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A Facile Strategy for the Fabrication of Cell-Laden Porous
Alginate Hydrogels based on Two-Phase Aqueous Emulsions

Wen Xue, Donghee Lee, Yunfan Kong, Mitchell Kuss, Ying Huang, Taesung Kim,
Soonkyu Chung, Andrew T. Dudley, Seung-Hyun Ro,* and Bin Duan*

Porous alginate (Alg) hydrogels possess many advantages as cell carriers.
However, current pore generation methods require either complex or harsh
fabrication processes, toxic components, or extra purification steps, limiting
the feasibility and affecting the cellular survival and function. In this study, a
simple and cell-friendly approach to generate highly porous cell-laden
Alg hydrogels based on two-phase aqueous emulsions is reported. The pre-gel
solutions, which contain two immiscible aqueous phases of Alg and caseinate
(Cas), are cross-linked by calcium ions. The porous structure of the hydrogel
construct is formed by subsequently removing the Cas phase from the
ion-cross-linked Alg hydrogel. Those porous Alg hydrogels possess
heterogeneous pores ≈100 μm and interconnected paths. Human white
adipose progenitors (WAPs) encapsulated in these hydrogels self-organize
into spheroids and show enhanced viability, proliferation, and adipogenic
differentiation, compared to non-porous constructs. As a proof of concept,
this porous Alg hydrogel platform is employed to prepare core-shell spheres
for coculture of WAPs and colon cancer cells, with WAP clusters distributed
around cancer cell aggregates, to investigate cellular crosstalk. This
efficacious approach is believed to provide a robust and versatile platform for
engineering porous-structured Alg hydrogels for applications as cell carriers
and in disease modeling.
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1. Introduction

Alginate (Alg) is a natural polysaccharide
that has been extensively investigated and
used for various biomedical applications
due to its biocompatibility, low cost, and
mild gelation by divalent cations, like cal-
cium and barium ions.[1] The structural
similarity of Alg hydrogels to tissue extra-
cellular matrices (ECMs) allows them to
have wide applications as cell carriers, in-
cluding cell delivery, disease modeling, and
tissue regeneration.[1b] In these fields, the
pore size of the Alg hydrogel is one of
the most important parameters because it
regulates oxygen and solute transportation
properties in and out of hydrogels, con-
trols encapsulated cell migration and in-
teraction, and further affects cellular reten-
tion and function.[2] Normally, the hydro-
gel pore size is on the nanometer scale, de-
fined as the distance of cross-linked poly-
mer chains within hydrogel networks.[3]

Such pore size allows for diffusion of
small molecules. However, it limits the
transportation of some macromolecules,
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migration and proliferation of encapsulated cells, and infiltration
of host cells, which are on the order of tens of micrometers.[4]

Many previous studies have shown that micro-porous hydrogels
possess many advantages in cell culture over their nano-porous
counterparts. For example, micro-porous biomaterials were il-
lustrated to improve the survival of transplanted cells, provide
molecular cues to direct cellular phenotypes, and enhance tissue
regeneration.[2,5] Also, it has been suggested that micro-porous
hydrogels have the potential to form cell spheroids in situ,[6]

which are multi-cellular aggregates that have better biological
properties, superior metabolic functions, and improved viabil-
ity compared to dispersed cells.[7] Thus, there is a critical need
for the development of porous Alg hydrogel constructs as cell
carriers.

Several methods have been explored to generate Alg hydro-
gels with pore sizes in the micrometer range. The sacrificial tem-
plate method is the most frequently used technique for creat-
ing porous Alg structures. The templates applied include remov-
able solid particles, like calcium carbonate (CaCO3) crystals and
gelatin beads;[8] oil emulsions;[9] and gas bubbles.[9b,10] Alg hy-
drogels are cross-linked in media mixed with those templates,
and the templates are subsequently leached out, creating hydro-
gels with pore sizes that match the templates. However, all these
approaches have some limitations. For the solid templates, one
notable disadvantage of CaCO3 crystals is the high osmotic pres-
sure generated during the dissolution of CaCO3, which leads to
encapsulated cell death, and degradable gelatin particles require
extra steps for fabrication and collection. Although oil emulsi-
fications are simple and don’t need extra steps, the immiscible
organic solvents involved are incompatible with cell survival and
are difficult to totally remove. For the gas formation, sodium bi-
carbonate is one of the most widely used gas foaming agents
because it generates carbon dioxide in acidic conditions,[11] but
it still poses challenges in terms of cell viability. Freeze-drying
is another commonly used method for creating pores. However,
cells have to be seeded after porous scaffold formation, limiting
their homogeneous distribution and infiltration throughout the
scaffolds.[8a] Therefore, there is still an unmet need for porous
Alg hydrogels that can encapsulate cells and be fabricated under
cyto-compatible conditions.

One attractive application of cell-laden Alg hydrogels is to
serve as in vitro disease models to understand pathological
mechanisms.[12] For cancer-associated diseases, mounting evi-
dence has shown that adipocytes and adipose tissues play pivotal
roles in tumor initiation, progression, and metastasis.[13] Peritu-
moral white adipose tissue adjacent to malignant cells was re-
vealed to have smaller lipid droplets than those away from the
tumor.[14] Carcinomas were also found to invade adjacent adipose
tissues.[14a,15] To address the interactions between adipocytes and
cancer cells, identify pathological responses, and discover po-
tential therapeutic targets, physiologically relevant in vitro dis-
ease models are extremely needed. 2D coculture models with
cells seeded in a transwell or treated with conditioned medium
may oversimplify the process, and such indirect cell contact can-
not recapitulate in vivo environments.[16] 3D coculture models
with direct cell contact are more effective. Most current 3D co-
culture models are generated through mixing monodispersed
adipocytes and tumor cells together in hydrogels.[17] However,
they suffer from the significant limitation of losing the spatial

structure of native tissues, where tumor cell aggregates interact
with adipocyte clusters. In addition, it is challenging to investi-
gate the influence of the coculture on each cell type. Instead, most
previous studies treated the cocultured system as a whole and in-
vestigated the overall effects.[17]

To address limitations mentioned above, we report a simple
and cell-friendly strategy to generate highly porous, cell-laden
Alg hydrogels and the evaluation toward their feasibility for use
in adipocyte-cancer cell coculture applications. We hypothesize
that bioinert Alg hydrogels with micron-sized pores can improve
encapsulated cell survival and facilitate in situ formation of cell
spheroids to mimic native tissues. To test this hypothesis, we
first fabricated porous Alg hydrogels with heterogeneous pores
and interconnected paths based on Alg/caseinate (Cas) aqueous
emulsions at room temperature. The morphological, mechani-
cal, and macromolecule diffusion properties of the porous hy-
drogels were then evaluated. Further, as a proof of concept, hu-
man white adipose progenitor cells (WAPs) were encapsulated
to verify the biocompatibility of the porous Alg hydrogels and in-
vestigate the self-organization of WAPs into spheroids. Later, the
differentiation behaviors of WAP spheroids in porous Alg hydro-
gels were compared with monodispersed WAPs in non-porous
Alg hydrogels. Finally, core–shell porous Alg spheres were pre-
pared to study the WAP-colon cancer cell coculture, with WAP
clusters distributed around cancer cell aggregates. Overall, we
propose an innovative and efficacious approach for fabricating
porous Alg constructs for use as cell carriers that improve cell
viability, functionality, and spheroid formation.

2. Results and Discussion

2.1. Preparation of Immiscible Alg/Cas Emulsions

The present study intends to develop novel porous Alg hydrogels
with highly interconnected porous structures that can be used as
cell carriers. We took advantage of two-phase aqueous emulsions
consisting of Alg and Cas for the fabrication of the hydrogels.
Cas is a major protein in milk and is highly biocompatible.[18]

Within a certain concentration range, aqueous Alg and Cas so-
lutions are not miscible, creating a system with droplets of one
immiscible phase dispersed within the other continuous aque-
ous phase.[19] This aqueous phase separation between Alg and
Cas is due to the thermodynamic incompatibility of proteins and
polysaccharides.[19] After the polymerization of Alg, Cas droplets
will be dissolved, generating highly interconnected pores in the
Alg matrix. The whole fabrication process is mild, biocompatible,
and maintained in an aqueous environment. A readily tunable
pore size can be achieved by two-phase volume ratios.

The immiscible Alg/Cas emulsions were first prepared by mix-
ing and dissolving Alg and Cas in saline (Figure 1A–i). The phase
diagram of Alg/Cas binary mixture was shown in Figure S1 (Sup-
porting Information). In order to ensure adequate mechanical
support and successful gelation of Alg hydrogels, 2% Alg was
chosen as the base according to our preliminary experiments,
and Cas concentrations ranging from 1% to 5% were introduced
(higher concentration Cas cannot dissolve well). With the in-
crease of the Cas concentration, larger droplets were dispersed
in the continuous phase (Figure 1B). At the same time, the in-
clusion of Cas increased the Alg viscosity (Figure 1C), with the
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Figure 1. Preparation of Alg/Cas emulsions. A) Schematic showing the fabrication process of porous cell-laden Alg hydrogels based on Alg/Cas emul-
sions. A-i: Alg and Cas are mixed and centrifuged to separate the Alg-rich and Cas-rich phases. Different volume ratios of the Alg-rich phase/Cas-rich
phase mixture is applied for the formation of pre-gel solutions. A-ii: Cells are encapsulated into pre-gel solutions before hydrogel cross-linking. With the
dissolution of Cas, porous Alg hydrogels form, and cells self-organize into spheroids. B) Optical images of Alg/Cas emulsions as the Cas concentra-
tion varies from 0% to 5%. C) Viscosity of Alg/Cas emulsions, with Cas concentration varying from 0% to 5%. D) Semi-quantitative evaluation of the
composition of the Alg-rich and Cas-rich phases.

addition of 5% Cas showing the highest values. The solution with
a high viscosity is stable and can prevent the phases from sepa-
rating before being cross-linked.[20] Also, viscous solutions with
encapsulated cells can slow down the cell sedimentation process,
facilitating a homogenous cell distribution. Thus, to ensure sta-
ble Alg/Cas emulsions, 2% Alg mixed with 5% Cas was chosen
for the following experiments.

The Alg/Cas emulsions obtained were centrifuged to separate
the mixture into two phases, namely the Alg-rich phase and Cas-
rich phase (Figure 1A–i). This step could improve the flexibility of
tuning the droplet sizes of the emulsion by adjusting the volume
ratios of the separated phases, which significantly benefits poly-
mers with low solubilities. According to the semi-quantitative
evaluations, the top phase was Alg-rich, while the bottom phase

was Cas-rich (Figure 1D). Note that the Alg-rich phase was differ-
ent from the Alg phase because it also contained some Cas poly-
mers, which also occurred with Alg in Cas-rich phase. Also, the
Alg-rich and Cas-rich phases obtained after centrifugation were
completely immiscible, while the Alg and Cas phases were par-
tially miscible.

2.2. Fabrication and Characterization of Porous Alg Hydrogels

To fabricate porous Alg hydrogels, we prepared pre-gel solutions
by mixing various volume ratios of the Alg-rich phase and Cas-
rich phase, from 0:100 to 100:0 (Figure 1A–i). The pre-gel solu-
tions were imaged under an optical microscope and a confocal
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Figure 2. Characterization of Alg/Cas pre-gel solutions and porous Alg hydrogels. A) Optical and fluorescent images of pre-gel solutions with various
Alg-rich phase to Cas-rich phase volume ratios. Alg was conjugated by tetramethylrhodamine for the fluorescent images. B) Emulsion droplet sizes
in Alg/Cas pre-gel solutions (n = 40–60). C) SEM and 3D reconstruction confocal fluorescence images showing the Alg hydrogels with interconnected
pores. D) Pore size distribution in different Alg hydrogels (n = 20). 90:10 volume ratio and 2% alginate hydrogels showed undetectable porous structures.
E) Release of Cas from Alg/Cas hydrogels over time. F) Storage and loss modulus of Alg hydrogels under an oscillation strain sweep. G) Storage and
loss modulus of Alg hydrogels under an angular frequency sweep. H) FITC-conjugated dextran diffusion through Alg hydrogels. All quantitative data are
expressed as the mean ± standard deviation. Asterisks indicate statistically significant comparisons, with **p < 0.01 and ****p < 0.0001, by Student’s
t-test or one-way ANOVA with Tukey’s multiple comparisons tests.

laser scanning microscope (CLSM), with Alg labeled by tetram-
ethylrhodamine cadaverine (red fluorescence dye). When the vol-
ume ratio of the Alg-rich phase to the Cas-rich phase was in-
creased from 0:100 to 50:50, Cas droplets (dark voids) were dis-
persed in the Alg continuous phase (red phase) with increasing
sizes (Figure 2A). When further increasing the Alg-rich phase
volume ratio, we observed Alg droplets with decreasing sizes dis-
persed in the continuous phase (Figure 2A). Pre-gel solutions
with 100:0 volume ratio and 2% Alg illustrated homogenous state
without droplets dispersed (Figure 2A). The emulsion droplet
sizes in pre-gel solutions were evaluated, and they ranged from
18 ± 7 to 50 ± 21 μm by changing the phase volume ratios
(Figure 2B). This tunable droplet sizes led to tunable pore sizes
in cross-linked hydrogels.

Furthermore, Alg/Cas pre-gel solutions were cross-linked by
calcium ions (calcium chloride, CaCl2) to fabricate Alg hydro-
gels containing Cas droplets. When exposed to calcium ions,

some pre-gel solutions with relatively low Alg-rich phase ratios
were unable to solidify and gelate (i.e., Alg-rich phase: Cas-rich
phase = 0:100, 10:90, and 30:70). In conditions that formed
hydrogels (i.e., Alg-rich phase: Cas-rich phase = 50:50, 70:30,
90:10, 100:0, 2% Alg, Figure S2, Supporting Information), porous
structures were evaluated morphologically by a scanning elec-
tron microscope (SEM, with lyophilization) and a CLSM (without
lyophilization) (Figure 2C). SEM imaging clearly illustrated het-
erogeneous pores in the 50:50 and 70:30 hydrogels (Figure 2C).
However, 90:10 and 2% Alg showed lamellar structures from
lyophilization. According to the CLSM imaging, hydrogels with
ratios of 50:50 and 70:30 showed dark voids (pores) within red
stained Alg networks, while 90:10 and 2% Alg appeared to be
homogeneous structures with undetectable dark voids. To quan-
titatively analyze the size distribution of pores dispersed in Alg
hydrogels, ImageJ software was applied with the CLSM images.
The average pore size decreased from 97 ± 40 to 15 ± 8 μm as the
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volume ratio of the Alg-rich phase increased from 50:50 to 70:30
(Figure 2D).

The release profile of Cas from Alg hydrogels into the solution
was examined. As shown in Figure 2E, the Cas release peaked
at day 2 and then decreased over time. At day 7, almost no Cas
residue was detected in the solution. The rheological properties
of fabricated hydrogels were evaluated by oscillation strain sweep
and frequency sweep (Figure 2F,G). It was found that, after ionic
cross-linking, all hydrogels illustrated higher storage moduli
than their loss moduli, indicating successful gelation. Standard
2% Alg and 90:10 ratio hydrogels had comparable storage mod-
uli and loss moduli. The introduction of porous structures within
Alg hydrogels decreased their moduli. The hydrogels with the
largest pore size (50:50) had the lowest storage modulus values
compared to their counterparts, which may help encapsulated
cell remodeling behaviors. The ability of macromolecules, like
fluorescein isothiocyanate (FITC)-conjugated-dextran and bovine
serum albumin (BSA), to diffuse through the porous hydrogels
was investigated. It was observed that FITC-conjugated-dextran
could diffuse quickly through hydrogels with large pore sizes
(50:50), but not the 70:30, 90:10, or 2% Alg hydrogels (Figure 2H).
FITC-conjugated-dextran was clearly detected on the filter paper
as well as on the sides of the 50:50 ratio hydrogel after 3 min
(Figure 2H). Similar results were shown by BSA diffusion, with
hydrogels put on a petri dish (Figure S3, Supporting Informa-
tion).

2.3. In Situ Formation of WAP Spheroids within Porous Alg
Hydrogels

The bioinertness of Alg polymers restricts cell-matrix interac-
tions, which limits some applications of Alg as a cell carrier.
However, limited cell-matrix interactions in porous Alg hydro-
gels can facilitate cell migration, cell-cell interactions, and in situ
cell spheroid generation. Here, WAPs were suspended in the
aforementioned Alg/Cas pre-gel solutions (Figure 1A-ii). Then
the WAP-laden hydrogels were successfully fabricated by calcium
ion cross-linking. Hydrogels with large pore size (Alg-rich phase:
Cas-rich phase = 50:50), small pore size (Alg-rich phase: Cas-rich
phase = 70:30), homogeneous structures (Alg-rich phase: Cas-
rich phase = 90:10), and 2% Alg control were investigated here.
We expected that, with the Cas phase leaching out and generat-
ing a porous structure, WAPs would proliferate and migrate to
connect with each other and form spheroids in situ.

The WAP viability was characterized by a Live/Dead assay
at days 0, 3, and 7 to record the spheroid formation process
(Figure 3A). At day 0, all cells were homogenously distributed
within all groups of hydrogels. However, at day 3, large num-
bers of WAPs started to aggregate with each other in the 50:50
ratio hydrogels, and several cells gathered in the 70:30 ratio hy-
drogels (Figure 3A). At day 7, WAPs in hydrogels with large
pore sizes (50:50) aggregated closely and formed spheroids with
diameters of ≈100 μm inside the hydrogels. In porous hydro-
gels with smaller pore sizes (70:30), multiple cells gathered and
formed small cell clusters (Figure 3A). In contrast, WAPs dis-
persed uniformly in 90:10 ratio and 2% Alg hydrogels without
aggregation during the culture time (Figure 3A). We also semi-
quantitatively evaluated cell or cell cluster areas in hydrogels

based on Live/Dead images. The cell cluster area increased over
time in the 50:50 ratio hydrogels and was significantly higher
than their counterparts (Figure 3B). A statistical difference was
also noticed between cell clusters in 70:30 ratio hydrogels and
dispersed cells in 90:10 and 2% Alg hydrogels (Figure 3B). Bright-
field images and Hematoxylin and Eosin (H&E) staining con-
firmed successful formation of spheroids in 50:50 hydrogels,
small cell clusters in 70:30 hydrogels, and individual cell distri-
bution in 90:10 and 2% Alg hydrogels (Figure 3C,D). WAP pro-
liferation was significantly enhanced after the incorporation of
Cas compared to the 2% Alg hydrogel, probably due to the bi-
ologically active properties of Cas and the formation of porous
structures (Figure 3E). However, 70:30 and 90:10 hydrogels had
higher MTT values than that of 50:50 hydrogels. It was specu-
lated that Cas leaching might take some cells out of the 50:50
ratio hydrogels, leading to relatively lower cellular numbers.

Porous hydrogels are of strong interest for biomedical appli-
cations related to cell incorporation, as their passageways max-
imize the transport ability and enable fast cellular infiltration
and interaction. Porous structures and bioinert polymer skele-
tons are two important factors of cell-laden hydrogels for effi-
ciently and directly producing cell spheroids in situ (Figure 3F).
Without the porous structure, encapsulated cells have limited
migration and spreading space in bioinert matrices and are
individually dispersed (Figure 3F). For porous hydrogels with
cell adhesion domains, like gelatin, encapsulated cells illustrate
strong cell-cell and cell-matrix interactions without forming cel-
lular clusters.[5b] However, in the bioinert porous hydrogels, like
Alg, cell-matrix crosstalk is restricted, thus cells prefer aggregat-
ing and interacting with each other strongly to form spheroids
(Figure 3F). Spheroids have an in vivo-like microenvironment, al-
lowing cells to further interact within their secreted ECMs. Cells
in spheroids have also been reported to have enhanced survival
and differentiation ability as well as augmented angiogenic and
anti-inflammatory cytokines secretion.[21] Besides, here in our
study, WAP spheroids can better mimic the physiological adipose
tissues, which are composed of adipocytes in round shape and
aggregating closely like clusters.

2.4. Improved WAP Adipogenic Differentiation in Porous Alg
Spheres

We have proved that WAPs could successfully aggregate into
spheroids in porous Alg hydrogels. Here, whether porous struc-
tures and spheroids would improve WAP adipogenic differen-
tiation was investigated in Alg spheres. Spheres possess many
advantages in biomedical applications over other geometries.
For example, they have large surface areas that allow for suf-
ficient host tissue integration, can be injected, and have versa-
tile processabilities that allow them to be engineered into multi-
ple constructs.[22] Two pre-gel recipes mentioned previously were
chosen. One is the Alg-rich to Cas-rich phase volume ratio as
50:50, which formed porous hydrogels. The other is the 2% Alg
solution, which works as the non-porous control.

Our previously reported 3D printed device was applied to gen-
erate Alg spheres in high throughput.[23] Pre-gel solutions were
injected through the syringe and broken into droplets by the
air flow. They were then collected and cross-linked in CaCl2
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Figure 3. In situ WAP spheroid formation in porous Alg hydrogels. A) Live/Dead assay of WAPs in Alg hydrogels. B) WAP or WAP spheroid areas in
Alg hydrogels at days 3 and 7 (n = 30-40). C) Optical images showing encapsulated WAPs at day 7. D) H&E staining of WAPs in hydrogels at day 7.
E) Quantifications of the proliferation of WAPs in hydrogels at days 3 and 7 using MTT (n = 4). F) Schematic showing the spheroid formation process in
a porous hydrogel with a bioinert matrix. All quantitative data are expressed as the mean ± standard deviation. Asterisks indicate statistically significant
comparisons, with **p < 0.01, ***p < 0.001, and ****p < 0.0001, by Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons tests.

solutions, forming Alg spheres instantly. This process was quick
and biocompatible as well as high throughput. We first evalu-
ated the morphology of the Alg spheres without cell encapsu-
lation. All spheres were uniform in size, with average diam-
eter of 1.28 mm for 50:50 spheres and 1.30 mm for 2% Alg
spheres (Figure 4A; Figure S4, Supporting Information). The
50:50 spheres looked milky white, which came from Cas, while
2% Alg spheres were transparent. SEM images demonstrated
interconnected pore structures within the 50:50 spheres and a
lamellar-like morphology in 2% Alg spheres, which may origi-
nate from lyophilization (Figure 4A). WAPs were then suspended
in pre-gel solutions to fabricate WAP-laden spheres. After 7 days
of culture in the medium, the Cas phase leached out from the
spheres, and they transitioned from milky white to transparent
(Figure 4B). Brightfield images were taken, and WAPs aggre-
gated with each other to form spheroids within 50:50 spheres.
Individually distributed cells were observed in 2% Alg spheres
(Figure 4B). The Live/Dead assay confirmed spheroid formation
and high cell viability in 50:50 porous spheres, while many cells
were dead in 2% Alg spheres, most likely due to poor transporta-

tion of nutrients and oxygen. MTT absorbance showed a signif-
icantly higher proliferation of WAPs cultured in porous spheres
than those in non-porous Alg ones (Figure 4C).

Besides enhanced survival and proliferation of WAP spheroids
in porous Alg spheres, more effective adipogenic differentiation,
indicated by accumulated lipids and ECM deposition, was also
observed. Quantitative analysis of the intracellular triglyceride
concentration was evaluated and compared for WAPs in porous
and non-porous Alg spheres with and without adipogenic dif-
ferentiation. Porous Alg spheres illustrated distinctively higher
triglyceride concentration, reflecting more lipid contents af-
ter differentiation, compared to their counterparts (Figure 4D).
Triglyceride concentrations were low and had no significant dif-
ference in 2% Alg spheres with or without differentiation. It
was noted that WAPs encapsulated in porous Alg spheres ac-
cumulated more lipids, even without differentiation, than those
in 2% Alg spheres, indicating possible auto-differentiation of
WAP spheroids in porous hydrogels. The findings were corrob-
orated by BODIPY and Oil Red O staining, with 50:50 porous
spheres, with and without adipogenic differentiation, showing

Adv. Funct. Mater. 2023, 2214129 2214129 (6 of 14) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Characterization of cell-laden porous Alg spheres. A) Dark field and SEM images showing the morphology and microstructures of porous and
control alginate spheres. B) Optical images and Live/Dead assay of WAPs encapsulated in Alg spheres at day 7. C) Quantifications of the proliferation
of WAPs at days 3 and 7 using an MTT assay (n = 3-4). D) Quantifications of triglyceride concentrations in porous and standard Alg spheres with and
without differentiation (n = 3). E) Lipid staining by BODIPY in porous and standard Alg spheres. F) Lipid staining by Oil Red O in porous and standard
Alg spheres. G) ECM staining of collagen I in porous and standard Alg spheres. All quantitative data are expressed as the mean ± standard deviation.
Asterisks indicate statistically significant comparisons, with *p < 0.05, ***p < 0.001, and ****p < 0.0001, by Student’s t-test or one-way ANOVA with
Tukey’s multiple comparisons tests.

substantial dye-positive lipid droplets in the whole spheres
(Figure 4E) or sphere sections (Figure 4F). Dispersed and much
fewer lipids were observed in 2% Alg spheres, especially in those
without differentiation (Figure 4E,F).

The development of the tissue-related ECM is considered to
be an important feature in 3D tissue constructs, especially for
in vitro model systems. WAP-laden spheres were immunohis-
tochemically stained with collagen I, which is one of the ma-
jor ECM components in adipose tissue. As shown in Figure 4G,
WAPs in 50:50 porous spheres demonstrated high expressions
of brown-positive collagen I even without differentiation, while it
was rarely observed in 2% Alg spheres.

Taken together, WAPs encapsulated in porous Alg spheres
spontaneously aggregated into spheroids within 7 days of cul-
ture. These spheroids improved the WAPs’ survival, prolifera-
tion, and differentiation, evidenced by accumulated lipids and
tissue-specific ECM deposition. In addition, WAPs in the form
of spheroids could undergo auto-differentiation without treat-
ment with differentiation medium, which was beneficial for co-
culture with other cells because the side effects of differentiation
medium to other cells can be avoided.

2.5. WAP/Caco2 Coculture in Core-Shell Porous Alg Spheres

Adipocytes play important roles in tumor initiation, progression,
and metastasis.[13] To better understand the underlying mecha-

nisms, it is necessary to generate a disease model that addresses
the interactions between adipocytes and cancer cells. At present,
pre-clinical in vivo models that use orthotopic cancer cell inoc-
ulation are routinely applied.[24] Although useful, these in vivo
models are in high costs and time-consuming. Therefore, in vitro
adipocyte and cancer cell coculture models could be an effective
tool to mimic native interactions between adipose and cancer
tissues. 3D models have been developed to recapitulate the in
vivo environment and are widely considered to be superior to 2D
models. Most current 3D coculture models are based on mixing
monodispersed adipocytes and tumor cells directly.[17] However,
adipose tissue depots are situated in close proximity to the colon
tissue rather than being uniformly dispersed among colon tumor
cells in vivo.[25] Therefore, existing 3D models are difficult to ac-
curately replicate the native spatial characteristics of adipocytes
surrounding tumor cell aggregates. Moreover, current 3D mod-
els do not allow for the independent investigation of coculture’s
impact on each cell type.

To address these issues, we took advantage of core-shell struc-
tures and fabricated core-shell spheres to heterogeneously co-
culture WAPs and colon cancer cells. Porous Alg hydrogel plat-
form was applied and worked as the shell, which could cross-link
quickly and help produce WAP spheroids, surrounding and in-
teracting with the cancer cell aggregates in the core. Our goal
was to replicate the spatial and structural characteristics of tu-
mors and surrounding adipocytes in physiological microenviron-
ments. Unlike traditional core-shell spheres with nano-porous

Adv. Funct. Mater. 2023, 2214129 2214129 (7 of 14) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Core-shell porous Alg spheres for WAP/Caco2 coculture. A) Schematic illustrating the fabrication of core-shell spheres for WAP and Caco2
coculture. A-i: WAPs suspended in Alg/Cas pre-gel solutions and Caco2 suspended in neutralized decellularized colon matrix were injected into the shell
channel and core channel, respectively. 100 mm CaCl2 solutions were used to cross-link core-shell spheres. A-ii: WAP spheroids in the shell part were
expected to surround and interact with the core cancer cell aggregates. A-iii: WAPs were labeled by CellTracker™ Green and Caco2 cells were labeled
by CellTracker™ Red to indicate their locations in a core-shell sphere. B) SEM image of the acellular core-shell sphere. C) Optical images of core-shell
spheres for Caco2 or WAP single cultures or coculture at day 14. D) Live/Dead assay of cells encapsulated in the core-shell particles at day 14. E) BODIPY
stained lipids in core-shell spheres after 14 days of single culture or coculture. White dotted lines represent the Caco2 distributions, and purple dotted
lines represent the outline of the core-shell spheres. F) Ki67 staining to demonstrate Caco2 proliferation after 14 days of single culture or coculture.
G) Glycerol release in the medium of three groups after 14 days culture (n = 3). H) Adiponectin secretion in three groups after 14 days of culture (n = 4).
All quantitative data are expressed as the mean ± standard deviation. Asterisks indicate statistically significant comparisons, with ***p < 0.001 and
****p < 0.0001, by Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons tests.

shells, which can result in cellular necrosis in the core, the porous
Alg shell with high diffusivity in our current study can ensure
sufficient oxygen and nutrient permeability. Most importantly,
Alg dissociation allows for the separation and collection of cells
within the core and shell regions, enabling us to investigate the
impact of the coculture on each cell type.

The 3D printed sphere generation device mentioned above was
modified by introducing a core channel inside (Figure 5A). Hu-
man colorectal adenocarcinoma cells (Caco2) suspended in de-
cellularized porcine colon matrix (characterization was shown
in Figure S5, Supporting Information), and WAPs in 50:50 ra-
tio Alg/Cas pre-gel solutions were injected into the core channel

Adv. Funct. Mater. 2023, 2214129 2214129 (8 of 14) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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and shell channel of the modified sphere generator, respectively
(Figure 5A). Core and shell solution streams were broken into
droplets by the air flow simultaneously, which were then quickly
cross-linked by the CaCl2 solution. Three groups of core-shell
spheres were prepared here: 1) Caco2 group, core: Caco2 in decel-
lularized colon matrix, shell: 50:50 ratio Alg/Cas pre-gel solution
without WAPs; 2) WAP group, core: decellularized colon matrix
without Caco2, shell: WAPs in 50:50 ratio Alg/Cas pre-gel solu-
tion; 3) WAP/Caco2 group, core: Caco2 in decellularized colon
matrix, shell: WAPs in 50:50 ratio Alg/Cas pre-gel solution. As
demonstrated in Figure 5A, core-shell spheres in direct contact
of cancer cells (stained by red cell tracker) with WAPs (stained by
green cell tracker) were successfully prepared. By adjusting the
flow rate ratio of the core to shell streams, we can control the
core volume incorporated in the spheres (Figure S6, Supporting
Information). The optical images of core-shell spheres on differ-
ent days were displayed in Figure S7 (Supporting Information).
The SEM image illustrated a porous shell structure and a fibrous
core structure (indicated by the red circle and arrows) of acellular
core-shell spheres (Figure 5B). We expected that WAP spheroids
in porous Alg in the shell would surround and interact with the
cancer cell aggregates in the core, recapitulating cellular interac-
tions of tumor and adipocytes in a physiological microenviron-
ment.

After 14 days of culture in the growth medium, the Cas was dis-
solved, and the core-shell spheres looked transparent (Figure 5C).
The single culture of Caco2 was clearly shown in the core of
spheres with a transparent shell (Figure 5C). The single cul-
ture of WAP and the coculture of WAP/Caco2 illustrated similar
morphologies, with distributed WAP spheroids among core-shell
spheres (Figure 5C). Due to the high diffusivity and oxygen per-
meability of the porous Alg shell, our 3D core-shell spheres en-
abled the cultivation of cells without necrosis. High cell viability
was shown in all groups by the Live/Dead assays (Figure 5D).

The biological crosstalk between WAPs and Caco2 during co-
culture was then investigated. Lipids in WAPs were stained by
BODIPY (Figure 5E). Similar to results mentioned above, WAPs
in porous Alg shells illustrated auto-differentiation and accumu-
lated plenty of lipids after 14 days of culture. However, a de-
creased lipid content was observed in WAPs after coculture with
Caco2 (Figure 5E). At the same time, the glycerol release from
the WAP/Caco2 coculture group was significantly increased com-
pared to the WAP and Caco2 groups (Figure 5G). These results
indicated that Caco2 stimulated delipidation of WAPs. An impor-
tant adipokine, adiponectin, was also quantified. A reduction in
adiponectin levels in colorectal cancer patients was reported to
be associated with an increase in colon tumor development.[26]

However, no significant difference was noticed between the WAP
and WAP/Caco2 groups (Figure 5H).

To explore the influence of WAPs on Caco2, Ki67, which is as-
sociated with the proliferative activity of malignant cells,[27] was
stained. As shown in Figure 5F, much more Ki67 positive nu-
clei were observed in the Caco2 in the coculture group than in
the single culture groups. This indicated that Caco2 prolifera-
tion increased when cocultured with WAPs. To investigate pro-
tein changes in Caco2 after coculture, core Caco2 was separated
from shell WAPs by dissociating the Alg spheres using ethylene-
diaminetetraacetic acid (EDTA) (Figure S8, Supporting Informa-
tion). As shown in Figure 6A, WAP/Caco2 coculture increased

the autophagic flux, which was measured by the significant ac-
tivation of phosphorylated Unc-51 like autophagy activating ki-
nase (p-ULK1) and the reduction of phosphorylated S6 kinase (p-
S6K). The formation of lipidated light chain (LC)3 II from un-
lipidated LC3 I further confirmed the activation of autophagy
in Caco2 in the coculture group. An increase of p62, an au-
tophagic cargo receptor, was shown after WAP/Caco2 coculture,
but there was no significant difference (Figure 6A). Autophagy
was reported to play an important role in cancer development.[28]

Autophagy is protective for tumor initiation, but in tumors, au-
tophagy activation is favorable for cancer cell survival and tu-
mor growth.[29] Autophagy has also been associated with cancer
progression, which depends mainly on metastasis dissemination
and resistance to anticancer therapies. In this WAP/Caco2 model,
we demonstrated that WAPs stimulated cancer cell autophagy
and promoted cancer cell survival and proliferation. Our find-
ings showed that Caco2 cells cocultured with WAPs exhibited a
significant increase of up to 2-fold in p-ULK1 and a 1.7-fold in
LC3 II levels (Figure 6A). These results are comparable to the
previous in vivo model where adipocytes and epithelial adeno-
carcinoma cells were cocultured in NSG (NOD Scid gamma im-
munodeficient) mice, which showed a 3-times increase in LC3
II levels.[14b] Therefore, our current WAP/Caco2 coculture model
holds promise for investigating cell interactions.

Cytokine arrays were then performed to compare pro-
tein secretion profiles in coculture and single culture sys-
tems (Figure 6B). Seven cytokines were detected only in the
WAP/Caco2 coculture group, including insulin-like growth
factor-binding protein (IGFBP)-3, leptin, interferon (IFN)-
gamma, platelet-derived growth factor (PDGF)-BB, pulmonary
and activation-regulated chemokine (PARC), C-X-C motif
chemokine ligand (CXCL)-10, and fibroblast growth factor
(FGF)-9 (Figure 6C). The secretion of regulated upon activation,
normal T cell expressed and secreted (RANTES), oncostatin-M
(OSM), vascular endothelial growth factor (VEGF)-A, osteopon-
tin (OPN), and leukemia inhibitory factor (LIF) was increased
in WAP/Caco2 coculture group compared to WAP and Caco2
groups (Figure 6C). These increasingly produced cytokines
that can be mainly divided into three categories: anticancer or
pro-apoptosis, tumor growth, and proinflammatory. IGFBP-3
was reported to be proapoptotic in breast cancer cells, and its
release may also indicate the autophagy in the WAP/Caco2
group.[30] PDGF-BB, CXCL-10, and FGF-9 are associated with
cellular growth processes, including embryonic development,
tissue repair, and tumor growth and invasion.[31] Leptin is
one major adipokine secreted by adipocytes and can stimulate
the proliferation and migration of cancer cells.[32] Besides its
important role on cancer growth and metastasis, the activation
of the leptin pathway is also associated with a resistance to
therapy of cancer cells.[33] The increased production of leptin
was consistent with the proliferation of Caco2 in the coculture
group. Proinflammatory cytokines, including IFN-gamma,
RANTES, OSM, LIF, and OPN, mediate immunity and func-
tion as the activators of macrophages during tumor-adipose
interactions.[34] There were also some cytokines without obvious
concentration changes after coculture (Figure 6D), including
brain-derived neurotrophic factor (BDNF), neurotrophin (NT)-3,
tropomyosin-1 (TPM1), IGFBP-2, TMP2, and Interleukin-8
(IL-8). Unlike IGFBP-3, IGFBP-2 was often highly expressed
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Figure 6. Characterization of WAP/Caco2 crosstalk in core-shell spheres. A) Western blot and its analysis of Caco2 proteins in single culture or coculture
with WAP (n = 3). B) Cytokine array of three groups after 14 days of culture. 1: OSM, 2: IGFBP-3, 3: RANTES, 4: OPN, 5: VEGF-A, 6: FGF-9, 7: Leptin, 8:
LIF. C). Increased cytokine secretion after WAP/Caco2 coculture. D) Unchanged or slightly decreased cytokine secretion after WAP/Caco2 coculture. All
quantitative data are expressed as the mean ± standard deviation. Asterisks indicate statistically significant comparisons, with *p < 0.05 and **p < 0.01,
by Student’s t-test.

in malignant tumors, and it was shown in similar amounts in
the Caco2 and WAP/Caco2 groups (Figure 6D). IL-8 belongs to
the proinflammatory cytokines and can be released from cancer
cells or isolated adipocytes in vitro.[35] It was observed to have
high expressions in all three groups, which may indicate that

IL-8 could be involved in some of the adipocyte- or cancer-related
complications.

Taken together, core-shell porous Alg spheres were fabricated
and worked successfully to coculture WAPs and Caco2. WAPs
in the shell region formed spheroids and auto-differentiated,

Adv. Funct. Mater. 2023, 2214129 2214129 (10 of 14) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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surrounding the Caco2 aggregates in the decellularized matrix
in the core. The crosstalk between them was then investigated.
Caco2 was found to stimulate lipid secretion in WAPs after co-
culture. Meanwhile, WAPs promoted the proliferation and au-
tophagy of Caco2, which was regarded as possible cancer cell sur-
vival mechanism. The WAP/Caco2 coculture also resulted in in-
creased secretions of cytokines related to cancer pro-apoptosis,
tumor growth, and proinflammation.

The crosstalk between adipose tissue and tumors has received
a lot of research interests, and some of the findings are consis-
tent with ours. For instance, previous studies have reported that
adipocytes provide adipokines and lipids to cancer cells to pro-
mote transformation of benign epithelium, fatty acid metabolism
switch in cancer cells, metastases, and chemoresistance.[13] Adi-
pose tissue is a complex environment composed of adipocytes,
progenitors, and immune cells, storing and releasing energy in
response to physiological demands. The tumorigenesis process
can be promoted by adipose dysfunction and chronic inflamma-
tion or paracrine factors secreted by stromal and immune cells in
adipose tissues.[36] Adipose tissue also functions as an endocrine
organ, secreting adipokines, the altered secretion of which has
been found to correlate with cancer aggressiveness. During can-
cer progression, tumor cells undergo metabolic symbiosis with
adjacent adipose tissues. Cancer cells experience metabolic re-
programming to increase their utilization of lipids in hypoxic
conditions,[37] while adipocytes undergo lipolysis and serve as a
source of lipids for cancer cells.[38] There is also emerging evi-
dence showing that adipose tissue-derived cells and factors con-
tribute to the therapy resistance of various cancers, which is in
part due to the changes in the tumor matrix driven by the adipose
tissue. Adipose tissue creates a microenvironment that supports
proliferation and resistance to chemotherapy for disseminating
leukemia cells. More detailed discussions on adipocyte and can-
cer cell crosstalk can be found in a review paper.[13]

Although promising, our current WAP/Caco2 coculture model
has its limitations. Even though we illustrated that WAPs
could auto-differentiate without differentiation medium treat-
ment in porous Alg spheres, they did not completely mature
to adipocytes. To better mimic the crosstalk of adipose tissues
and tumors while avoiding side effects of differentiation medium
on Caco2, the utilization of stem cells/progenitor cells com-
bined with pre-differentiation can possibly result in more ma-
ture adipocytes and thus more efficient disease modeling. How-
ever, the WAPs in our current work, as model cells for proof-of-
concept, suffered from limited survival once encapsulated after
differentiation. In addition, as a cancer cell survival mechanism,
autophagy in Caco2 was observed when cocultured with WAPs.
We speculated that some molecules from WAPs (i.e., secretory
autophagy proteins, functional RNAs) might be secreted and up-
taken by Caco2 cells to activate autophagy. Therefore, the analy-
sis on secretory autophagy molecules, adipose derived exosome
or micro-vesicles, and secreted free fatty acid in medium can be
conducted in future studies.

3. Conclusion

In summary, we have described a simple and biocompatible
method for preparing porous cell-laden Alg hydrogels based on
aqueous two-phase emulsions using a blend of Alg and Cas solu-

tions. The pore sizes, rheological properties, and macromolecule
diffusion abilities of the hydrogel constructs were characterized
to obtain the optimal combination of the desired structural in-
tegrity along with porous structures. The heterogeneous pores,
interconnected paths, and bioinert matrix of porous Alg hy-
drogels facilitated encapsulated WAP survival, proliferation, in
situ spheroid organization, and adipogenic differentiation, com-
pared to conventional non-porous Alg hydrogels. The feasibility
of porous Alg hydrogels for use in applications in WAP/Caco2 co-
culture was demonstrated in core-shell spheres, with WAP clus-
ters distributed around Caco2 aggregates. These results collec-
tively suggest that our facile approach for generating porous Alg
hydrogels provides a promising platform for use as a cell carrier
and in disease modeling.

4. Experimental Section
Alg/Cas Emulsion Preparation and Characterization: Alg powder

(Protanal LF 10/60 FT, FMC Corporation) and Cas powder (C8654, Sigma-
Aldrich) were mixed and dissolved in saline solutions by stirring overnight
at room temperature to prepare Alg/Cas emulsions. The final concentra-
tion of Alg in the mixture was 2%, and the concentration of Cas was 1%,
3%, or 5%. A brightfield microscope (DMi1, Leica) was used to visualize
the incompatibility and phase separation of Alg and Cas in the mixed so-
lutions. The viscosities of mixtures with varying Cas concentrations were
evaluated through a rheometer (HR-2, TA Instruments) at a shear rate
from 1 to 10 000 1/s.

To separate two incompatible phases in Alg/Cas emulsions, they were
centrifuged at 10 000 g for 3 h at room temperature. The top and bottom
phases were each collected separately and stored at 4 °C for further use.
To determine the composition of the separated top and bottom phases,
a Pierce™ BCA Protein Assay Kit (Thermo Scientific) was applied to test
the Cas concentrations. For Alg concentration measurement, the law of
Conservation of Mass was applied. Briefly, 2 mL of the top and bottom
solutions were each freeze-dried and weighed. The amount of Alg was cal-
culated by deducting the amount of Cas from the total mass in each phase.

Porous Alg Hydrogel Fabrication and Characterization: For the prepara-
tion of the pre-gel solution, the top phase (Alg-rich phase) and bottom
phase (Cas-rich phase) obtained from centrifugation were mixed thor-
oughly in ratios of 0:100, 10:90, 30:70, 50:50, 70:30, 90:10, and 100:0
(v/v). Two percent Alg was used as the control solution. Brightfield im-
ages were taken to evaluate phase separation of the Alg/Cas pre-gel solu-
tions. Alg was then labeled with tetramethylrhodamine cadaverine, accord-
ing to previous reported protocols.[39] The pre-gel solutions with different
top/bottom volume ratios were imaged by a CLSM (LSM 710, Zeiss). The
droplet sizes of the emulsions in pre-gel solutions were measured by Im-
ageJ software according to CLSM images.

Pre-gel solutions with the different top/bottom volume ratios prepared
above were added into self-made agarose molds (3 mm in height and
6 mm in diameter). Agarose powder (12 mg mL−1, Sigma-Aldrich) was
dissolved in 100 mm boiled CaCl2 solutions (Sigma-Aldrich). After cool-
ing at room temperature, agarose molds were made by using 6 mm di-
ameter punches. Calcium ions in the agarose molds diffused slowly to
cross-link Alg in the pre-gel solutions. After cross-linking at room temper-
ature for 1 h, the hydrogels were collected. The inner porous structures of
obtained Alg hydrogels were then examined under a CLSM, with Alg con-
jugated by tetramethylrhodamine cadaverine. Their pore sizes were mea-
sured through ImageJ software. After lyophilization, the microstructures
of the porous hydrogels were investigated with SEM (FEI Quanta 200) at
10 kV.

To evaluate the Cas leaching process, hydrogels were immersed in
deionized water (DI) at 37 °C for 7 days. The water was changed every
24 h. The released Cas concentration was measured by a Pierce™ BCA
Protein Assay Kit.
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The mechanical properties of the different hydrogel constructs were
measured by a rheometer with a gap of 500 μm and a plate diameter of
20 mm. Both an oscillation strain sweep (0.01–10% strain, 1 rad s−1) and
a frequency sweep (0.1–100 rad s−1, 1% strain) were conducted. The stor-
age modulus (G’) and loss modulus (G’’) were recorded and compared.

The diffusive performance of hydrogels with macromolecules was
tested by dropping FITC-conjugated-dextran solutions onto the top sur-
face of hydrogel cylinders. In brief, hydrogel cylinders (6 mm in diameter
and 5 mm in thickness) were placed separately on a piece of clean filter
paper. The FITC-conjugated-dextran (40 kDa, Sigma-Aldrich) (1%, 10 μL)
was dropped onto the surface of each hydrogel cylinder. The diffusion of
dextran through the hydrogels was recorded under the excitation of ul-
traviolet radiation (UV) (OmniCure S2000 UV lamp, 365 nm) after 3 min
by using a digital camera. Similar tests were also conducted by dropping
bovine serum albumin solutions (BSA, 1%) mixed with red dye onto the
surface of the hydrogel cylinders, which were placed on a petri dish.

WAP-Laden Porous Alg Hydrogel Fabrication: Immortalized human
WAPs were a generous gift from Dr. Yu-Hua Tseng at the Joslin Diabetes
Center, Harvard Medical School. The WAPs were generated by isolating
primary stromal vascular cells from the subcutaneous fat of an anony-
mous female, and subsequently infected with retrovirus expressing hu-
man telomere reverse transcriptase (hTERT).[40] The WAPs were cultured
in a growth medium containing Dulbecco’s Modified Eagles Medium
(DMEM/high glucose), 10% fetal bovine serum (FBS, Gibco), and 1%
penicillin/streptomycin (P/S, Gibco) in 5% CO2 at 37 °C.

WAPs were digested and resuspended in pre-gel solutions at a density
of 5 × 106 cells mL−1. Cell-laden pre-gel solutions were then cross-linked
in agarose molds, as mentioned above, for 1 h in an incubator (5% CO2,
37 °C). Afterward, these cell-loaded hydrogel constructs were cultured in
WAP growth medium for 7 days, with medium being changed every day.

The cell viability was examined by a Live/Dead assay (Invitrogen). Im-
ages of the Live/Dead assays were taken by the LSM 710. The areas of cells
or cell clusters in different hydrogels were measured by ImageJ software
according to the Live/Dead images at days 3 and 7. Brightfield images of
WAP-laden hydrogels at day 7 were also recorded. The constructs were
then fixed in 4% paraformaldehyde (PFA) for 1 h, dehydrated in 30% su-
crose overnight, embedded into optimal cutting temperature (OCT, Fisher
HealthCare) compound, and cut into 10 μm sections for H&E staining. Be-
sides morphological evaluations, the proliferation of cells encapsulated in
different hydrogels was measured spectrophotometrically at days 3 and
7 by using a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide assay (MTT, Sigma-Aldrich). The absorbance values were read at
570 nm.

Fabrication and Characterization of Porous Alg Spheres with Encapsulated
WAPs: Production of porous Alg spheres was performed on this formerly
reported sphere generation device.[23] Briefly, pre-gel solutions were in-
jected through the syringe into a self-designed bead generator at a flow
rate of 0.3 mL min−1. The injected solution stream was continuously
cleaved into droplets by an air flow (10 L min−1), which were then col-
lected and cross-linked in 100 mm CaCl2 solution. The morphology of acel-
lular spheres was observed by a darkfield microscope (Leica). Their inner
porous structure was investigated by the SEM at 10 kV after lyophilization
and sputter coating.

For Alg spheres with encapsulated WAPs, the WAPs were suspended
into pre-gel solutions (5 × 106 cells mL−1) and followed the same fabri-
cation method as mentioned above. WAP-laden spheres were cultured in
WAP growth medium in an incubator for 7 days and were imaged by a
brightfield microscope. The viability of the encapsulated cells was exam-
ined by a Live/Dead assay at day 7. The proliferation of cells was tested
by MTT assays at days 3 and 7. WAP-laden spheres were then differen-
tiated, as mentioned before.[41] The spheres were first cultured in a dif-
ferentiation medium consisting of DMEM/high glucose with 2% FBS,
1% P/S, 0.5 μm recombinant human insulin (Alfa Aesar), and 2 nm tri-
iodothyronine (T3, Sigma-Aldrich) for 6 days, with the medium changed
every 3 days. Induction was further conducted for another 12 days with an
induction medium that consisted of the differentiation medium plus 33 μm
biotin (Sigma-Aldrich), 17 μm pantothenate (Sigma-Aldrich), 0.1 μm dex-

amethasone (Sigma-Aldrich), 500 μm 3-isobutyl-1-methyl xanthine (IBMX,
Sigma-Aldrich), and 30 μm indomethacin (Sigma-Aldrich). The medium
was changed every 3 days. For Alg spheres without differentiation, they
were cultured in the WAP growth medium for the same amount of time.

After that, intracellular lipid accumulation in Alg spheres was quan-
titatively determined enzymatically using Free Glycerol Reagent (F6428,
Sigma-Aldrich) and Triglyceride Reagent (T2449, Sigma-Aldrich). Briefly,
WAP-laden spheres with or without differentiation were added into sodium
dodecyl sulfate buffer (0.1% w/v). They were homogenized by pipetting the
mixture up and down, followed by sonication for 10 min. The supernatants
were collected after centrifugation at 15 000 g for 10 min at 4 °C. The quan-
tification of the triglyceride concentration was carried out according to the
manufacturer’s instructions and recorded with a plate reader at 570 nm.
Triglyceride concentrations from each group were normalized to the total
amount of DNA in the respective sphere lysates tested by the Quant-iT™

PicoGreen dsDNA Reagent (Invitrogen).
To image the accumulated lipids, 10 μg mL−1 of BODIPY™ 493/503

(D3922, Thermo Fisher Scientific) and DAPI (1:1000) in saline solutions
were added and incubated with the Alg spheres for 30 min at room tem-
perature. Images were taken by the 710 CLSM. Oil Red O staining was also
conducted after Alg spheres were sectioned into 10 μm slices. Slides were
incubated in Oil Red O working solutions for ≈10 min. Hematoxylin was
then added to stain the cell nucleus.

Immunohistochemical (IHC) staining of collagen I was conducted to
detect the ECM in different groups. To stain collagen I, slides were pre-
incubated with 3% hydrogen peroxide for 10 min to deactivate the en-
dogenous peroxidase and then blocked with blocking serum for 1 h at
room temperature. The sections were then incubated overnight at 4 °C
with anti-collagen type I primary antibodies (Col I, NB600-408, Novus Bi-
ologicals). After washing them three times with PBS, biotinylated goat
anti-rabbit IgG (1:150, Vector Laboratories) was added and cultured for
30 min at room temperature. After washing them with PBS, avidin-biotin
complex conjugated to peroxidase (Vector Laboratories) was applied for
30 min. The bound complexes were visualized by adding DAB substrate
(3,3’-diaminobenzidine, Vector Laboratories) to the sections for 5 min.

Fabrication of Core-Shell Spheres and their Applications in WAP/Caco2
Coculture: The bead generation device in Section 4.4 was modified by
introducing a core channel to produce core-shell Alg spheres for cocul-
turing WAPs and cancer cells. Human colorectal adenocarcinoma cells,
Caco2 (originally purchased from ATCC), were a kind gift from Dr. Jennifer
Black at The University of Nebraska Medical Center. They were expanded
in growth medium consisting of DMEM/high glucose, 10% FBS, and 1%
P/S in 5% CO2 at 37 °C. Caco2 cells were then suspended in decellular-
ized porcine colon solution. Fresh porcine colons were bought from Ne-
braska Scientific (Nebraska, United States) and decellularized according
to previous methods that were based on combined chemical and enzy-
matic agents.[42] Briefly, fresh porcine colons were stirred in 50 mm Tris
buffer (pH = 8) overnight and then in 1% Triton-X 100 in 50 mm Tris buffer
solution at 4 °C for 24 h. This was followed by 40 units mL−1 of DNase
(0 453 628 2001, Roche), 20 mg L−1 of RNase (R4875, Sigma-Aldrich), and
0.01% Trypsin (Sigma-Aldrich) in Hank’s Balanced Salt Solution (HBSS)
for 4 h at 37 °C. Finally, they were stirred overnight in 1% Triton-X 100 in
50 mm Tris buffer at 4 °C. Histological sections and H&E staining were per-
formed to verify the decellularization results. Native colons and decellular-
ized colons were fixed in 10% formalin buffer for 4 h. After washing them
with PBS thrice, they were embedded in paraffin, sectioned, and stained
by H&E. The DNA, collagen, and glycosaminoglycan (GAG) concentra-
tions were also determined after decellularization according to previous
methods.[42] After lyophilization, the decellularized colons were cut into
small pieces and digested in 1 mg mL−1 pepsin (Sigma-Aldrich) in 0.01
N HCl solution (10 mg mL−1 decellularized colons). After constant agi-
tation for 48 h at room temperature, the solution was neutralized by 1 N
sodium hydroxide (NaOH, Fisher Chemical) and 10 × PBS (1/10 of the
final volume).

WAPs (5 × 106 cells mL−1) were suspended in Alg/Cas pre-gel solu-
tions and injected into the shell channel of the modified bead genera-
tor at a flow rate of 0.5 mL min−1. Caco2 cells suspended in neutralized
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decellularized colon matrix solution were injected into the core chan-
nel at the flow rate of 0.13 mL min−1. The injected core and shell so-
lution streams were cleaved into droplets simultaneously by an air flow
(10 L min−1), which then fell into 100 mm CaCl2 solution and were
cross-linked. WAPs were labeled by CellTrackerTM Green CMFDA (Ther-
moFisher), and Caco2 cells were labeled by CellTrackerTM Red CMTPX
(ThermoFisher) to indicate their locations in a core-shell sphere. To evalu-
ate the microstructures of the core-shell spheres, SEM was conducted on
acellular spheres. Core-shell Alg spheres with WAPs and Caco2 cells were
cultured in growth medium (DMEM/high glucose, 10% FBS, and 1% P/S)
for 14 days. Optical images of them were taken, and the viability was ex-
amined by the Live/Dead assay at day 14.

Characterization of the Crosstalk between WAPs and Caco2 Cells: The
biological crosstalk between WAPs and Caco2 cells in coculture was stud-
ied. To investigate the influence of the crosstalk on WAPs, their lipids were
stained by BODIPY as mentioned above. The growth medium in the three
groups was not changed from days 12 to 14, and the supernatants were
collected afterward. The glycerol release was then tested by a Glycerol As-
say Kit (MAK117, Sigma-Aldrich), and the adiponectin secretion was mea-
sured by a Human Total Adiponectin/Acrp30 Quantikine ELISA (DRP300,
R&D Systems).

Caco2 proliferation in single culture and coculture was observed
through Ki67 immunofluorescence staining. Briefly, core-shell spheres
were fixed in 4% PFA for 1 h. Nonspecific antibody binding was blocked
by 5% goat serum solution, followed by overnight incubation at 4 °C with
a primary Ki67 antibody in 0.04% Triton X-100 and 5% goat serum. Then
corresponding secondary antibodies were added and incubated for 2 h at
room temperature. The samples were imaged by 710 CLSM after nuclear
staining with DAPI for 10 min. Caco2 in a decellularized matrix from the
core-shell spheres was separated after Alg dissociation by EDTA solution
(4 mm EDTA + 0.15 m sodium chloride, pH = 7.4) for 30 min on ice.
Caco2 aggregates were then collected by centrifugation (300 rpm, 3 min).
Immunoblotting was performed to detect the protein expressions of can-
cer cells in the Caco2 and WAP/Caco2 groups. Primary antibodies to de-
tect p-UKL1 S555 (5869S), UKL1 (4773S), p-S6K T389 (9205), S6K (9202),
SQSTM1/P62 (5114), LC3 (3868) were from Cell Signaling Technology.
Anti-Sestrin2 (10795-1-AP) antibody was from Proteintech. Anti-Tubulin
was from Developmental Studies Hybridoma Bank. Cell lysates prepared
in cell lysis buffer (20 mm Tris-Cl pH 7.5, 150 mm NaCl, 1 mm EDTA,
1 mm EGTA, 2.5 mm sodium pyrophosphate, 1 mm 𝛽-glycerophosphate,
1 mm Na3VO4, 1% Triton-X-100, 0.1% SDS) contained protease inhibitor
cocktail (Roche) and phosphatase inhibitor (Sigma). The immunocom-
plexes and enzymatic reaction mixtures were boiled in SDS sample buffer
for 5 min, separated by SDS-PAGE, transferred to PVDF membranes and
probed with primary antibodies. After incubation with secondary antibod-
ies conjugated with HRP, chemiluminescence was detected using Odyssey
Clx imaging system (LI-COR Biosciences, Lincoln, NE). The relative pro-
tein expression was analyzed using ImageJ software and normalized to
control Tubulin.

The relative amounts of cytokines in Caco2, WAP, and WAP/Caco2 su-
pernatants (days 12 to 14) were evaluated by a Human Cytokine Array C5
(AAH-CYT-5-4, RayBiotech), following the manufacturer’s protocol. Briefly,
1 mL of the supernatant was mixed with a cocktail of biotinylated detec-
tion antibodies and incubated with the array membrane overnight at 4 °C.
After washing it, streptavidin-horseradish peroxidase solution and chemi-
luminescent detection reagents were added to the membrane in sequence.
Then the array membranes were imaged and scanned. The pixel density
of each dot was analyzed with ImageJ software and normalized to positive
controls.

Statistical Analysis: All quantitative data were expressed as the
mean± standard deviation (SD). A statistical analysis was also performed.
In experiments with two groups, student t-tests were used, while in exper-
iments with more than two groups, one-way analysis of variance ANOVA
was used with Tukey post-hoc tests for statistical analysis. Differences with
p < 0.05 were denoted as *, while p < 0.01 was denoted as **, p < 0.001
was denoted as ***, p < 0.0001 was denoted as ****, and ns indicated not
significant.
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