is for studying cell-cell interactions 

in confined 3D co-cultures. Two or more different types of cells at different ratios can 

be encapsulated together in the ECM inner layer of individual microcapsules. As an 

example, we encapsulated the MDA-MB-231 cells and the MCF-10A cells at a ratio 

of 1:1 in the alginate/Matrigel microcapsules. Remarkably, a random mixture of cells 

evolved over time into a well-defined, core-shell structure with the MDA-MB-231 

cells (expressing dTomato fluorescence) enclosing the MCF-10A cells. (Figure 15a) 
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The segregation and formation of boundaries between different cell populations are 

common and essential in tissue development and morphogenesis.37,42,43 Here the core-

shell microcapsules provide a robust platform to study the cell segregation in a 3D 

confined space. One question was why the benign cells (MCF-10A) aggregated in the 

center, while the more invasive ones (MDA-MB-231) were segregated to the 

periphery. According to the differential adhesion hypothesis (DAH), the different 

degrees of surface adhesion induce spontaneous cell reorganization to minimize the 

interfacial free energy.44 It was also shown that two types of cells with differential E-

cadherin expression segregated spontaneously with lower E-cadherin expression level 

cells enveloping higher expression level ones.45 In our case, the MDA-MB-231 cells 

lack the E-cadherin and the MCF-10A cells express higher levels of E-cadherin, 

leading to the unique segregation within the microcapsules.   

1.2.5 Hepatocytes co-culture in compartmentalized hydrogel microcapsules 

In addition to cell segregation, cell-cell interactions also play an essential role 

in cellular functions. Using the ECM-supported microcapsules, we co-cultured 

hepatocytes and stromal cells and obtained drastically improved survival of 

hepatocytes. In vitro culturing of primary hepatocytes, particularly in a scalable 

fashion, has important applications in drug screening and toxicity testing for 

pharmaceutical industries.46,47 However, the cell viability and hepatic function decline 

rapidly ex vivo, under conventional culture conditions.48,49 Previous studies50–52 have 

shown that a combination of ECM substrate and stromal cell support could enhance 

the hepatocyte survival and stabilize their functions. Although several techniques53,54 

have been reported to realize this combination, most of them were essentially two-
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dimensional (2D) cultures. Our ECM-supported microcapsules offer a 3D, 

miniaturized culture environment with a great potential for scalability and parallel cell 

culture. We first encapsulated the rat hepatocytes alone in the alginate/Matrigel 

microcapsules (Figure 15b1) and after 14 days of culture the cells appeared either dead 

or loosely dispersed in Matrigel (Figure 15b2, b3). By contrast, when we co-

encapsulated the hepatocytes and the non-proliferating, mitotically inactivated mouse 

3T3-J2 fibroblast stromal cells at a ratio of 3:1 (Figure 15c1), the cells were 

aggregated together and appeared mostly healthy (Figure 15c2, c3) after 14 days. The 

measurement of secreted albumin via ELISA (enzyme-linked immunosorbent assay) 

confirmed the significant improvement in hepatocyte viability in the co-culture, as 

shown in Figure 15d. The live/dead staining from a separate experiment also 

confirmed the improved survival of hepatocytes when co-encapsulated with stromal 

cells (Figure 16).  

1.2.6 3D paracrine cell co-culture by combining hydrogel microcapsules with 

microwell system 

Finally, to demonstrate the applications of the microcapsules for potential 

screening and 3D paracrine (non-contact) cell co-cultures, we combined them with an 

individually addressable microwell system.4,42,55 We seeded the microcapsules 

(~470±30 μm) into PDMS microwells (500 μm depth and 500 μm diameter). Figure 

17a shows a schematic and representative image of the fluorescently labeled alginate 

microcapsules seeded in microwells. Microcapsules with GFP-expressing HUVECs 

(human umbilical vein endothelial cells) encapsulated in the fibrin hydrogel were 

similarly seeded in the microwells (Figure 17b).  HUVECs are widely used for 
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vascular engineering56,57 and studies of angiogenesis and vascular biology.56,58,59 They 

are typically cultured in ECM such as fibrin hydrogels. Here we culture the HUVECs 

in fibrin within arrayed microcapsules, which may find applications for screening of 

angiomanipulatory drugs.56,60 (Note that the HUVECs could not survive in 

conventional, alginate alone microcapsules – see Figure 18.) Furthermore, the 

“microcapsules in microwells“ configuration represents a new, potentially scalable 

platform for 3D paracrine cell co-culture61,62 where one type of cells are cultured in 

microcapsules and the second type of cells are seeded in microwells. To provide a 

proof of concept, we first aggregated the RFP-expressing normal human lung 

fibroblast (NHLF) in the microwells and then seeded the microcapsules with HUVECs, 

as shown in Figure 16c.  One advantage of this system compared with previously 

published ones such as the InVERT molding53 or suspending microcapsules in bulk 

hydrogel61 is that the microcapsules and the microwells are detachable and switchable. 

Thus, this approach provides opportunities for reconfigurable cell co-cultures. 

1.3 Significance of this dissertation 

This dissertation focuses on developing a high-throughput method for 

compartmentalized hydrogel microcapsules production which is relevant to many 

biological applications such as cell therapy for biomanufacturing in tumor aggregates 

and stem cell-based organoids, and tumorigenesis under physical confinement. First, 

we developed a multiple fluidic electrostatic co-spraying technique for complex 

structure hydrogel microcapsules production. For example, we developed core-shell 

structures where the core is a desired ECM protein matrix to support the encapsulated 

cells in cell attachment, proliferation, morphogenesis, janus (i.e. side-by-side) 
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structures to encapsulate two different types of cells for cell-cell interaction studies 

and more complicated structures such as two cores or a triple layer structure hydrogel 

capsules that could also be used in co-culture studies. In this dissertation, we only 

focus on the application of core- shell structure microcapsules. By using this technique, 

we were able to produce around 13,000 core-shell microcapsules per minute with 

nearly monodisperse size and uniform spherical shape. Furthermore, these core-shell 

structured capsules were applied to efficiently expand intestinal organoids with higher 

proliferation and stem cell marker expression. Last, we used the same structure to 

study how physical confinement affect mammary tumorigenesis. The hydrogel shell 

layer creates a physical confinement on human mammary epithelial cells, MCF10A 

embedding in soft Matrigel core. In the microcapsules, the hydrogel layer could 

simulate the dense collagen fibers imposing on mammary epithelium in basement 

membrane matrix. Results show that, following removal of the MCF10A cells from 

physical confinement, the cells exhibited tumor-like behavior, such as uncontrolled 

growth and invasion. Additionally, approximately 4-6 weeks after transplantation of 

the confined cells into immunocompromised mice, these mice formed carcinomas, 

thus confirming their malignancy. Taken together, our findings suggest that physical 

confinement alone can induce a malignant transformation of mammary epithelial cells. 

In summary, this platform to produce core-shell microcapsules by a high-throughput 

electrostatic co-spraying technique is applicable in both biological research and bio-

manufacturing. 
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Figure 1, In-vitro cell culture methods.  

(a) Traditional 2D cell culture in a petri dish. (b) 3D cell cultures by using ECM 
scaffold. (c) Using a hanging drop plate to generate 3D cell aggregations. (d) 
Microwells are also used for 3D cell culture. 
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Figure 2, Schematics for the multi-fluidic electrospraying to produce the three different 

configurations of structured alginate hydrogel microcapsules.  

(a) Core-shell; the nozzle has an inner tube (I.D. ~200 μm, O.D. ~400 μm) and an 
outer tube (I.D. ~750 μm, O.D. ~1200 μm) (b) Side-by-side; the nozzle has two 
connected tubes (I.D. ~200 μm, O.D. ~400 μm) (c) Triple layer microcapsules. The 
nozzle has three concentric tubes (I.D. ~150 μm, O.D. ~300 μm; I.D. ~600 μm, O.D. 
~900 μm; I.D. ~1,100 μm, O.D. ~1,400 μm) 
 

 

  



 

15 

 

 
Figure 3, Hydrogel microcapsule designs and their applications for cell encapsulation.  

(a-b) Core-shell hydrogel microcapsules made of fluorescently labeled alginate (Red: alginate 
labeled with Alexa Fluor® 594 dye; Green: alginate labeled with Alexa Fluor® 488 dye). (c-d) 
Core-shell alginate microcapsules encapsulating different types of cells (Green cells: MDA-MB-
231 expressing GFP; Red cells: normal human lung fibroblasts expressing RFP). (e-f) Side-by-
side alginate hydrogel microcapsules. (g-h) Cell encapsulation using side-by-side microcapsules. 
(i-j) Triple-layer hydrogel microcapsules. (The inner most layer in i and j was unlabeled 
alginate.) (k, l) Cell encapsulation using triple-layer particles. (The blue cells in k and l were 
MCF-10A stained with Hoechst). 
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Figure 4, Hydrogel microcapsules with ECM support for scalable 3D cell culture.  

(a) A schematic of an ECM-supported microcapsule. (b) MDA-MB-231 cells with tomato red 
expression encapsulated within collagen matrix inner layer in the alginate microcapsules. (c) A 
magnified view of a single microcapsule. (d) Cells in the collagen fibers (green) in the inner core 
of a microcapsule as imaged by second harmonic generation microscopy. (e) Mouse small 
intestinal crypts encapsulated in alginate-alone microcapsules failed to survive after 2 days of 
culture. (f) The crypts encapsulated in Matrigel inner core of the microcapsules grew into 
structured organoids in a week with an enriched GFP-labeled Lgr5+ stem cell population (f1: 
bright field; f2: GFP; f3: merged). 
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Figure 5, Hydrogel particles with an alginate outer layer and two ECM cores for cell 

encapsulation.  

(a, b) Schematics of the setup and the microcapsules. (c) The two cores visualized by 
fluorescent alginates (red and green). (d) The MCF-10A (red) with collagen and 
MDA-MB-231 (green) in Matrigel encapsulated in the double-core microcapsules. (e) 
HUVECs (green) in fibrin and NHLF cells (red) with collagen encapsulated in the 
double-core microcapsules. 
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Figure 6, Triple-layer concentric hydrogel particles with an alginate outer layer and two ECM 

inner layers. 

 (a, b) Schematics of the setup and the microcapsules. (c-e) The MCF-10A (green) in collagen 
matrix as the innermost layer, surrounded by INS-1 cells (blue, stained with Hoechst) in fibrin 
within the alginate outermost layer. 
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Figure 7, Schematics of different culturing methods for the small intestinal crypts.  

(a) The crypts cultured in a Matrigel droplet. (b) The crypts embedded in collagen gel near air-
liquid interface in first dish that was inserted in a second dish containing medium as a “dish-in-
dish” configuration. (c) The crypts grown with Matrigel in microcapsules. The microcapsules 
have increased surface-to-volume ratio and reduced diffusion distance as compared with the 
bulk hydrogel. 
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Figure 8, Scalable production of tumor microtissues with controllable sizes.  

(a) MCF-10A cells within Matrigel matrix in the microcapsules, observed on day 0 
(a1), day 3 (a2) and day 8 (a3). The microtissues (a4) were recovered by dissolving the 
microcapsules using EDTA. (b) MDA-MB-231 cells on day 0 (b1), day 2 (b2), day 19 
(b3) and microtissues recovered (b4). (c) The growing curve of these two types of 
cells. The microtissue size is defined as the mean of the longest and shortest 
dimensions of the microtissue. The average size is typically taken from about 50 
microtissues. (d) The control of the average microtissue sizes: 95 μm (d1), 160 μm 
(d2) and 725 μm (d3). 
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Figure 9, The MDA-MB-231 cells encapsulated in alginate alone microcapsules (day 

13) did not proliferate.  

1000 um  400 um

(b)(a)
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Figure 10, Controlling of the size of the ECM inner core in the core-shell 

microcapsules.  

The plots show the core size as a function of the core flow rate given a fixed flow rate 
of 0.45 ml-min-1 for the outer, shell fluid. The experimental data (in dots) were 
compared with theoretical values (in lines) in both dripping and spraying modes. The 
effective diameter (D’) of the core was approximated as the average of the longest and 
shortest dimensions determined by ImageJ. The theoretical values were derived as the 

following: The shell flow rate  (Equation 1) where D is the 

overall diameter of the particles, and approximately 420 μm in the spraying mode. In 
the dripping mode, D was measured for each batch of particles. The core flow rate 

. (Equation 2) The ratio of the two flow rates  

(Equation 3) The theoretical effective diameter was obtained by re-arrangement. 

 (Equation 4) 
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Figure 11, Assessment of microtissue formation of MDA-MB-231 cells embedded in 

MatrigelTM 

 (a, b) and seeded (with Matrigel) in microwells (c, d). The Matrigel was diluted to 
16.7% using culture medium, similar to the case of microcapsules. After 16 days 
culturing, the cells in the bulk gel randomly formed cell aggregates of several different 
sizes, while in the PDMS microwells the cells formed better aggregates, similar to 
previous studies.3 However, the aggregates formed in the microwells seemed 
structurally loose, as compared to those formed in the microcapsules. 

400 um1000 um
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1000 um  400 um
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Figure 12, The viability assessment for MDA-MB-231 microtissue with two different 

sizes (200 μm and 700 μm). 

 (a) The viability of MDA-MB-231 microtissue with size around 200 μm; (b, c) The 
live/dead staining results of a 700 μm microtissue. In (b), the microtissue was stained 
directly, while in (c) the microtissue was broken into single cells before staining to 
show individual live/dead cells. 
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Figure 13, The morphometric characterization of a representative alginate 

microcapsule over time.  

The size (diameter) and roundness of the alginate microcapsule (with cells) were 

measured from Day 0 to Day 24. (The roundness is defined by  

calculated through ImageJ) 
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Figure 14, Ins-1 cells grow in alginate/Matrigel core-shell microcapsules over 2 

weeks.  

Note the darkening and breakage of microcapsule. (All images are at the same 
magnification and the scale bars are 2 mm.) 
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Figure 15, Cell-cell interactions in confined 3D cell co-cultures.  

(a) Interactions of breast epithelial cell lines, MDA-MB-231 (with red dTomato 
fluorescence) and MCF-10A cells. The cells over time segregated into core-shell 
structures: day 0 (a1), day 4 (a2) and day 7 (a3, a4). (b) Rat hepatocytes cultured alone 
in the Matrigel-supported microcapsules: day 0 (b1); day 14 (b2, b3). (c) Rat 
hepatocytes co-cultured with stromal cells in the microcapsules: day 0 (c1); day 14 (c2, 
c3). The stromal cells were mitotically inactivated, non-proliferating, mCherry-
expressing (red) mouse 3T3-J2 fibroblasts. (d) The co-cultured hepatocytes had 
improved viability over time as measured by the albumin secretion (mean ± SE; n=6; 
***p<0.01; **p<0.05; *p<0.1). 
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Figure 16, Rat hepatocyte encapsulated in Matrigel-supported microcapsules  

(a, b) the hepatocytes appeared loosely dispersed (a) and mostly dead as indicated by 
live (green) / dead (red) staining on day 2. (c, d) Rat hepatocytes co-encapsulated with 
mouse 3T3-J2 stromal cells were better aggregated (c) and mostly alive (d). 
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Figure 17, “Microcapsules-in-microwells” culture systems.  

The schematics illustrate the configurations with both the top and side views. Both the 
bright field images and the merged images with fluorescent colors are shown. (a) 
Fluorescently labeled alginate microcapsules seeded in microwells. (b) Alginate/fibrin 
core-shell microcapsules encapsulating GFP-expressing HUVECs seeded in the 
microwells. (c) HUVECs (green)-containing microcapsules seeded in microwells that 
were pre-loaded with NHLF cells (red). 
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Figure 18, HUVECs with GFP expression were encapsulated in alginate alone 

particles and alginate/fibrin core-shell ones.  

(a) The HUVECs in alginate alone particles were mostly dead after two days as 
indicated by no GFP expression. (b) The HUVECs in fibrin gel were still mostly alive 
after 10 days. 
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Figure 19, The morphometric characterization of alginate microcapsules.  

All the alginate microcapsules (n=65) were analyzed through ImageJ. The effective 
diameters (average of major axis and minor axis) of this batch microcapsules varied 
from 540 to 560 μm except 4 smaller ones less than 510 μm. In addition, the 

roundness analysis 
�∗������

�∗�	�
��	�����
 of the microcapsules revealed that most of particles 

were close to perfect spheres.  
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Configuration 

Extracellular 

matrix 

component 

used in this 

study 

Cell lines used in this study 
Potential 

applications 

Core-shell 

Fibrin, 

collagen and 

Matrigel 

HUVECs, NHLF, MDA-

MB-231, MCF-10A, 

hepatocyte, small intestinal 

organoids 

Microtissue 

production, co-

culture, liver model, 

stem cell culturing 

Double-core 

Fibrin, 

collagen and 

Matrigel 

HUVECs, NHLF, MDA-

MB-231, MCF-10A 
Paracrine co-culture  

Triple-layer 
Fibrin, 

collagen 
MCF10A, INS-1 

Paracrine co-

culture, cell 

migration 

Table 1,  A summary of different microcapsule configurations. 
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CHAPTER 2: SCALABLE PRODUCTION AND CRYOSTORAGE OF 

ORGANOIDS USING CORE-SHELL DECOUPLED HYDROGEL CAPSULES 

2.1 Introduction 

Organoids are stem cell-derived, lab-grown multicellular structures that closely 

mimic the physiology and hierarchical cell organizations in their counterpart tissues or 

organs in vivo. 63–67 Recognized recently as a major science advance68, the organoid 

technology holds enormous potential for studying stem cell biology, modeling 

diseases, screening drugs and engineering cell therapies.63,69–74 Organoids 

corresponding to several organs have been developed, including gut75–78, lung79,80, 

liver81,82, retina83,84, brain69,85 and kidney86, to name a few. For example, the culture of 

intestinal organoids first established by Clevers and his colleagues in a landmark 

paper75 has initiated numerous follow-up investigations. Intestinal organoids not only 

became a prime model for studies on adult stem cells in health and disease but also 

represented a promising potential source for cell therapies for intestinal diseases such 

as microvillus inclusion disease, ulcerative colitis, and post-endoscopic mucosal 

resection.64 Eiraku et al.83 reported the autonomous formation of the optic cup (retinal 

primordium) structure from mouse embryonic stem cell aggregates, which opened up 

new avenues for the next-generation of regenerative medicine in retina degeneration 

therapeutics. Lancaster et al.69 showed that cerebral organoids recapitulated features of 

human cortical development and could be used to model microcephaly, a brain 

disorder that has been difficult to study in mice. Dekkers et al.87 used patient-derived 

intestinal organoids to model the cystic fibrosis. These studies and many others have 
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clearly shown the great potential of organoids as in vitro human tissue/organ 

surrogates for various important applications63,64.  

In almost all cases, the 3D culture in extracellular matrices such as Matrigel™ 

played an essential role in the formation of organoids7,8,13,14,16,22. Current 3D cultures 

are typically accomplished by embedding the cells in bulk Matrigel™ usually 

deposited as sessile drops on flat surfaces. While these culture methods enabled 

numerous insightful studies in laboratories, they were not suited for large-scale 

productions. This method of culture requires manual seeding and becomes extremely 

labor-intensive when performed at large scales; in addition, the macroscopic 

Matrigel™ drops or blocks have limited surface area for mass transfer and are not 

suitable for suspension culture (e.g., in stirred bioreactors). The scale-up of organoid 

culture that is critically important for high-throughput screening and clinical 

applications has remained challenging90–92. Another factor that limits the rate of 

organoid technology development and clinical translation is the long-term storage, 

such as cryopreservation of the organoids93. The challenge for complex tissue 

preservation is the potential cryoinjury from ice crystal formation during the freezing 

and recovery processes. Usually, a cryoprotectant (e.g., dimethyl sulfoxide (DMSO)) 

in combination with a slow freezing process is applied to avoid intracellular ice 

formation, which is the major cause to damage the cryopreserved cells. However, the 

recovery process usually involves de-vitrification that can still induce ice crystal 

formation93–95.  The ice crystal might not only hurt the cells but also disrupt cell-cell 

interactions among these organized tissues. To prevent devitrification during the 



 

35 

warming process, hydrogels have been used to protect the cryopreserved cells/tissues 

in a rapid recovery procedure to enhance the viability of cells in cryopreservation96,97. 

Here, we report an efficient and scalable organoid culture and cryostorage 

system using hydrogel capsules. The capsules have a core-shell structure where the 

core consists of Matrigel™ that supports the growth of organoids (i.e., “organogenesis” 

in capsules), and the shell is alginate that forms robust spherical capsules, enabling 

suspension culture. Compared with conventional culture in bulk Matrigel™, the 

capsules provide better mass transfer from both diffusion and convection in a stirred 

bioreactor and can be continuously produced by a two-fluidic electrostatic co-

spraying98. Using mouse stomach and small intestinal organoids as models, we 

demonstrated that core-shell capsules not only enable scalable, suspension culture of 

organoids, but also enhanced the stem cell expansion within the organoids. In addition, 

these core-shell capsules also allowed a higher recovery rate from cryopreservation of 

organoids, probably due to the protection from the mechanical damage by the 

hydrogel layers during freezing or thawing processes. This new, capsule-based 

organoid culture and cryo-storage method will likely facilitate current organoid studies 

and accelerate its translation into clinical or industrial applications. 

2.2 Methods and Materials 

2.2.1 Encapsulation of cells and crypts in core-shell alginate capsules 

Cell encapsulation was accomplished using two fluidic electro-co-spraying 

technique described previously98. Briefly, the isolated cells or small intestinal crypts 

were dispersed in an ice-cold Matrigel™ solution, which was pumped (0.06mL min-1) 
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into an high electric field (~5.8 kV) as the core fluid, and 1.8%(w/v) sterile alginate 

(UPLVG FMC Biopolymer) dissolved in 0.9%(w/v) sodium chloride was pumped 

(0.3mL min-1) as the shell fluid. The two fluids were pumped simultaneously and 

sprayed into small core-shell droplets under the electric field; the droplets were 

crosslinked in a 100mM calcium chloride solution placed ~1.8cm under the nozzle. 

After encapsulation, the capsules were transferred to a culturing dish or stirred 

bioreactor in an incubator at 37ºC with 5% CO2 for culturing. 

2.2.2 Calculation for organoid expansion efficiency 

Quantification of organoid expansion: The expansion efficiency is defined by 

the equation below. 

                (equation5) 

 

2.2.3 Statistical analysis 

All quantification data are presented as mean ± SEM with at least three 

independent replicates, and the sample size “n” in each experiment is given in the 

legend of each figure. In statistical analysis, all the p values were calculated by one-

way ANOVA using Prism 7. In addition, all the figures were depicted from Prism 7. 

(N.S.: non-significant difference, *p<0.05, **p<0.01 and ***p<0.001) 

2.2.4 Mouse gastric organoid isolation  

The stomachs were collected from 6-8 week-old Lgr5tm1(cre/ERT2)Cle/J (Lgr5EGFP-

Ires-CreERT2 ) knock-in mice, washed with ice-cold PBS buffer three times to remove the 

remaining lumen contents, and divided into 2mm small pieces. The gastric fragments 
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were collected in 50 mL conical tube and incubated at room temperature for 15 

minutes in a gentle dissociation buffer (Stem Cell Technologies). After removal of the 

dissociation buffer, the tissue fragments were vigorously suspended in and out using 

10 mL pipets for 10-20 times with ice-cold 0.1%(w/v) BSA/PBS solution. The 

supernatants were collected to new 50mL conical tubes. The gastric epithelial cells 

were spun down and washed with ice-cold DMEM/F12 medium for twice. The 

organoid culture was modified from a previously described method.99 Briefly, the 

isolated gastric cells were counted and a total of 20,000 cells were suspended in 

100μL of ice-cold DMEM/F12 medium, mixed with 100μL of liquid growth factor-

reduced Matrigel™ (Corning), and seeded in a dish. After solidification of Matrigel™ 

in the 37°C incubator for 20 minutes, a stem cell culture medium (IntestiCult™ 

Organoid Growth Medium supplemented with 10nM gastrin) was added into the dish 

and incubated until 37°C for several days until encapsulation. 

2.2.5 Mouse small intestinal organoids isolation 

The small intestines were collected from 6-8 weeks old wild-type (WT) or 

Lgr5tm1(cre/ERT2)Cle/J (Lgr5EGFP-Ires-CreERT2 ) knock-in mice. The isolation process was 

modified from a previously developed method.100 The isolated crypts and cells were 

mixed with growth factor-reduced Matrigel™ and seeded on a dish for 20 minutes at 

37ºC before adding intestinal organoid medium. 
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2.2.6 Immunofluorescence (IF) and single-molecule fluorescence in situ 

hybridization (FISH) 

IF staining for LGR5-eGFP, CD44 and CK8 were performed using a method 

modified from a previously published protocol101. For the intestinal organoids from 

wild-type mice, stem cell biomarker, Lgr5 was identified by FISH followed a previous 

method102,103. Several differentiation biomarkers, such as Lysozyme and MUC2 were 

stained by an immunofluorescent staining technique. 

2.2.7 Cryopreservation 

Organoids in hydrogel capsules were collected and incubated in DMEM:F12 

medium with 10% (v/v) DMSO with a density of around 20-30 capsules per ml. On 

the other hand, the organoids in bulk were preserved in the same freezing medium 

with a density of around 200 organoids per ml. The decreasing rate of temperature was 

controlled around 1°C per minute till -80°C for cryopreservation. To recover the 

organoids, the cryo-vial was incubated in 37°C water bath for about 5 minutes to thaw 

the vial and added 10ml DMEM:F12 medium to dilute the DMSO. 

2.2.8 Quantitative reverse transcription real-time PCR 

Total RNA was isolated from the organoids formed by the epithelial cells of 

stomachs and small intestines of the Lgr5tm1(cre/ERT2)Cle/J (Lgr5EGFP-Ires-CreERT2) knock-in 

mice using mirVana RNA isolation kit (Thermo Fisher scientific, AM1560). Reverse 

transcription was carried out using SuperScript III First-Strand Synthesis System 

(Thermo Fisher Scientific, 18080051) and quantitative PCR (qPCR) reactions were 
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performed using a PerfeCTa® SYBR® Green SuperMix (Quanta Biosciences, 95054). 

The qPCR conditions were initiated at 95°C for 3 minutes, followed by 40 cycles of 

95°C for 15 seconds and 60°C for 45 seconds. The sequences of primers are listed in 

supplemental information (Table 2). Amplification of mouse Actb (β-actin) was used 

as the reference gene control. 

2.2.9 Viability Assessment 

The viability was characterized by live/dead staining kit including 

acetoxymethyl ester of calcein (calcein AM) and ethidium homodimer-1 (EthD-1) 

dyes (Life Technologies). To enhance the staining in capsules, the hydrogel layer was 

dissolved by alginase before incubating in dye. Those organoids collected from 

capsules were incubated with 20µM calcein AM and 14µM EthD-1 for 10 minutes at 

37°C. The viability analysis is based on the total number of live cells in one whole 

organoid/aggregation which is calculated by total area of live cells divided by total 

area of organoid/aggregation. Moreover, the area is measured by ImageJ. 

2.2.8 Microscopy and image analysis 

The organoids in bulk and in capsules were observed and imaged by an EVOS 

AMF4300 imaging system. The fluorescent images were obtained by an Olympus 

FV1000 confocal microscope and processed by ImageJ. 
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2.3 Results and Discussions 

2.3.1 Core-shell Hydrogel Capsules provides enhanced mass transfer in stirred 

bioreactor 

The most common method to culture organoids is to use reconstituted 

basement membrane matrix (Matrigel™) as a scaffold to support the organoid growth 

and maintain the stemness69,75,80,81,83,88,89. This method is easy to implement in a small 

scale, for example by simply dripping a droplet of pre-gelled Matrigel™ in a dish. 

(Figure 20a) However, this method is not suitable for large-scale productions. In 

contrast, the core-shell capsules, which can be made continuously by a two-fluidic 

electrostatic co-spraying technique, provide a more scalable and efficient organoid 

culture platform (Figure 20b).  During the electrospraying, the alginate shell 

crosslinks instantaneously when the droplets hit the Ca2+ solution in the grounded 

collector and the pre-cooled Matrigel™ core, protected by the shell, gradually gels 

through a temperature increase. The capsules, due to their smaller sizes, have higher 

surface to volume ratios than the bulk hydrogels and therefore better mass transfer 

even when cultured in dishes. When cultured in stirred flasks or bioreactors, the 

alginate shell protects the softer Matrigel™ and the cells from the shear force and 

importantly the mass transfer is further enhanced through convection. For example, 

based on a simple diffusion assay, we found that the mass diffusion reaches 

equilibrium in hydrogel capsules in static culture within 2 hours, while the time 

required to reach equilibrium in a stirred flask was merely 20 minutes. (Figure 21a) In 

addition, using a human breast cancer cell line, MCF10DCIS.COM, as a model, we 
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showed the growth of the cells in the core of each hydrogel capsule (Figure 21b, c) in 

the stirred flask, confirming the potential of this platform for scalable cell culture and 

production.  

2.3.2 Hydrogel Capsules enhance expansion of stem cells in gastrointestinal 

organoids 

To examine whether the core-shell capsule system is suitable for organoid 

culture, we first used gastrointestinal organoids as a model. The gastric fragments, 

isolated from Lgr5tm1(cre/ERT2)Cle/J (Lgr5EGFP-Ires-CreERT2 ) knock-in mouse stomach, were 

dispersed in Matrigel™ and then dripped in a dish (i.e. bulk culture) or encapsulated 

in the alginate-shell capsules. The capsules had a nearly monodisperse diameter of 

1900±25µm with the Matrigel core size of 900±40µm.98  After 9 days of culture, the 

tissue fragments grew into gastric organoids in both bulk and core-shell capsules 

(Figure 22a). The stem cell markers within the organoids, CD44 and LGR5-eGFP104, 

were measured by immunofluorescence (Figure 22b). Interestingly, the LGR5-eGFP 

expression seemed to be higher and the columnar differentiation marker (CK8) 

expression lower in hydrogel capsules than in the bulk Matrigel™.104,105 These 

biomarker expressions suggest that the hydrogel capsules might enhance the 

expansion of stem cells in the organoids, probably due to the mechanical confinement 

effect from the alginate shell. It was previously reported that the mechanical 

heterogeneity in core-shell capsules composed of softer ECM core and harder alginate 

shell enhanced the development of ovarian follicles6,106.  
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We also tested the culture of another type of organoids, mouse small intestinal 

organoids (crypts), in core-shell capsules and compared that to the bulk culture (Figure 

22c-g and Figure 23). In both methods, the small intestinal crypts isolated from mice 

formed organoids after a few days of culture (Figure 22c). The organoids had lumen 

structures with apoptotic inner cells as shown by the caspase-3 staining (Figure 22d). 

The intestinal stem cells in the organoids were identified by CD44 and LGR5-eGFP.  

Using a quantitative real-time PCR (polymerase chain reaction), we found that the 

organoids grown in the capsules had similar Cd44 but significantly higher Lgr5 

expression than those grown in bulk (Figure 22e, f). This observation of enhanced 

stem cell expansion in capsules was consistent with our observed results from the 

gastric organoids. In a recent study, it was found that stiff matrix in the 

microenvironment effectively improved intestinal stem cell expansion, and softer 

matrix supported the intestinal differentiation and organoid formation.107 In our core-

shell capsules, the shell hydrogel layer may provide a mechanical confinement to 

enhance the stem cell expansion, while the Matrigel™ core, with unaltered 

composition and mechanical property, supports the organoid formation. This is 

consistent with earlier reports that core-shell hydrogel capsules might be used to 

simulate the microenvironment of early-stage embryos to enhance the 

pluripotency.22,108–110 The expression of proliferation marker, Ki67, was also higher in 

capsules than in bulk (Figure 22g), suggesting again that the core-shell capsules were 

not only suitable for organoid culture but might also improve the efficiency of 

organoid expansion.  
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2.3.3 Hydrogel Capsules provide scalable production for intestinal organoids 

Next, to demonstrate the culture of organoids in core-shell capsules was 

scalable, we performed repeated encapsulation, expansion, dissociation and re-

encapsulation. First, small intestinal crypts were encapsulated in the capsules; the 

crypts grew into organoids in 6 days. Then, we used alginase to dissolve the alginate 

hydrogel shell and EDTA to remove alginate residues and dissociate organoids. The 

dissociated organoids were broken into smaller fragments through physical pipetting, 

and the fragments were re-encapsulated in core-shell capsules for the next round of 

culture (Figure 24a). After re-encapsulation and culture, these intestinal organoids 

maintained their stem cell population with expression of LGR5-eGFP and CD44 

(Figure 24a). Furthermore, after 4 passages, the organoids contained not only stem 

cells with Lgr5 expression but also normal intestinal niches, such as Paneth cells with 

Lysozyme expression and intestinal goblet cells with MUC2 expression based on the 

fluorescence in situ hybridization (FISH) and immunofluorescent staining (Figure 

24b). To demonstrate the scalability and feasibility of suspension culture in 

bioreactors, we transferred the capsules from culture dishes to a stirred flask. (Figure 

24c and 24d) The small intestinal organoids grew and expanded efficiently in the 

stirred bioreactor and after a 6-day culture, we obtained ~15,000 organoids from a 

100-ml stirred flask. In principle, we may produce a much larger or potentially any 

number of organoids using larger reactors. In contrast, to produce the same large 

number of organoids using the conventional bulk Matrigel™ culture, it would require 

many plates or dishes and become laborious.  It is also worth mentioning that when 

we compared the expansion efficiency (or the increase of organoid numbers after an 
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expansion) between cultures in bulk Matrigel™ and in capsules, we found that the 

efficiency from capsules was on average 1.5 times higher than the bulk culture. 

(Figure 24e) (The efficiency could be ever higher as expansion continues due to the 

higher stem cell population in organoids grown from capsules.) 

2.3.4 Hydrogel Capsules protect the encapsulated organoid in cryopreservation 

Lastly, we investigated whether the core-shell capsules could also be used for 

the cryo-storage of the organoids. Tissue/organ preservation is a challenge for tissue 

engineering in clinical application, especially for complex tissues or organs which 

constitute different cell types in an organized structure93–95. The most common 

methods for cryopreservation involve a slow freezing process and a penetrating 

cryoprotectant, such as DMSO to avoid intracellular ice formation, which is the major 

cause of cell death during vitrification. However, during warming process, the ice 

crystal formation might still be induced by devitrification96,97,111. In current 

methods112–114, organoids are frozen in medium with high concentrations of serum and 

a cryoprotectant, and the cooling temperature is controlled at a rate of 1ºC per minute. 

These steps can prevent ice formation inside the cells in the freezing process, but 

crystal formation from devitrification, which might disrupt the cell alignment within 

tissues or organs, cannot be avoided during the conventional cryopreservation 

procedure. Here, we combined core-shell hydrogel capsules and cryoprotectant 

together to protect organoids from both vitrification and devitrification94,96,97,111. 

Compared with the bulk Matrigel™, the capsules had a much higher recovery of cryo-

preserved organoids (Figure 25a-c and Figure 26a-c). In bulk, only small cell 
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aggregates could grow into organoids after thawing and re-culturing in Matrigel™ 

(Figure 25a and Figure 26a); larger ones failed to survive (Figure 25b and Figure 26b). 

The recovery efficiency (i.e., the fraction of viable cells recovered after thawing) was 

only around 20%. In contrast, in capsules even whole organoids could survive and 

grow after recovery from the cryo-storage (Figure 25c and Figure 26c). The cell 

viability was improved to 80%.  (Figure 25d, e), suggesting that the core-shell 

hydrogel structure might suppress the ice formation during cryopreservation. The 

recovered organoids showed the stem cell markers, LGR5-eGFP and CD44 after being 

cultured for a week after thawing. (Figure 25f, g) Although the alginate shell deformed 

due to the mechanical force generated during freezing or thawing process, the capsules 

clearly played a protective role in the cryo-storage of organoids. 

2.4 Conclusion 

In summary, we reported here a new, capsule-based platform for scalable 

production and cryo-storage of organoids. The key to this platform is the core-shell 

decoupled design of the capsules, which can be continuously produced through a two-

fluidic electrospraying, where the Matrigel™ core creates a permissive environment 

for organoid growth while the alginate shell enables the formation of mechanically 

robust capsules. Compared with the conventional droplet or bulk Matrigel™ currently 

used for organoid culture, the new capsules provide a higher surface area for mass 

transfer, support enhanced expansion of the stem cell population within organoids and 

can be suspended in stirred bioreactors for large-scale production. The alginate shell, 

which could be easily dissolved to harvest the organoids, protects the organoids from 
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shear force during suspension culture and potential mechanical damage during the 

cryopreservation process. Given the significance of organoid technology, our core-

shell decoupled hydrogel capsules would be a useful platform for many laboratory 

studies and potential clinical or industrial applications. 
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Figure 20, A Schematic comparison between a conventional organoid culture and the 

more scalable, capsule-based culture.  

(a) Conventional method using Matrigel™ drops placed in a dish. (b) A schematic of 
the capsule-based organoid culture and expansion process. The cells or cell aggregates 
(e.g. crypts) dispersed in Matrigel™ is first encapsulated in core-shell capsules 
through a two-fluidic electrospraying; the capsules may then be cultured in a dish or a 
stirred bioreactor. For expansion, the capsule shell (i.e. alginate) may be dissolved and 
the organoids dissociated and re-encapsulated. 
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Figure 21, Mass transfer in hydrogel capsules in stirred bioreactors.  

(a) A diffusion assay by BSA conjugated with Alexa fluor 488 for static culturing 
and dynamic culturing in bioreactors (n=3 for each group). (b, c) The cell growth 
within hydrogel capsules in a stirred flask using a MCF10DCIS.COM cancer cell line 
as a model.  
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Figure 22, Culture of Gastrointestinal organoids in bulk Matrigel™ and core-shell 

decoupled capsules. 

(a) Growth of mouse gastric organoids in bulk Matrigel™ and capsules during a 9-day 
culture period. (b) Whole mount staining for stem cell markers, CD44 and LGR5, and 
columnar differentiation marker, CK8 in bulk Matrigel™ and capsules. (c) Growth of 
mouse small intestinal organoids in bulk Matrigel™ and capsules during a 6-day 
culture period. (d) Immunofluorescent (IF) stainings from paraffin-embedded sections 
for apoptosis marker, caspase-3. (e, f) IF staining and qPCR analysis of stem cell 
markers (Cd44 and Lgr5) (n=3 for bulk and capsules). (g) IF staining of the 
proliferation marker, Ki67 and quantitative analysis based on the staining (n=3 for 
both bulk and capsules). 
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Figure 23, Growth of a mouse small intestinal organoid in a single capsule. 
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Figure 24, Expansion of mouse small intestinal organoids within hydrogel capsules 

and suspension culture in a stirred flask.  

(a) The process of organoid expansion in hydrogel capsules including encapsulation, 
culturing, dissociation and re-encapsulation. Whole mount staining for LGR5-eGFP 
and CD44 in capsules confirms the presence of stem cells. The whole process may be 
repeated multiple times. (b) The stem cell biomarker, Lgr5, and two intestinal cell 
markers, Lysozyme and MUC2 identified by fluorescence in situ hybridization (FISH) 
and immunofluorescent staining, confirming that the key features of stem cell such as 
self-renewal and multi-differentiation capabilities remained stable in hydrogel 
capsules after 4 times of passaging. (c) Capsules containing growing crypts being 
transferred from a dish to a stirred flask for suspension culture. (d) Growing organoids 
in capsules in a stirred flask. (e) A quantitative comparison of expansion efficiency 
between cultures in bulk and in hydrogel capsules (n=4 for each group). The 
expansion efficiency is defined as the fold-increase over the initial number of 
organoids. 
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Figure 25, Improved cryostorage of organoids in hydrogel capsules.  

(a) Small fragments of organoids thawed from bulk Matrigel™ were re-suspended in 
growth medium/Matrigel for culturing. (b) Large fragments or structured organoids 
thawed from bulk Matrigel™ were re-suspended in growth medium/Matrigel for 
culturing. (c) Organoids thawed from capsules were re-suspended in growth 
medium/Matrigel for culturing. (d) Live/dead staining for re-cultured organoids from 
capsules with z-stack imaging. (e) A quantitative comparison of the cell viability in 
organoids recovered from bulk and capsules (n=3 for each group). (f, g) Expression of 
stem cell markers, LGR5-eGFP and CD44, in the organoids that were thawed from 
capsules and re-cultured for a week after freezing at -80°C for 6 weeks. 
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Figure 26, Recovery of mouse intestinal organoids from cryopreservation.  

(a, b) In bulk, the viability of intestinal organoids depended on the size of 
aggregations: Higher viability in smaller crypts or organoid fragment, and lower 
viability for organoids with well-organized structures. (c) In capsules, organoids 
mostly survived after the thawing procedure.  
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Table 2, The primer sequence of Lgr5, Cd44 and Actb (β-actin) for qPCR 

Targeted 

gene 
forward reverse 

Lgr5 5’-TCTTCTAGGAAGCAGAGGCG-3’ 5’-CAACCTCAGCGTCTTCACCT-3’ 

Cd44 5’- CCACGACCCTTTTCCAGAG-3’ 5’- CGGCAGGTTACATTCAAATCG-3’ 

Actb 5’-GATTACTGCTCTGGCTCCTAGC-3’ 5’-GACTCATCGTACTCCTGCTTGC-3’ 
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CHAPTER 3: PHYSICAL CONFINEMENT INDUCES MALIGNANT 

TRANSFORMATION IN MAMMARY EPITHELIUM 

3.1 Introduction 

Breast cancer (BC) is the second leading cause of cancer-related deaths in women115 and 

its progression is categorized from benign to malignant116–118. Ductal carcinoma in situ (DCIS) 

represents an early, pre-invasive stage of breast cancer in which neoplastic epithelial cells begin 

to fill the mammary duct119. Invasive BC occurs when the neoplastic cells within the duct break 

through the basement membrane, invade into the neighboring stromal tissues, and begin to 

spread to other organs119.  In BC research, the non-malignant MCF10A basal cell line is 

commonly used to study how normal epithelial cells become transformed into triple negative 

BC120 (estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 

negative121).  Previous studies have shown that, upon in vitro culture in Matrigel™ (a 

reconstituted basement membrane matrix122,123), MCF10A cells grow into hollow acinar-like 

structures which resemble the normal acinar architecture in mammary glands123. Additionally, 

studies have shown that stable incorporation of specific oncogenes into these cells causes severe 

disruption of the acinar structure, uncontrolled growth, and loss of polarity124,125.  

In the breast, mammary ducts are composed of a thin layer of luminal cells surrounded by 

myoepithelial (basal) cells which are constrained by a basement membrane (BM). Outside of the 

BM, collagen fibers and other extra-cellular matrix (ECM) components are secreted by stromal 

cells, such as fibroblasts, to provide, amongst other things, structural support for the mammary 

ducts126,127. However, when the neighboring collagen matrix becomes overly dense, the imposing 

physical confinement of this matrix on the mammary epithelial cells, is thought to play a role in 
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the transformation of normal mammary epithelial cells to DCIS127 (Figure 27a). While the 

connection between tissue density and malignant transformation has been widely studied, the 

precise mechanisms linking these two events remains to be fully defined. Previous studies 

investigating the relationship between mechanics of ECM and tumorigenicity have cultured 

MCF10A cells in a type I collagen matrix that had been modified by glycation to tune ECM 

stiffness128. Alternatively, collagen has been added directly to Matrigel to increase its stiffness129. 

However, type I collagen is not normally found in the mammary basement membrane matrix130. 

Therefore, adding collagen changes both the composition of the matrix and the density of 

binding sites, making it difficult to identify the cause of malignant transformation. To alter 

matrix stiffness without changing the density of binding sites, in another study130, Matrigel was 

mixed with alginate, a naturally derived hydrogel that lacks adhesive binding sites, in a fixed 

composition and crosslinked with varying calcium concentrations to control its mechanical 

properties130. In this system, mechanical stiffness could be altered without affecting Matrigel 

concentration, however, the addition of alginate does not closely parallel the microenvironment 

that cells normally encounter in vivo.  

In order to document the effects of a confined microenvironment on tumorigenicity in a 

more biologically relevant setting, we developed a model system whereby we embedded 

MCF10A cells in Matrigel and then encapsulated these cells in alginate shell hydrogel 

microcapsules. The core-shell encapsulation allowed us to examine how confinement of 

MCF10A cells within unaltered Matrigel affects the proliferative and migratory potential of these 

cells. Results show that, following removal of the MCF10A cells from physical confinement, the 

cells exhibited tumor-like behavior, including uncontrolled growth and invasion for a minimum 

of 6 passages. Additionally, approximately 4-6 weeks after transplantation of the confined cells 
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into immunocompromised mice, these mice formed carcinomas, thus confirming their 

malignancy. Taken together, our findings suggest that physical confinement alone can induce a 

malignant transformation of mammary epithelial cells.  

3.2 Methods and Materials 

3.2.1 Materials 

In hydrogel microcapsules, the sterile alginate (UPLVG) was purchased from FMC 

Biopolymers and dissolved in saline, 0.8% (w/v) sodium chloride (Sigma-Aldrich). Matrigel 

(growth factor reduced with phenol red free, 356237) was purchased form Corning. The 

crosslinking buffer was prepared in 100mM calcium chloride (Sigma-Aldrich) with 5mM barium 

chloride (Sigma-Aldrich). For immunohistochemistry and immunofluorescence, the following 

antibodies and fluorescent dyes were used: anti-integrin β1(TS2/16) (Santa Cruz Biotechnology, 

sc-53711), anti-integrin β4 (EMD Millipore, MAB1964), anti-laminin 111 conjugate with 

dylight550 (Life technologies, PA5-22903), Anti-KI67 (Genetex, GTX20833), cleaved caspase-3 

(Cell Signaling, 9661S), Anti-E-cadherin (Santa Cruz Biotechnology, sc-7870), anti-p63 

(Genetex, GTX102425), anti-cytokeratin (EMD Millipore, MAB3412) and Alexa Fluor 488 

phalloidin conjugate (Life technologies, A12379). For drug inhibition, the following drugs and 

antibodies were used: LY294002 (Life technologies, PHZ1144), NSC23766 (Toris Bioscience, 

2161), Y27632 (Santa Cruz Biotechnology, sc3536), Blebbistatin (Cayman chemicals, 13013), 

ML-7 (Tocris Bioscience, 4310), FAK Inhibitor 14 (Tocris Bioscience, 3414), pp1 for Src 

inhibitor (Tocris Bioscience, 1397), AG1024 (Santa Cruz Biotechnology, sc205907), TGF-β RI 

kinase inhibitor (EMD Millipore, 616451), GM6001 MMP inhibitor (EMD Millipore, CC1010) 

and anti-integrin β4 (EMD Millipore, MAB2059Z).  
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3.2.2 Animals 

We used scid-beige female mice (CBSCBG-F, C.B-Igh-1b/GbmsTac-Prkdcscid-Lystbg N7) 

for xenograft from Taconic Farms. The xenograft transplantation procedure was approved by the 

Cornell Institutional Animal Cate and Use Committee. 

3.2.3 Cell Culture 

MCF-10A mammary epithelial cells were maintained in DMEM:F12 supplemented with 

5% horse serum, 0.5 mg/ml hEGF, 10 mg ml1 insulin (Sigma-Aldrich), 100 ng /ml cholera toxin, 

and 100 units/ml penicillin and 100 mg/ml streptomycin. Madin Darby Canine Kidney (MDCK) 

cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 4.5 mg/ml glucose, 1 

mM sodium pyruvate supplemented with 10% heat-inactivated fetal bovine serum (FBS), 5 mM 

L-glutamine, 100 units/ml penicillin and 100 mg/ml streptomycin. MCF10DCIS.COM mammary 

cancer cells were maintained in DMEM:F12 supplemented with 5% horse serum and 100 

units/ml penicillin and 100 mg/ml streptomycin. Human primary mammary epithelial cells were 

grown in Mammary Cell Basal Medium (ATCC PCS-600-030) supplemented with the 

Mammary Epithelial Cell Growth Kit (ATCC PCS-600-040). These cells were incubated at 37oC 

in 5% CO2. 

3.2.4 3D culture and invasion assay 

Bulk Matrigel samples were prepared by mixing cells with Matrigel and dripping them 

into a 96 well-plate or petri dish as a comparison with microcapsules. The medium was changed 

every 2-4 days until the 40-day end point. For the invasion assay, the encapsulated MCF10A cell 

aggregations were collected from microcapsules by dissolving the hydrogel layer, and the 

MCF10A acini were obtained from bulk Matrigel. Before being embedded in collagen gel, the 
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aggregations and acini were washed by cold PBS to remove alginate or Matrigel residues. Type I 

collagen from rat tail was dissolved in 0.1% (v/v) 0.1% acetic acid at 4°C for 3 days at the 

desired concentration (5mg/ml). It was diluted with growth medium and neutralized by 1N 

sodium hydroxide at 4°C at final concentration of collagen of 1.5 mg/ml before mixing with cells 

or aggregations. The collagen gel/fibers were formed at 37°C for 30 minutes.   

3.2.5 Cell Encapsulation 

Cells were diluted in pure reconstituted basement membrane matrix (Matrigel™) to the 

desired cell density. The cells were encapsulated in sterile alginate (UPLVG FMC Biopolymers) 

crosslinked with calcium chloride mixing with barium chloride by core-shell electrospray under 

an electrical voltage ranging from 5.8 to 7.2kV.  

3.2.6 Immunohistochemistry & immunofluorescent 

Both in vitro and in vivo samples were fixed by 10% formalin in PBS before processing 

for paraffin-embedded sectioning by Cornell Histology Core Facility or whole mount staining. In 

addition, the paraffin sections were stained with hematoxylin/eosin by the core facility at Cornell 

University. Paraffin sections with 10mm thickness were processed by de-paraffin and 

rehydration procedure under sequential incubation and washing steps: xylene, 100% ethanol, 

95% ethanol, 70% ethanol and water before immunohistochemistry or immunofluorescent 

staining. In immunohistochemistry, the rehydrated section was first incubated with citrate buffer 

for antigen retrieval before blocking in 10% normal goat serum and 1% bovine serum albumin 

(BSA) in Tris-buffered saline (TBS) for 2 hours at room temperature (RT). The primary 

antibodies in 1% BSA in TBS were incubated at 4°C overnight before the peroxidase block with 

0.3% hydrogen peroxide for 15 minutes and biotinylated secondary antibody incubation. We 
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incubated the samples with NovaRED (SK-4805, Vector labs) as an enzyme substrate for 5-10 

minutes and Hematoxylin as a counter stain. Finally, the sections were dehydrated by incubating 

in 75% ethanol, 95% ethanol, 100% ethanol and xylene before mounting in cytoseal XYL. The 

slides for immunochemistry and H&E staining were imaged by Aperio Scanscope (CS2) by 40x 

and processed by Aperio eSlide Manager. For immunofluorescent staining, the rehydrated 

sections or fixed samples for whole-mount staining were washed by PBS and incubated in 1% 

BSA in phosphate buffered solution (PBS) before applying the primary antibody in 1% BSA in 

PBS for 30-60 minutes at RT. After washing with PBS three times, the secondary antibodies 

(sometimes mixed with phalloidin for F-actin staining) in PBS were incubated for 30-60 minutes 

at RT. Lastly, the fluorescent stained slides were mounted in Fluoroshield with DAPI(4',6-

Diamidino-2-Phenylindole, Dihydrochloride). The fluorescent images were captured by a Zeiss 

LSM710, LSM880 confocal microscope, or Olympus FV1000 confocal microscope. 

3.2.7 Xenograft preparation 

The encapsulated MCF10A cells were extracted from microcapsules by alginate lyase to 

dissolve the hydrogel layer. Half of the cell aggregations were incubated in 0.25% Trypsin with 

2.21mM EDTA in Hank’s Balanced Salt Solution to obtain single MCF10A cells. For control 

groups, acini were prepared by culturing MCF10A cells in bulk Matrigel for 40 days. MCF10A 

cells and MCF10DCIS.COM cells were detached from culture flasks by 0.25% Trypsin with 

2.21mM EDTA in HBSS. For xenograft experiments, all the cells/aggregations were spun down 

in 1.5mL microcentrifuge tubes and suspended in 100µL Matrigel solution before injection. The 

cells in Matrigel were injected into mammary fat pad via a 25G needle (BD) in 10 weeks-old 

female Scid-beige mice.  
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3.2.8 Clinical anatomic pathological analysis 

The xenograft tumors collected from mice were fixed by 10% formalin before embedding 

in paraffin for sectioning. The H&E staining slides were analyzed by diagnostic histology 

laboratory and stem cell pathology unit at Cornell University. The tumor grade was determined 

by the Nottingham grading system.118,131 

 

3.2.9 Tracking Cell Generated 3D ECM Displacements 

Cell-generated 3D displacements of the ECM were tracked as described previously.132 

Briefly, 1.0μm diameter carboxylated green fluorescent (excitation wavelength:580nm and 

emission wavelength:605nm) microspheres (Thermo Fisher) were embedded in the extracellular 

matrix at 5-7μm spacing. Next, a three-dimensional image stack of the cells and fluorescent 

beads was acquired every 20 minutes using a 40x with N.A.=1.1 water immersion lens of a Zeiss 

710 Confocal Point Laser Scanning Microscope. The 3D position of each bead at each time-point 

was determined using a weighted centroid method and the bead positions were subsequently 

paired into tracks across time using a feature-vector-based relaxation method133 both 

implemented in MATLAB. 3D displacements were exported from MATLAB and rendered with 

the open-source Paraview software (Kitware). 

 

3.2.10 RNA sequencing process- Differential Expression Analysis (DESeq2)  

We quantified transcription activity of encapsulated and non-encapsulated control using 

RNA-seq. Adapters were trimmed from the 3’ end of reads using cutadapt at 10% error rate. 

Transcript quantification was done using salmon134 with indexed human cDNA transcriptome 

(assembly GRCh19). Two encapsulated data and two controls were treated as replicates for 
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differential expression analysis. The analysis was conducted using deSeq2.135 Estimated 

abundance level of transcription was round up to the nearest integer for deSeq2 input. 

Differentially expressed genes were defined as those with a false discovery rate (FDR) less than 

0.01.  

3.2.11 Mechanical characterization for alginate hydrogel 

All the tensile tests and compression tests were measured by Instron 5965 and analyzed 

by the software Bluehill 3.0 SOP.  

3.2.12 MCF10A loss function of cytoplasmic tail in integrin ββββ1 and ββββ4 

For integrin tail-less cell lines, tail-less integrin cDNA (1-853 amino acids for β4 and 1-

762 amino acids for β1) was fused with monomer green fluorescent protein (GFP) at C-terminal 

and inserted into a piggyback backbone (SBI: system biosciences) expressing a tetracycycline 

transactivator protein (rTA) and drug resistance gene hygromycin under EF1 promoter. The 

plasmid was then co-transfected with a super piggybac transposase plasmid into MCF10A cells 

with Neon eletrapolation system (Invitrogen). Positive cells were selected under hygromycin for 

1 week to generate a stable cell line. 

3.2.12 Microscopy and image analysis 

The hydrogel capsules were observed and imaged by an EVOS AMF4300 imaging 

system. The fluorescent images were obtained through the EVOS inverted fluorescent 

microscope, Zeiss LSM710 confocal microscope operated by ZEN software v. 2010, Carl Zeiss, 

and Olympus FV1000 confocal microscope. All fluorescent images were processed using ImageJ.  
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3.2.13 Statistical analysis 

All quantification data are presented as mean ± SEM (standard error of the mean) with at 

least three independent replicates, and the sample size “n” in each experiment is given in the 

legend of each figure. In statistical analysis, all the p values were calculated by Student’s t-tests 

followed by a Mann-Whitney test or two-way ANOVA followed by a Tukey post hoc test using 

Prism 7 or BMP. In addition, all the figures were created in Prism 7. (N.S.: non-significant 

difference, *p<0.05, **p<0.01 and ***p<0.001) 

3.3 Results and Discussions 

3.3.1 Malignant transformation of mammary epithelium in microcapsules 

  In an effort to mimic the confining effect of high density collagen fibers on the 

mammary epithelium in vivo, here, we developed a core-shell hydrogel microcapsule platform 

that contains a pure Matrigel matrix with MCF10A cells (Figure 27b). The microcapsules were 

produced by a two fluidic electrostatic co-spraying technique at a high production rate from 120 

to 4,000 capsules/min depending on capsule size) with nearly monodisperse spherical size and 

tunable core diameter (~100 to 600 µm)98. The core, containing MCF10A cells in soft Matrigel 

(~450 Pascal (Pa) 136, Figure 28, red Matrigel, blue Hoechst stained cells), was separated from 

the stiffer alginate shell (~1252 kPa, Figure 29). In addition to providing a soft environment, the 

Matrigel supports mammary epithelium development. When in Matrigel, single MCF10A cells 

proliferate into a small aggregate and following apoptosis of the inner mass, forming hollow 

structures called acini127. In vitro, integrin β1 is localized on the surface of the acini, suggesting 

hemidesmosome formation which is a key element for acinar formation (Figure 27c). In contrast, 

within the confinement of an alginate shell, multiple MCF10A cells failed to form acini in 
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Matrigel and, instead, underwent uncontrolled growth as demonstrated by the loss of integrin β1 

surface localization (Figure 27d and Figure 30a). However, the cellular overcrowding in 

microcapsules might contribute to the proliferation. To clarify the observed effects of 

confinement on acini formation were not simply due to cellular overcrowding, we cultured 

MCF10A cells with different initial cellular concentrations in Matrigel for 40 days and measured 

the percentage of acini formation as well as the size of the acini. We found that, regardless of the 

initial cellular concentration, the proportion of MCF10A cells that formed acini remained the 

same, with only the size of the acini changing (Figure 31). Although these data suggested that the 

cellular concentration is likely not a key determinant of the observed malignant growth within 

the microcapsules, we nevertheless used only single cells for the physical confinement 

experiments in order to simplify the model. When single MCF10A cells were confined in the 

microcapsules, the cells again grew uncontrollably (Figure 27e), eventually invading the alginate 

layer (Figure 32). These results suggest that physical confinement may disrupt the mammary 

morphogenesis by uncontrolled growth. 

To test the hypothesis that decreased oxygen and nutrient diffusion across the 

microcapsule hydrogel layer may be the cause of the observed proliferative effects137, we 

developed a sandwich layer assay to control for the effect of diminishing diffusion. For this assay, 

cells were embedded in Matrigel covered by a layer of alginate having a similar thickness to that 

of the microcapsules. Results show that, similar to Matrigel alone, polarized acini structures were 

observed after 40 days of culture (Figure 33). Lastly, we confirmed there was no significant 

mixing of Matrigel and alginate hydrogel at the core-shell interface in the microcapsules by 

using immunofluorescent staining for laminin and fluorescent alginate (Figure 28); and even in a 

bulk mixture of Matrigel and alginate, the MCF10A cells still formed acini (Figure 34), 
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excluding the possibility that the mixing caused the malignancy in microcapsules. Taken 

together, these in vitro experiments support the hypothesis that physical confinement is sufficient 

to promote the transformation of mammary epithelial cells. 

3.3.2 Confinement results in increased cell proliferation, reduced apoptosis and promotes 

epithelial-mesenchymal transition  

To more quantitatively characterize the malignant growth caused by the confinement, we 

performed indirect immunofluorescence using antibodies against a proliferation marker, Ki67, 

and an apoptosis marker, caspase-3. Results showed that, compared with cells in bulk Matrigel, 

confined cells showed a higher proliferative signal and lower apoptosis, potentially explaining 

the lack of lumen formation in microcapsules (Figure 30a-b). Moreover, as with integrin β1, we 

found that integrin β4 localization was also disrupted, further suggesting that hemidesmosome 

formation did not proceed appropriately (Figure 30c).  

A key characteristic of carcinoma development is the epithelial-mesenchymal transition 

(EMT) in which epithelial cells display mesenchymal or fibroblast-like behavior with reduced 

intercellular adhesion and increased cell motility.138 We found that the confined cells in our 

study partially lost surface expression of E-cadherin which is one of the features in EMT (Figure 

30d). To further investigate the ability of confinement to promote the EMT, the invasiveness of 

confined cells was measured through an invasion assay (Figure 30e). After culturing in type I 

collagen gel for 9 days, 83% of the total aggregates from microcapsules grew and migrated into 

the collagen matrix. By contrast, the majority of the acini from bulk Matrigel (~98%) maintained 

the stable state without proliferation (Figure 30f). Similar behavior was observed when the 

aggregates or acini were re-embedded in Matrigel (Figure 35). Moreover, E-cadherin was absent 
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from the aggregates from microcapsules during the invasion assay and integrin β1 was expressed 

throughout the invasive cluster.  By contrast, integrin β1 was localized at the periphery of the 

acini (Figure 30e). The result suggests that physical confinement may have transformed the 

MCF10A into cells with cancerous properties.  

When we collected the confined cells from microcapsules and re-cultured them in a cell 

culture flask, these cells (MCF10A-PC) maintained the tumor-like behavior, such as rapid 

growth and invasion into bulk Matrigel even after 6 passages (Figure 36). This result suggests 

that the physical confinement might not only transform the confined cell into invasive state but 

also allow the cells maintained the confined effect for at least 6 passaging time possibly due to 

epigenetic change. We also examined the universal effect of the physical confinement on 

different types of cells, specifically, breast tumor cells, MCF10DCIS.COM (Figure 37), human 

primary mammary epithelial cells (hPMEC) (Figure 38) and kidney epithelial cells (MDCK) 

(Figure 39). These cells all responded to the confinement but in different ways. For example, the 

MCF10DCIS.COM cells displayed accelerated growth, the hPMEC cells showed disruption of 

the mammary epithelium morphogenesis, and MDCK exhibited increased apoptosis. 

3.3.3 RNA sequencing suggests that physical confinement might activate insulin/insulin-like 

growth factor pathways 

    In order to better understand the mechanisms by which confinement induces 

tumorigenesis, we analyzed the gene expression profiles of confined cells using RNA-seq. We 

prepared four different groups; confined MCF10A cells, which were cultured in microcapsules 

for 40 days, MCF10A, MCF10DCIS.COM cells, and MCF10A-PC cells at the 9th passage from 

bulk Matrigel at the same culturing condition as the confined cells. Results show that around 



 

67 

8000 genes are differentially expressed (adjusted p<0.01) in confined cells compared to those 

from bulk Matrigel (Figure 40a-b). In MCF10DCIS.COM and MCF10A-PC cells, around 8000 

and 3000 genes are differentially expressed compared to the control MCF10A cells, respectively 

(Figure 40). Without physical confinement, the MCF10A-PC cells (9th passage) maintained 

differential expression from normal MCF10A cells in bulk Matrigel (Figure 41). Even when the 

microcapsule was first dissolved, removing the physical confinement one day before RNA 

extraction, there were nevertheless around 4500 differentially expressed genes (Figure 42). 

These results suggest that the effect of confinement could be maintained for 9 passages after the 

confined layer was removed. GO enrichment analysis139 of these samples identified ~161 

potential signaling pathways that were altered by culturing the MCF10A cells in microcapsules. 

Among these pathways, we inferred two potential pathways that promote cell proliferation and 

prevent apoptosis under physical confinement. The insulin/insulin-like growth factor (IGF) 

pathway and the mitogen activated protein kinase/MAP kinase cascade (MAPK/MAP) pathway. 

Moreover, these two pathways were confirmed by molecular inhibition experiments by drugs 

and antibody (Figure 43-46). These results suggest that the complex formation of IGF1R and 

integrin β4 due to the disruption of hemidesmosome might induce the malignancy by activating 

IGF pathway140 (Figure 47).  

3.3.4 Confinement restricts matrix fluctuation to disrupt acini formation 

Next, to better understand how physical confinement by microcapsules might affect ECM 

remodeling, we prepared microcapsules in which the MCF10A expressed EGFP and the Matrigel 

matrix was tagged with fluorescent microbeads (red). This approach enabled analyzing 

fluctuations in the matrix that were caused by cellular traction forces and movement (Figure 48a-

b). Time-lapse images were then taken to simultaneously track cell movement and bead 
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displacement using Matlab (Figure 49). We found that, immediately after encapsulation, there 

was no significant difference between cell movements in the bulk Matrigel group when 

compared to the cells contained within the microcapsules (Figure 48c). However, under 

confinement, matrix fluctuation was restricted, and bead displacement was decreased in the 

microcapsule group when compared with the bulk group (Figure 38d). This result suggested that 

the restricted matrix fluctuation might hinder hemidesmosome formation which could further 

promote integrin β4 and IGF1R140 complex formation (Figure 48e). Such an outcome fits well 

with our RNA-seq data and could explain how physical confinement transforms MCF10A cells. 

We also found that the observed confinement effect depends on cell position in the 

Matrigel core with the cell growth rate being inversely proportional to the distance between the 

confined cell and the alginate shell (Figure 48f). Additionally, we found that increasing the 

diameter of the Matrigel core actually decreased the growth of confined MCF10A cells. For 

example, we found that, when the core size increased to 500µm in diameter, the confined cells 

would grow into small aggregates devoid of luminal structures and reminiscent of pre-malignant 

breast cancer (Figure 50). When the core size reached 600µm, the confined cells formed hollow 

acini in capsules, which is similar to that of non-confined cells. In the large-core capsules, the 

MCF10A cells formed growth-arrested polarized acinar structures and expressed high levels of 

E-cadherin and localized integrins, suggesting hemidesmosome formation in these structures is 

more similar to normal acini (Figure 48g). This result suggests that the effect of physical 

confinement on cellular growth is inversely proportional to the distance between confined cells 

and the alginate shell. Additionally, when the diameter of core size reaches 600µm, the effect of 

physical confinement nearly vanishes. 
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3.3.5 Confined cells form carcinomas in Scid-Beige mice 

Lastly, to verify that the malignant characteristics observed in vitro were indicative of a 

true malignant transformation, we tested whether the confined MCF10A cells could form tumors 

in immunodeficient Scid-Beige mice (which lack T and B lymphocytes and contain defective 

cytotoxic T cells, macrophages, and natural killer cells). Five different types of cell preparations 

were injected into the nude mice: confined MCF10A cell aggregates from microcapsules (CMA), 

dissociated cells from the confined MCD10A cell aggregates in suspension (DCMA), MCF10A 

acini from bulk Matrigel, MCF10A cells in suspension and MCF10DCIS.COM cells (which, as 

opposed to MCF10A cells, form tumors in immunodeficient mice) in suspension. For the 

xenografts, cell aggregates were collected, suspended in 100µL Matrigel, and 1x106 cells were 

injected into the mammary fat pad tissue using a 26G needle as described in the Materials and 

Methods and previously141,142. After 4-6 weeks, the acinar and MCF10A single cell groups did 

not form tumors in mice, however, the other three groups (CMA, and DCMA as well as 

MCF10DCIS.COM) all formed palpable masses in the mice (Figure 51a). We note that we did 

not remove skin and hair from the negative control groups because lesions in these groups were 

either not present or were so small that they could not be dissociated from the skin. Therefore, 

weight for negative control groups was given a value of zero. For the rest of groups, these 

masses were weighed (Figure 51b), fixed and embedded for histological analysis using 

hematoxylin and eosin and for immunohistochemistry using antibodies against the differentiation 

markers, p63 for myoepithelial cells, and cytokeratin for luminal cells (Figure 51c). Based on the 

Nottingham grading system, three different histopathology grades were scored by histologic 

pattern (Figure 52), mitotic rate and amount of necrosis (Figure 53): low grade (I), intermediate 

grade (II), and high grade (III). Results from this blinded study show that the confined cell 
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groups (CMA and DCMA) and the control MCF10DCIS.COM group were scored by the 

pathologist as intermediate (II) and high grade (III) carcinomas by the pathologist. (Figure 51d). 

Furthermore, Integrin β1, β4 and E-cadherin were also characterized for these samples. (Figure 

54). Interestingly, these biomarkers were lost in the confined groups. 

3.3.6 Discussion 

Mammographic density is an important factor for predicting risk of early stage breast 

cancer in women143,144. Here, we developed a core-shell microcapsule platform as an in vitro 

model system to mimic the physical confinement effect of dense stromal tissue on the mammary 

epithelium.  MCF10A cells seeded in Matrigel within microcapsules grew faster and resulted in 

larger aggregates after 3 days compared to cells grown in bulk Matrigel. After a total of 6 days in 

the microcapsules, signs of uncontrolled growth in the microcapsule group were apparent (Figure 

55). Moreover, when fully formed acini were collected from bulk Matrigel at day 40 and re-

encapsulated, we observed a similar result on the confined acini. Although each acinus was in a 

growth-arrested state, the polarized structure was disrupted in microcapsules and the cells filled 

the core and eventually escaped the microcapsules completely, suggesting that encapsulation can 

successfully transform MCF10A cells after they have fully differentiated into acinar epithelial 

cells (Figure 56). 

The ability of MCF10A cells to differentiate into acini is thought to depend on 

hemidesmosome formation.145,146 Hemidesmosomes are important connections between the 

extracellular matrix and the cytoskeleton, and these connections are mediated by integrins on the 

cell surface. In previous studies, increasing Matrigel matrix stiffness either through the addition 

of collagen to Matrigel or by mixing Matrigel with alginate, promoted uncontrolled growth in 
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MCF10A cells and caused the disruption of integrin β1 or β4128–130. The disordered localization 

of integrins observed in microcapsules in this study suggests that the formation of 

hemidesmosomes were disrupted. However, unlike previous studies, in which a similar 

phenomenon was caused by changes in the biochemistry, composition, and/or mechanics of 

ECM, here the Matrigel matrix was unmodified with the only other variable being the stiff outer 

alginate capsule.  

To determine whether new DNA sequence changes might play a role in malignant 

transformation, we derived the genetic mutations in exons from RNA-seq data via variant 

discovery. 26 candidates were randomly selected for DNA sequencing to determine if the 

mutations were indeed present (Table 3). However, a lack of confirmation indicated that 

mutations in RNA-seq data were sequencing errors and did not occur in the genome. Tumor 

formation is caused by an accumulation of mutations in somatic cells due to a variety of 

environmental factors that result in the accumulation of mutations over time147. Over the 

relatively short period of time the confined cells were grown in the capsules, they are extremely 

unlikely to undergo significant new genetic mutations that are common between different 

replicates. Taken together, these results suggest that new DNA sequence changes are unlikely to 

explain the transformation of MCF10A cells in capsules. 

Our RNA-seq analysis found that the expression of approximately 8000 genes were 

altered under physical confinement. We observed changes in expression 9 passages after 

removing the encapsulation, suggesting that changes in expression last for an extended duration. 

This result implies that confinement changes gene expression in lasting ways that prevent 

MCF10A cells from reverting back to their normal state. Changes in gene expression that alter 

the gene expression regulatory state that cells are present in can have the potential to lock in new 
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cellular states148. This type of change in expression could be a key factor in allowing MCF10A-

PC to “remember” the confinement and continue to generate excess growth signaling for 

uncontrolled growth and invasion even after removal from the microcapsules. Based on the 

RNA-seq and DNA sequencing, we propose a model in which alterations in gene expression 

such as gene regulation changes.  

Furthermore, the RNA-seq data suggests that growth does not come from 

mechanotransduction which is induced by the integrins interacting with the intracellular 

signaling molecules, focal adhesion kinase (FAK) and Src kinase to upregulate Rho and MAPK 

signaling pathways to enhance proliferation; however, the inhibitors for them failed to stop the 

growth in microcapsules (Figure 43b). In addition, while engineered MCF10A cells lost the 

expression of cytoplasmic tail of integrin β1 or β4, these cells still continuously grew in 

microcapsules (Figure 43c-d). On the other hand, the IGF pathway could activate PI3K and 

MAPK/MAP pathways as transforming growth factor beta receptor for cell proliferation and 

ceasing apoptosis. To confirm it, inhibitors for ROCK, PI3K, MLCK and Myosin II were applied 

to decrease the growth and stimulate localization of integrin β4. (Figure 43e-i) Moreover, with 

inhibitor for IGF1R, the MCF10A cell form acini-like structure again. It is interesting to mention 

when the cells form acini-like structure in microcapsules, they also lost the expression of integrin 

β4 (Figure 43h-j). When the receptor of integrin β4 was blocked by antibody, the growth was 

controlled without filling the core (Figure 43k). It indicated that the drug or antibody could stop 

the uncontrolled growth in microcapsules without disrupting the acini formation. Based on the 

results of RNA-seq and molecular inhibitors, one potential mechanism is that integrin β4 might 

form a complex with IGF1R when the hemidesmosome is disrupted, inducing PI3K signaling 

mediated by insulin receptor substrate149,150. 
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The in-vivo xenograft data indicated that the confinement-induced changes in MCF10A 

cellular behavior observed in vitro could potentially result in malignant carcinomas. In normal 

mammary gland architecture or in DCIS, tubules are composed of a single, proliferative layer of 

polygonal cells lining a central lumen151,152. On the other hand, nests and trabeculae, which are 

solid structures without lumens, were observed in MCF10A cells exposed to physical 

confinement (Figure 52) and is characteristic of invasive ductal carcinoma. Moreover, the cells 

forming nests and trabeculae were often larger with more cytoplasm than the ones forming 

tubules. These cells are less similar to the normal mammary epithelial cells and probably reflect 

de-differentiation in the xenograft. Also, some nests developed areas of central necrosis similar 

to more aggressive tumors. Ordinarily, MCF10A cells do not grow or survive in in vivo 

xenografts. In fact, in order to form malignant MCF10A cell lines (e.g. MCF10AT), they 

typically must be transformed to stably overexpress the H-Ras gene. Importantly, these 

transformed MCF10A cells tend to form tumors in mice more slowly (over ~3 months vs. 40 

days) and at a lower rate (~40% vs. 90%) compared to MCF10A cells grown in our 

microcapsules125. 

3.4 Conclusion 

In conclusion, not only does this study provide interesting insights into how physical 

confinement of the breast epithelium can induce tumor formation, but also, the mini-tumors 

formed in microcapsules could be useful for breast cancer research and treatment development. 

The high-throughput nature of the electrospray encapsulation technique allows hundreds or 

thousands of microcapsules to be rapidly produced for drug screening with tumor pressure or 

other industrial applications. 



 

74 

 

 
Figure 27, Mammary epithelium tumorigenesis with high mammographic density which could be 

simulated by core-shell hydrogel decoupled microcapsules.  

(a) the mammary epithelium consists a single layer of luminal cells surrounding by myoepithelial 
cells in basement matrix. The microenvironment including stromal cells and collagen fibers 
support the mammary epithelium, however, higher mammographic density became a risk factor 
for breast cancer progression with more and thicker collagen fibers. In DCIS, the malignant cells 
usually fill the hollow of mammary duct before invasion. (b) A core-shell microcapsule 
composes of single MCF10A cell in basement matrix confined by a stiffer a hydrogel layer to 
simulate the in-vivo mammary epithelium tumorigenesis under high mammographic density. (c) 
(d) (e) MCF10A cells were cultured in bulk Matrigel and in microcapsules for 40 days. 
Cytoskeleton, F-actin and integrin β1 were stained by immunofluorescent. (c) The acini from 
bulk presents clear F-actin and localized integrin β1. (d) Multiple cells in a microcapsule 
continuously grew to fill the core. The F-actin became blurred and the localization of integrin β1 
was disrupted. (e) Single cell was encapsulated in microcapsule, but uncontrolled growth might 
be induced by disruption of hemidesmosome, integrin β1. The unclear F-actin suggested that the 
de-polymerization occurred under physical confinement for epithelial-mesenchymal transition. 
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Figure 28, The laminin (red) which is the primary component in Matrigel was stained by 

antibody with a single MCF10A cell whose nucleus was stained by Hoechst 33342 (blue).  
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Figure 29, The mechanical properties of alginate in compression and tensile modulus 

measurement.  

(a) Compression curve of alginate hydrogel cylinder (b) Tensile curve of alginate hydrogel 
cylinder (c) The modulus was calculated by 10 samples for compression and tensile tests. 
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Figure 30 , Characterization for confined cells.  

(a) The proliferation marker, KI67 was stained in bulk and in microcapsules and measured as 
proliferation expression. The proliferation expression in bulk and in microcapsules are 
8.37%±0.87% and 32.36%±2.17%. (n=427, 259 stacked all six independent experiments, 
p<0.0001) (b) The apoptosis marker, cleaved caspase-3 was stained for the hollow structure 
formation. The apoptosis expression in bulk and in microcapsules are 39.87%±1.70% and 
2.15%±0.19%. (n=321, 248 stacked all six independent experiments, p<0.001) (c) The sections 
from cells in bulk and in microcapsules were stained for integrin β4. (d) E-cadherin was detected 
in bulk and in microcapsules. In acini from bulk, the E-cadherin was fully expressed, but 
partially lost in microcapsules. With loss of E-cadherin and blurred F-actin, it suggested that 
these encapsulated cells might under EMT. (e) An invasion assay was conducted in collagen gel. 
Acini from bulk could maintain its structure after 7 days, but the aggregations from 
microcapsules grew and invaded into surrounding matrix in collagen matrix. (f) The invasive 
cluster was measured in bulk (1.47%±0.83%) and in microcapsules (83.60%±5.46%). (n=130, 
116 stacked all three independent experiments, p<0.0001)  
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Figure 31, The relationship between acini formation and cellular concentration.  

(a) The MCF10A cells were seeded in bulk Matrigel with different cellular concentration from 
150,000-1,350,000 cells/ml for 40 days. (b) Acini were observed in all the groups, and integrin 
β4 was likely localized on the surface. (c) The relationship for acini formation, cell density and 
acini size. The black dash line showed the acini size in diameter from different cell density. The 
red bar indicated the acini formation ratio with cell density. 
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Figure 32, The single MCF10A cell in microcapsule continuously grew with time and broke the 

alginate microcapsules.  
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Figure 33, The sandwich model to simulate the mass diffusion in microcapsules.  

(a)The sandwich model is composed of three layers: alginate, MCF10A cell in Matrigel, and 
alginate layer. The thickness alginate layer is similar as microcapsules. (b) The Matrigel layer 
could be imaged by three different layers from top to the bottom part close to alginate layer. 
They all formed acini in three different layers, but the size became smaller in middle or bottom 
layer due to mass diffusion. (c) The polarized acini were observed with integrin β4 localization 
on the surface.  
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Figure 34, MCF10A cells were cultured in mixture of Matrigel and alginate crosslinked with 

calcium and barium.  

(a) The MCF10A could form acini after 20 days. (b) The acini with polarized structure was 
stained for nucleus (blue) and F-actin (green). 
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Figure 35, The acini from bulk and cell aggregates from microcapsules were re-suspended in 

Matrigel.  

The acini maintained the polarized structure, but the aggregations grew and invaded in 3 days. 
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Figure 36, Re-suspension of confined MCF10A cells in Matrigel.  

(a) The encapsulated cells were obtained from microcapsules and passaged in culture flask for 6 
times before seeding in bulk Matrigel. The encapsulated MCF10A behaved similar as normal 
MCF10A cell in first 5 days, then became invasive as cancer cells. The localization of integrin 
β1 is disrupted, and E-cadherin was completely lost. (b) Normal MCF10A cells were seeded in 
the Matrigel as a control. The integrin β1 localized on the surface and E-cadherin was fully 
expressed. (c) The doubling time of encapsulated MCF10A cells (18.08hr ± 0.99hr) is 
significantly short than normal MCF10A cells (26.7hr ± 0.88hr). (n=3, 3. p=0.003) 
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Figure 37, Malignant breast cancer cell, MCF10DCIS.COM were seeded in bulk and in 

microcapsules.  

The cells in bulk and in microcapsules grew rapidly and became invasive after 20 days. The 
integrin β1 and integrin β4 were all disrupted, and E-cadherin was lost in both conditions. 
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Figure 38, The human primary mammary epithelial cells were cultured in bulk Matrigel and in 

microcapsules.  

The primary cells could form multiple layer structure with integrin β1, integrin β4 and E-
cadherin expression, however, the encapsulated cell in microcapsule lost integrin β1, integrin β4 
and E-cadherin. Moreover, the F-actin was strong in bulk but blurring in microcapsules. In bulk, 
the structure consists of lumen cells (expressing cytokeratin) surrounding by myoepithelial cells 
(expressing p63). In microcapsules, only luminal cells were observed by immunohistochemistry. 
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Figure 39, MDCK cyst formation in bulk, in microcapsules and large core capsules.  

(a1) The cysts were formed in bulk Matrigel after 6 days. (a2)(a3) The cells in large core 
capsules could grow into polarized structure, and these cells were alive at day11. (a4)(a5) The 
MDCK cell in microcapsule might be under apoptosis after encapsulation. The cells were dead at 
day9 by live/dead staining (a6)(a7) The cell in microcapsules might slightly grow without 
polarized structure. (b) The cysts/aggregations were stained for F-actin, integrin β1 and E-
cadherin in bulk, microcapsules and large core capsules. (b1) The polarized cysts from bulk 
express integrin β1 and E-cadherin. (b2) The cysts were observed in large core capsules with 
polarized structure. (b3) The cells in microcapsules did not form hollow structures but random 
shape of aggregations. (c) The cyst formation were calculated for bulk, large core capsules, 
microcapsules. (n=64, 29, 100 p<0.0001) (d)(e) The proliferation marker, KI67 and apoptosis 
marker were stained at day 11 for cells in bulk, large core capsules and microcapsules.  
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Figure 40, RNA-seq from cells in microcapsules and in bulk.  

(a) The MA plot for differential gene expression in fold-change of microcapsules over bulk. 
There are 8110 genes which are differentially expressed in microcapsules comparing with bulk. 
(p<0.01) (b) The heat map for the samples with 3 microcapsules, 3 MCF10A-PC (9th passage) in 
bulk, 3 normal MCF10A cells in bulk and 3 MCF10DCIS.COM cells in bulk. 
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Figure 41, RNA sequencing from MCF10A, MCF10DCIS.COM and MCF10A-PC cells in bulk 

Matrigel.  

(a) The MA plot for differential gene expression in fold-change of MCF10DCIS.COM over 
MCF10A cells. There are 8651 genes which are differentially expressed in microcapsules 
comparing with bulk. (p<0.01) The heat map for the samples with 3 MCF10DCIS.COM and 3 
MCF10A was depicted by the differential expressed transcriptomes. (b) The MA plot for 
differential gene expression in fold-change of MCF10A-PC over MCF10A cells. There are 3220 
genes which are differentially expressed in microcapsules comparing with bulk. (p<0.01) The 
heat map for the samples with 3 MCF10A-PC and 3 MCF10A was depicted by the differential 
expressed transcriptomes. 
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Figure 42, The principal component analysis of RNA-seq from four different groups, MCF10A in 

microcapsules, MCF10A, MCF10A-PC and MCF10DCIS.COM in bulk Matrigel. 
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Figure 43, RNA-seq. from cells in dissolved microcapsules and in bulk.  

(a) The MA plot for differential gene expression in fold-change of microcapsules over bulk. 
There are 4740 genes which are differentially expressed in microcapsules comparing with bulk. 
(p<0.01) (b) The heat map for the samples with 2 microcapsules and 2 bulks. 
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Figure 44, The drug inhibition and proposed mechanism for physical confinement.  

(a) drugs for proteins (FAK, Src kinase, Rac1) in mechanotranduction signaling pathway. The 
encapsulated cells continuously grew with these inhibitors. (b) (c) MCF10A cells constitutively 
express GFP fused tail-less integrin β1 or β4 (TL).  (d)(e) The encapsulated cell applied with 
ROCK and PI3K inhibitors did not grow to fill the core, but the inhibitors induce the integrin β4 
localization. (f) With 30µM PI3K inhibitor, the encapsulated cell grew into acini-like structure 
with partial loss of integrin β4. (g)(h) Drugs for cytoskeleton, MLCK and myosin II inhibitors 
were applied for the cells in microcapsules. Acini-like structure was observed at day 40 without 
integrin β4 expression. (i) The encapsulated cells form acini structure with IGF1R inhibitor but 
lost integrin β4 expression. (j) Application of integrin β4 antibody ceases the growth of cells in 
the microcapsules. (k)(l) Inhibitors for TGFβ signaling pathway, such TGFβ receptor and MMP 
cease the over-growth signaling and induce the localization of integrin β4. (m) The signaling 
pathway is proposed for the physical confinement from RNA sequencing and confirmed by drug 
inhibitions. 
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Figure 45, AG1024 (IGF1R inhibitor) in bulk as a control.  

(a) 20µM AG1024 was applied for MCF10A cells in bulk Matrigel. (b)(c) Acini were observed 
with AG1024 at 40 days. The integrin β1 was localized on the surface, but integrin β4 did not 
express.  
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Figure 46, Integrin β4 antibody in bulk as a control.  

(a) 1µg/ml antibody was applied for MCF10A cells in bulk Matrigel. (b)(c) polarized acini were 
observed with integrin β4 antibody at 40 days. The integrin β1 was localized on the surface, but 
integrin β4 did not express.  
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Figure 47, Proposed signaling pathways were regulated under physical confinement from GO 

enrichment analysis. 
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Figure 48, The physical confinement restricts the matrix fluctuation to disrupt the 

hemidesmosome formation.   

(a)Reconstituted basement membrane matrix behaved differently in bulk and microcapsule by 
fluorescent beads binding with matrix. The Matrigel mixing with fluorescent beads (red) and 
GFP-expressing MCF10A cells (green) were pipetted in glass-bottom petri-dish and 
encapsulated in microcapsules for time-lapse confocal microscope. (a1) Schematic for cells in 
bulk condition. (a2) The z-projection of stacks for fluorescent beads and MCF10A cell in 
Matrigel. (b) One single MCF10A cell in pure Matrigel with red fluorescent beads was 
encapsulated in alginate microcapsule. (b1) Schematic for core-shell hydrogel microcapsule with 
fluorescent beads (b2) z projection for red microbeads and green cell in microcapsule. All scale 
bar is 100�m. (c) Cells behaved similar in bulk and microcapsules.  (n=40, 56 stacked from five 
independent experiments, p=0.2993) (d) Bead displacement was significantly smaller in a 
confined microcapsule than in bulk where beads were freely moved without confinement. 
(n=8113, 732 stacked from five experiments, p<0.0001) (e) Schematic for how hydrogel 
confinement interrupts acini formation and induce malignancy transformation. (f) The 
relationship for growth rate versus distance between cell and alginate layer shows that cells 
received more growth signaling when they were close to the confined layer. (n=26) (g) When the 
core size increased to 600µm, the confinement effect decreased. The encapsulated cells form 
acini again in capsules, and integrins localized on the surface, in addition, E-cadherin fully 
expressed from these acini.  
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Figure 49, Beads movement in bulk and in microcapsule.  

Each arrow represents the discrete displacement of a fluorescent bead binding to Matrigel matrix. 
Color code was applied to the arrow as the true magnitude for visualization.  
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Figure 50, The MCF10A cells were confined in alginate capsules with 500µm core in diameter.  

(a) The MCF10A cells grew in larger core to decrease the confinement effect and became pre-
malignant state of mammary epithelium. (b) The schematic for pre-malignant state in mammary 
epithelium. (c) The immunofluorescent staining for F-actin and E-cadherin showed that these 
cells kept the E-cadherin expression in large core capsules. (d)(e) The integrin β1 and β4 
localization were disrupted in large core capsules. (f)(g) The apoptosis and proliferation markers 
were characterized for acini formation. 
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Figure 51, In-vivo xenograft and characterization.  

(a) Among the five different groups (i.e. MCF10DCIS.COM, confined MCF10A cell aggregates 
or CMA, confined MCF10A single cells or DCMA, MCF10A acini and single MCF10A cells) 
that were injected into mammary fat of Scid-beige mice for xenograft (n=10), only 
MCF10DCIS.COM and CMA, or DCMA formed carcinomas. (b) Rate of tumor formation and 
the tumor weights from the five groups. (c) H&E and immunohistochemistry staining for all the 
five groups from xenograft. Differentiation markers, p63 (myoepithelial) and cytokeratin 
(luminal) markers in mammary epithelium were characterized. (d) The xenograft tumors were 
analyzed as carcinomas and graded by tumor size, necrosis, tubules and mitotic rate. 
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Figure 52, Four histological patterns in xenograft carcinomas, tubules, trabeculae, nests and 

nests with necrosis. 
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Figure 53, The histological analysis in tubule formation, necrosis and mitotic rate by H&E 

staining.  

We calculated these features from MCF10DCIS.COM, confined MCF10A aggregates and 
confined MCF10A single cells (n=10, 7 ,6).  
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Figure 53, Immunofluorescent of E-cadherin, F-actin, integrin β1 and integrin β4 for xenograft 

samples.  

(a)(b) MCF10A cells suspension and acini from xenograft shows E-cadherin expression, integrin 
β1 and β4. Interestingly, the acini maintained polarized structure after 4-6 weeks in mice. (c) 
section of MCF10DCIS.COM lost the expression of E-cadherin, and the localization of integrin 
β1 and β4 was disrupted. (d)(e) The E-cadherin was completely lost in encapsulated 
cells/aggregations from microcapsules, and the F-actin was partially lost. Moreover, similar 
expression of integrin β1 and integrin β4 were lost in xenograft. 
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Figure 54, The cell growth in bulk and in microcapsules with time.  

(a) The MCF10A cells in bulk grew with time. (b) The encapsulated MCF10A cell in 
microcapsules grew with time and filled the core in 12 days. (c)(d) The immunofluorescent 
staining for F-actin and integrin β1 of MCF10A cells in bulk and in microcapsules showed the 
integrin in bulk was localized after 12 days, but it was disrupted in microcapsules. 
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Figure 55, MCF10A acini encapsulation.  

(a) acini from bulk Matrigel at day 40 were re-suspended in Matrigel and cultured for 30 days. 
The acini maintained polarized structure with localization of integrin β1 and integrin β4 (b) 
When the acini were encapsulated in microcapsules, the polarized structure including integrin 
localization were disrupted with uncontrolled growth. (c) The acini were encapsulated in capsule 
with 500µm core to decrease the confinement effect, these acini became larger and similar 
structure after 30 days. The integrin β1 and integrin β4 were still localized on the surface. 
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Table 3, The DNA sequencing for 26 potential locations on chromosome of cells from 

microcapsule and bulk. The sequencing results were compared with human reference genome. 
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CHAPTER 4: CONCLUSION AND FUTURE PERSPECTIVE 

4.1 Conclusion 

I have developed multiple compartmentalized hydrogel capsules with a tunable ECM 

support for cell encapsulation and scalable 3D cell culture. These capsules, rapidly produced by a 

one-step, multi-fluidic electrostatic co-spraying technique have a uniform spherical shape and 

nearly monodisperse size distribution. Importantly, the technique could fabricate the core-shell 

decoupled hydrogel capsules with a high production rate from 120 to 13,000 capsules per minute 

depending on the size of the capsule. This platform provides better scaffold in 3D cell culture 

and microtissue production because the spherical capsules have a higher surface area for mass 

transfer and the defined space of ECM to support the cellular growth and function. 

First, the core-shell microcapsules are used to culture the cells within capsules in a stirred 

bioreactor for biomanufacturing because the alginate hydrogel layer could protect the 

encapsulated cells from the shear force. To prove this concept, I have successfully grown 

tumoroids and mouse small intestinal organoids in the alginate capsules in the bioreactor. The 

size of tumoroids could be controlled by the tunable volume of the ECM-supported core in the 

hydrogel capsules. More importantly, the large sized tumor (>600µm in diameter) could be 

easily produced by the core-shell hydrogel capsules due to the controllable core size and 

confined space. In organoid production, this hydrogel capsules not only enhance the expansion 

efficiency but also improve the cellular recovery from cryopreservation. Altogether, I 

demonstrated the core-shell hydrogel capsule as a new platform for scalable 3D cell culture and 

biomanufacturing. 
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Next, I used the same core-shell structure to create physical confinement by the hydrogel 

shell layer on the human mammary epithelial cells (MCF10A). I found that MCF10A cells which 

could form growth-arrested polarized acini in Matrigel, transformed into cancer-like cells within 

the same Matrigel material following confinement in hydrogel microcapsules. The confined cells 

exhibited a range of tumor-like behaviors, including uncontrolled cellular proliferation and 

invasion. Additionally, 4-6 weeks after transplantation into the mammary fad pads of 

immunocompromised mice, the confined cells formed large palpable masses that exhibited 

histological features similar to that of carcinomas. Taken together, the results suggest that 

physical confinement represents a previously unrecognized mechanism for malignancy induction 

in mammary epithelial cells and also provide a new, microcapsule-based, high throughput model 

system for testing new breast cancer therapeutics. 

In this dissertation, I have demonstrated that the compartmentalized hydrogel capsules 

could be simply fabricated by one-step electrostatic co-spraying technique. The high-throughput 

nature of electrospraying technique allows hundreds or thousands of capsules to be rapidly 

produced for biomanufacturing application. Moreover, the capsule-based platform could be also 

applied to study the basic biology in breast cancer. In conclusion, the compartmentalized 

hydrogel capsules have many applications in not only industrial production but also fundamental 

biology research. 

4.2 Future perspective 

4.2.1 Applications of double core and triple layer hydrogel capsules 

I have shown that different complex structure of hydrogel capsules (double core, triple 

layer) could be produced by the electrostatic co-spraying technique. However, I have not 
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demonstrated their practical applications. The next step is that to apply these structures in the 

basic biology research, for instance, to study cellular communication without contact. In general, 

several models could be used for cell-cell interaction, such as a transwell system or a conditioned 

medium which contains exosomes or microvesicles. Nevertheless, these methods could not 

represent the in-vivo condition due to the lack of 3D cell culture and continuous communication 

between each other. In the double core or triple layer hydrogel capsules, the cells could be 

seeded in different cores with appropriate ECM to support the 3D culture. Moreover, the 

interaction between different cells could be continuous because of the close distance between the 

cells in different compartments. Thus, these two platforms could be useful in the basic biology 

research, such as, cell paracrine co-culture study. 

4.2.2 Physical confinement in stem cell growth and differentiation 

I have shown that physical confinement plays an important role in malignant 

transformation of mammary epithelial cells. Additionally, the physical confinement could also be 

a factor in stem cell differentiation. For instance, when the organoids were encapsulated in the 

hydrogel capsules, I observed that the stemness was more highly expressed than the ones without 

confinement. Next, the exact mechanism for the effect of physical confinement on stem cell 

biology could be explored by using the same core-shell hydrogel microcapsule system in which 

the physical properties of hydrogel could be tuned by changing the hydrogel concentration and 

the crosslinking strength. Thus, the core-shell hydrogel microcapsules could be a versatile 

platform to study the physical confinement in stem cell growth and differentiation, further 

contributing to tissue engineering and therapeutic delivery. 
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