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One-step synthesis of composite hydrogel capsules to support
liver organoids generation from hiPSCs

Yaging Wang, 24 Haitao Liu, 729 Min Zhang,? Hui Wang,2d Wenwen Chen2d and Jianhua Qin*ab.cd

Advances in biomaterials, especially in hydrogels have offered great opportunities for stem cell organoids engineering with
higher controllability and fidelity. Here, we propose a novel strategy for one-step synthesis of composite hydrogel capsules
(CHCs) that enable to engineer liver organoids from human induced pluripotent stem cells (hiPSCs) in an oil-free droplet
microfluidic system. The CHCs composed of fibrin hydrogel core and alginate-chitosan composite shell are synthesized by
enzymatically-crosslinked reaction and electrostatic complexation within stable aqueous emulsions. The proposed CHCs
exhibit high uniformity with biocompatible, stable and high-throughput properties, as well as defined compositions.
Moreover, the established system enables 3D culture, differentiation and self-organized formation of liver organoids in a
continuous process by encapsulating hepatocyte-like cells derived from hiPSCs. The encapsulated liver organoids consisted
of hepatocyte- and cholangiocyte-like cells show favorable cell viability and growth with consistent size. Furthermore, they
maintain proper liver-specific functions including urea synthesis and albumin secretion, replicating the key features of
human liver. By combining stem cell biology, defined hydrogels and droplet microfluidic technique, the proposed system is
easy-to-operate, scalable and stable to engineer stem cell organoids, which may offer a robust platform to advance

organoids research and translational applications.

1. Introduction

Building 3D organ models in vitro is a formidable goal to
recapitulate human physiology with various biomedical
applications including disease modeling, regenerative medicine
and tissue engineering. Organoids, referring to 3D multicellular
tissues derived from human embryonic stem cells (ESCs),
induced pluripotent stem cells (iPSCs), tissue-resident adult
stem cells (ASCs) or progenitor cells by the processes of self-
organization, recapitulate the key architectural and functional
features of in vivo organs.'* They represent a major
technological breakthrough of organ models for applications in
biomedicine. Progress in organoids field has enabled successful
generation of various organoid types from human pluripotent
stem cells (hPSCs) for applications in developmental studies,
disease modeling and drug screening.>’ Generally, most
organoids are generated in Petri dishes, mainly relying on self-
organization of stem cells in animal-derived extracellular
matrices (e.g., Matrigel).2 58 However, these organoid systems
are often limited by the high variability of tissue composition
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and architecture due to the lack of defined 3D matrices.
Moreover, current protocols often required labor-intensive
multistep manual operations, possibly resulting in the risk of
contamination and marked variability among organoids.

Advances in biomaterials, especially in hydrogels have
provided great opportunities to improve the construction of
organoids with higher controllability and fidelity.* Hydrogels,
including natural® 1° (e.g., fibrin and alginate) and synthetic!
(e.g., polyethylene glycol, PEG) polymers, have been
preliminarily utilized as extracellular matrix (ECM) scaffold to
instruct the organization and generation of stem cell organoids.
These chemically defined matrices can mimic native ECM
microenvironment and improve the physiological relevance of
organoids by control over their biochemical and physical
properties, which may reduce the variability of organoids.
Additionally, hydrogels with flexible structures, including
porous scaffolds,? micropatterns, 13 and spheroids!4 at micro to
millimeter scale are utilized to guide the formation of organoids
with specific architectures using different engineered methods.
But there are still some limitations in engineering organoids
with high fidelity and reproducibility.

Hydrogel capsules are recognizing as ideal scaffolds for 3D
culture of cellular spheroids, like organoids, with high
uniformity due to the well-defined morphologies and high
surface area.'®> 16 They are currently fabricated by chemical
reaction or physical interaction in water-in-oil (W/0) droplet
systems. The reagents used in these systems, such as oil phase,
and/or surfactants, may reduce the biocompatibility of
hydrogel capsules, leading to potential proteins or enzymes
denaturation, inhibited cell growth, and limited mass transfer in
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microfluidic systems for the fabrication of biomimetic and/or
cell-laden hydrogel scaffoldsc
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2.7. Cell culture and differentiation

Human liver cell line (HepaRG) was purchased from the Cell
Bank of the Chinese Academy of Sciences (Kunming, China). The
HepaRG cells were cultured using Dulbecco’s Modified Eagle
Medium (DMEM, high glucose, Gibco), which was
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%
streptomycin and penicillin (Biyotime). They were cultured in a
humidified incubator composed of 5% CO, at 37 °C and
passaged until achieved 80%-90% confluence.

Human iPSCs (donated by Dr. Ning Sun) were cultured using
mTeSR1 medium (StemCell) on Matrigel-coated six-well plates
(1 : 50 dilution, BD) in a humidified atmosphere with 5% CO,.2"-
29 The culture medium was changed daily. Prior to generate liver
organoids, iPSCs were initially induced into hepatocyte-like cells
by sequentially adding specific growth factors into medium on
Petri dishes. The differentiation protocol was modified
according to previous studies.®® For definitive endoderm (DE)
differentiation, iPSCs were incubated in RPMI-1640 medium
(Invitrogen) supplemented with 1% B27 supplement
(Invitrogen), 1% KSR (Invitrogen), 1% GlutaMAX (Invitrogen), 1%
penicillin-streptomycin (Sigma), and 100 ng mL?® activin-A
(PeproTech) for 5 days. For hepatic progenitor differentiation
and expansion, 20 ng mL™t HGF (PeproTech) and 10 ng mL™
bFGF (PeproTech) were added to the medium from days 5 to 10.
Then, the medium was replaced by HCM medium (ScienCell)
supplemented with 107 M dexamethasone (Sigma-Aldrich) and
10 ng mL™* oncostatin M (OSM, R&D) to facilitate hepatocytes
differentiation for additional 5 days. On day 14 of
differentiation, hepatic cells were ready for the encapsulation
experiments. After day 15, the cells were cultured without OSM
for long-term.

2.8. Cell encapsulation

HepaRG cells and hepatocyte-like cells at day 14 of
differentiation from iPSCs were dissociated by 0.25% trypsin-
EDTA (Gibco), then resuspended in core flow solution with a
density of 4x10° cells mL-1 (HepaRG) and 3~5x107 cells mL!
(hepatocyte-like cells) for encapsulation experiments,
respectively. Here, the core flow solution was prepared by
mixing cell suspensions with a concentrated NaA solution
(22.5% (w/w) DEX, 1.5% (w/w) NaA and 7.5 mg mL fibrinogen
dissolved in physiological saline) in a 1 : 2 ratio. The final
solution contained 15% (w/w) DEX, 1% (w/w) NaA and 5 mg mL1
fibrinogen. 17% (w/w) PEG and 17% (w/w) PEG with 1% (w/w)
CS/2.5 U mL? thrombin was also dissolved in physiological
saline as the middle and shell flow, respectively. All these
solutions were filtered with a 0.22 ym syringe filter (Millex
Syringe Filter) before being pumped into the microfluidic chip
device. The generated cell-laden capsules were collected in
physiological saline/culture medium containing 2.5 U mL?
thrombin for further gelation of fibrinogen for 10 min. The cells
in capsules were finally transferred to cell culture medium
within a 24-well culture plate (Guangzhou Jet Bio-Filtration Co.,
Ltd.) and cultured in a humidified incubator with 5% CO, at 37
°C with the fresh medium being changed daily.
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The images of cell-free capsules were acquired in the
physiological saline bath with an inverted microscope (Olympus
IX-71, Japan). The images of cell-laden capsules were acquired
in the cell culture medium with an inverted microscope (Leica
DMi8, Germany). The size measurement and distribution
statistics of capsules/cellular spheroids are implemented with
Image J software (http://rsb.info.nih.gov/ij/).

2.10. Cell viability analysis

Cell viability of the encapsulated cells was evaluated by using
live/dead assay. The cell-laden capsules were incubated in cell
culture medium with ethidium homodimer-1 (red, dead, 1 : 500)
and calcein-AM (green, live, 1 1000) (LIVE/DEAD
viability/cytotoxicity assay kit, Gibco) at 37 °C for 25 min. Then,
they were rinsed with physiological saline before imaging under
a fluorescence microscopy (Leica DMI3000 B, Germany). The
viability percentage of cells within capsules was determined by
measuring the area of live cells (green fluorescence), which was
divided by the total area of live + dead cells (red fluorescence)
at a given focal plane.

2.11. Real-time quantitative PCR

The whole mRNA was extracted from iPSCs, 2D liver cells in Petri
dishes, and liver organoids in capsules with a Trizol reagent
(TAKARA) to detect the associated genes expression level. The
final concentration of mMRNA was adjusted to 250 ng mL. The
cDNA was then synthesized by reverse transcription
polymerase chain reaction (RT-PCR) (TAKARA). Subsequently,
real-time quantitative PCR was implemented with a SYBR Green
kit (TAKARA) under the following reaction conditions (40
cycles): denaturation at 95 °C for 30 s, annealing at 58 °C for 30
s, and extension at 72 °C for 30 s. The primer pairs were as
follows: AFP forward: 5-CTT TGG GCT GCT CGC TAT GA-3',
reverse: 5'- GCATGT TGATTT AAC AAG CTG CT-3'; ALB forward:
5-GCC TTT GCT CAG TAT CTT-3', reverse: 5'-AGG TTT GGG TTG
TCA TCT-3'; RBP4 forward: 5'-CCA GAA GCG CAG AAG ATT G-3',
reverse: 5'-TTT CTT TCT GAT CTG CCA TCG-3'; CYP3A4 forward:
5'-TTC AGC AAG AAG AAC AAG GAC AA-3', reverse: 5'- GGT TGA
AGA AGT CCT CCT AAG C-3'; CK7 forward: 5'-AAG AAC CAG CGT
GCC AAG TT-3', reverse: 5'-CAC GCT CAT GAG TTC CTG GT-3';
CK19 forward: 5’-TCC GAA CCA AGT TTG AGA CG-3', reverse: 5'-
CCC TCA GCG TAC TGA TTT CCT-3'; GAPDH forward: 5-CAA TGA
CCC CTT CAT TGA CC-3', reverse: 5'-GAC AAG CTT CCC GTT CTC
AG-3'. Quantification was performed using GAPDH as the
reference gene.

2.12. Fluorescence immunohistochemistry

HepaRG cells in capsules were soaked in 4% paraformaldehyde
(Tianjin Damao Chemical Reagents Factory) for 15 min to be
immobilized after cultivation of 10 days. Then they were
permeabilized with 0.2% Triton X-100 (Amresco) for 10 min and
blocked in a blocking solution containing 10% goat serum for 2
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h at room temperature, successively. Next, these cells were
incubated at 4 °C overnight with primary goat antihuman
albumin (diluted 1:400, Beyotime Company), which were then
exposed to secondary antibodies (cy3 labeled donkey goats IgG
(H + L) (diluted 1:200, Beyotime Company) for 1 h at room
temperature. The cell nuclei were stained with DAPI (1 : 4000,
CST 4083) for 10 min at room temperature. For the
encapsulated liver organoids, they were collected after
encapsulation of 7 days. Then, they were fixed, permeabilized,
blocked, and incubated with primary antibodies as described
above. Here, the primary antibodies were as follows: albumin
(goat, 1:1000, Bethyl A80-129A), CYP3A4 (mouse, 1:500, Absin
abs132219), CK7 (rabbit, 1:8000, Abcam ab181598) and CK19
(mouse, 1:250, Abcam ab7754). The organoids were then
incubated with Cy3 (1:500, Beyotime) and Alexa Fluor 488- or
594- (1:200, Cell Signaling) conjugated secondary antibodies at
room temperature for 1 h. DAPI (1 : 4000) was used to stain the
cell nuclei. All the images were acquired with a confocal
microscope (Olympus IX 81, Japan).

2.13. Urea synthesis and albumin secretion

For quantitative analysis of the urea synthesis and albumin
secretion from the encapsulated cells cultured in 24-well plates,
the supernatant of culture medium was collected punctually.
Here, the supernatants were collected on days 1, 3, 5, 7 and 9
for the encapsulated HepaRG cells and on days 2, 4, 6 and 8 for
the encapsulated liver organoids, which were kept at -80 °C
before being used. A Urea Assay Kit (DIUR-100) was used to
measure urea concentrations. The samples
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manner. In addition, the speed of microdroplet generation can
be easily increased by fabricating more parallel units in the
microfluidic device without losing the homogeneity of droplets,
which has been proved in the previous work.2° The microfluidic
chip is actually composed of three layers of
polydimethylsiloxane (PDMS) bonded together (Fig. 1A and Fig.
S2). The core, middle and shell flows were directly introduced
into the microchannels of the top layer, while the compressed
air was injected into the middle layer via the inlets of top layer.
As such, hydrogel capsules can be produced in this system,
which allows 3D culture and self-organized formation of human
liver organoids in a continuous process by encapsulating hiPSC-
derived hepatic cells (Fig. 1C).

3.2 The controllable synthesis of composite hydrogel capsules
(CHCs)

The process of organoids formation in traditional approaches is
often spontaneous and uncontrollable, which would largely
affect their reproducibility. To generate organoids with
consistent and controllable dimension using hydrogel capsules,
the oil-free droplet system was optimized in the following
experiments. To explore the key parameters that affect capsule
size, we measured the diameter of them generated under
various conditions. Herein, three factors, including rates of
multi-phase flows, valve switch cycle, and concentrations of
NaA/CS, were studied systematically. Flow rates are crucial
factors in the system to affect the size of droplet templates and
then the size of capsules. The effects of the core flow were
initially observed, which was varied from 0.1 to 0.4 pL min-1. The
diameter of CHCs increased with the increase of core flow rate
significantly (***p < 0.001) (Fig. 2A and 2B). This result was
obviously accord with that in the general droplet microfluidic
system due to the correlation between dispersed phase flow
rate and droplet size within certain range.3* However, we don't
observe regular effects of middle/shell flow rates on the
diameter of CHCs.(Fig. S3). The regular changes of diameter of
CHCs were mainly attributed to the core flow rate rather than
middle/shell flow rates. This is agreement with previous reports
that the size of droplet was mainly regulated by the flow rate of
core stream under jetting regime.3% 36

Furthermore, we measured the size distribution of CHCs
generated in different experimental groups to evaluate the
polydispersity and stan ofdbeat5R\01ba6 TdiE3) 200156 337Y33.640l @464 0 Td]TJ( 62 0 Td(3.340.73147 0 T-1h()Tjbite( )Tj5.675fer)
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unreacted NaA/CS. As shown in Fig. 3C, the peaks in the region
of 950-1200 cm? exhibited in all the spectra are a result of
various vibrations of the carbohydrate rings that are the
building blocks of both NaA and CS. The characteristic peaks of
NaA are at 1618 (asymmetric COO- stretching) and 1415 cm
(symmetric COO- stretching).3” Also, the typical peaks of CS are
at 1630 (amide | band), 1590 (N-H bending of amine and amide
Il band), and 1385 cm! (amide Il band).3"- 38 The detailed peak
assignments are shown in Fig. S4 and Table S1.

When the NaA-CS capsules were formed, the peaks in the
spectra changed significantly. The asymmetric and symmetric
COO- stretching of NaA slightly shifted from 1618 to 1613 cm
and 1415 to 1413 cm™, respectively, and became broader due
to the decrease of carboxyl charge density.3® As for CS, the
amide | and amide Il bands shifted into a singlet band at 1613
cm-?, and the N-H bending of amine at 1590 cm! disappeared
because of the reduction of free amino groups.38 4% In addition,
a new peak (arrow) at 1730 cm! appeared on spectra of NaA-
CS capsule, which belonged to the asymmetric stretching of
COO-#t All these results indicated the electrostatic
complexation occurred between negatively charged NaA and
positively charged CS within the capsules. To demonstrate the
successful reaction of fibrinogen and thrombin in the CHCs,
fluorescent nanoparticles (red) were added in the core flow to
form the capsules without/with fibrinogen and thrombin. As
shown in Fig. 3Ea, the fluorescent nanoparticles deposited at a
corner in the CHCs due to gravity after 12 h. On the contrary,
the fluorescent nanoparticles maintained homogeneous
distribution in the capsules with the existence of fibrin. As such,
the CHCs holding well-defined spatial distribution and
compositions were produced in our system.

3.4 Evaluation of capsules as scaffolds for 3D cell culture

As above, the fabricated capsules in this system exhibited high
uniformity and defined compositions, which might provide
promising scaffolds for cell encapsulation and scalable 3D
culture. In order to assess the possibility of CHCs for
encapsulation of cells, human liver (HepaRG) cells were initially
resuspended in the core flow to settle in CHCs. Here, these
capsules could maintain their structural integrity for at least 25
days under cell culture conditions, demonstrating the stability
of hydrogel capsules for cell culture (Fig. S5). After
encapsulation, the cell-laden capsules with fibrinogen in the
core were immersed in thrombin solution to further facilitate
the production of fibrin matrix in the capsules by the enzymatic
reaction. As shown in Fig. S6A, HepaRG cells aggregated and
spontaneously formed small spheroids in CHCs after
encapsulation at day 1. These cell spheroids kept growing until
filled up the whole capsules during 10 days of culture. The sizes
distribution of the spheroids at days 1 and 10 were also
analyzed, which showed a relatively narrow particle size
distribution at both days (Fig. S6B). These data indicate that the
CHCs can constrain the shape and size of the 3D tissue with
uniform morphology.

Compared to the cellular spheroids produced using other
methodology, such as micro-wells*2 and hanging drop,*® these

6 | J. Name., 2012, 00, 1-3

spheroids are more promising in their reproducible generation,
higher uniformity and potentials of cell therapy due to the
inherent advantages of droplet microfluidics and the presence
of capsules. Moreover, the hepatic spheroids showed favorable
cell viability demonstrated by liver/dead assay over time (Fig.
S6C). The proliferation ability of hepatic spheroids was
guantitatively evaluated at days 1, 4, 7, and 10 after cell
encapsulation, suggesting that the liver tissues grew well in
CHCs (Fig. S6D). As seen from the SEM images, the hepatocytes
within the spheroids exhibited tight junctions (Fig. S6E). These
data further confirmed the proper survival and proliferation
properties of liver cells and high biocompatibility of this system.
In addition, the liver-specific function was identified by
immunostaining for albumin in liver tissues on day 10. As shown
in Fig. S6F, the liver spheroids within CHCs displayed a positive
expression of albumin. To assess the liver-specific functions of
liver tissues in CHCs over an extended period quantitatively, we
measured the urea synthesis. The level of urea production by
the liver tissues gradually increased from day 1 to day 9 (Fig.
S6G). These results indicate that the CHC system is beneficial to
HepaRG cells self-assembly and proliferation after
encapsulation, as well as facilitate proper viability, prolonged
3D culture and liver-specific function of the tissues.

3.5 Generation and 3D culture of human liver organoids in CHCs

The hiPSCs possess a powerful capability of self-renewal and
self-organization, which allows the generation of organoids in
3D culture system. At present, liver organoids derived from
hiPSCs are new type of in vitro liver models for disease modeling
and drug testing.3% 44 In the following experiment, we
investigated the feasibility of CHCs as 3D scaffolds for
engineering liver organoids from hiPSCs. The hiPSCs are initially
differentiated into definitive endoderm and hepatic progenitors
with addition of sequential chemical factors under 2D culture
conditions. Then, the differentiated hepatic cells are
resuspended in the core flow with fibrinogen and encapsulated
into capsules. As shown in Fig. 4A, the encapsulated cells were
dispersedly distributed within the core fibrin scaffold of
capsules on day 0. By day 2, the hepatic cells are found to self-
organize into single complete spheroids with clear edge in CHCs.
Furthermore, the spheroids grew well and rapidly expanded
into large organoids from day 2 to organoi

This journal is © The Royal Society of Chemistry 20xx


https://doi.org/10.1039/d0bm01085e

indicate that the CHC system is highly biocompatible for cell
encapsulation, growth, organization and organoid formation
due to the mild all-aqueous liquid environment. Moreover, the
uniform capsules are beneficial to facilitate the produce of
organoids with consistent morphology and size, which may
reduce the variability of organoids. This flexible system may also
be utilized as scaffolds for engineering other types of 3D
microtissues in vitro, thus providing a new approach to build
biomimetic 3D tissue models.

3.6 Identification of the differentiation and functions of liver
organoids in CHCs

Liver organoids derived from hiPSCs are multicellular tissues
including hepatocytes and cholangiocytes. To identify the
differentiation features of liver organoids in CHCs, the genes
expression profiles related to hepatic lineages were analyzed by
real-time PCR (Fig. S7). The genes expression in hiPSC acted as
the control. As expected, the mature hepatocyte (ALB, RBP4),
cytochrome P450 gene (CYP3A4), cholangiocyte (CK7, CK19)
markers were examined at increased levels in liver organoids in
CHCs. Notably, the organoids in CHCs showed significantly
higher expression of the ALB, RBP4, CYP3A4 and CK7 genes
compared to the 2D liver cells at the same stage, demonstrating
the enhanced differentiation of liver-specific genes in 3D liver
organoids in capsules.

In vivo, the physical and chemical microenvironment factors
are crucial for the liver organogenesis, such as 3D matrix. Fibrin
is a biocompatible hydrogel, which could serve as ECM scaffold
to offer an appropriate environment for 3D cell culture,
differentiation and formation of organoids.*> 46 To examine the
effect of fibrin scaffold on the differentiation of liver organoids,
we performed real-time PCR analysis of hepatic lineage genes.
As shown in Fig. 4F, both the hepatocyte (AFP, ALB, RBP4,
CYP3A4) and cholangiocyte (CK7) related genes showed
markedly higher expression with fibrin compared to that
without fibrin during the process of organoid differentiation in
capsules (Fig. 4F). The data indicated that defined 3D fibrin
scaffold could facilitate the differentiation and maturation of
liver organoids, further confirming the importance of a
controlled favorable ECM microenvironment on engineering
stem cell organoids. Overall, these results demonstrate the
feasibility of engineering liver organoids from hiPSCs using the
CHC system.

Next, we further examined the proteins expression and
distribution of hepatic lineage identities in liver organoids by
immunohistochemical analysis. As shown in Fig. 5A, the
organoids abundantly expressed the hepatic-specific markers
CYP3A4 and ALB. Moreover, they showed both positive
expression of cholangiocyte markers CK7 and CK19 within the
luminal structures, resembling bile ducts (Fig. 5B). The data
revealed the cellular heterogeneity of liver organoids composed
of hepatocytes and cholangiocytes. To further examine the
functional properties of liver organoids in CHCs, we assessed
the liver-specific functions of organoids during the culture
period in capsules, including urea synthesis and albumin
secretion (Fig. 5C and 5D). The liver organoids maintained stable

This journal is © The Royal Society of Chemistry 20xx

level of albumin and urea production in CHCs. Overall, this CHC
system may offer a proper cellular microenvironment by
integrating 3D matrix and cell-cell interactions, which could
facilitate the generation of functional liver organoids in a
controlled manner. In future, this organoid-CHC system with
well-defined properties and high biocompatibility may provide
a potential platform for preliminary drug testing and serve as
effective carriers for immune isolation to translate into clinical
studies.
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Fig. 1 Schematic diagram of the oil-free droplet microfluidic system to fabricate composite hydrogel capsules (CHCs) that enable the
engineering of liver organoids. (A) The configuration of the droplet microfluidic device, including shell flow, middle flow, core flow,
compressed air, pneumatic valve, and collection tank. (B) The procedure of the pneumatic valve for the generation of droplet templates.
(C) The flow chart of engineering human liver organoids from hiPSCs with the defined capsules. (D) The illustration of the synthesis of
defined hydrogel capsules in microfluidic device.
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Fig. 2 Effects of different fluid parameters on the diameter of capsules. (A) Bright-field images of hydrogel capsules synthesized under
different core flow rates, ranging from 0.1 to 0.4 uL minL. (B) The plot of capsule diameter under different core flow rates (0.1 to 0.4 L
min1). (C) Bright-field images of capsules synthesized under different valve switch cycles, ranging from 0.2 to 0.6 s. (D) Diameter profiles
of capsules obtained under different valve switch cycles. Data are shown as mean + SD. Student's t-tests were performed. *p < 0.05,
***p < 0.001. (E) The images of capsules synthesized with different concentrations of NaA/CS. (F) The diameter of capsules as a function
of the concentrations of NaA/CS. Quantitative analysis of the diameter of capsules were performed on at least 30 capsules. Scale bars:
100 pm.
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Fig. 3 Characterization of the structure and composition of hydrogel capsules. (A) Bright-field image of massively produced hydrogel
capsules. Scale bar: 200 um. (B) Fluorescence image of hydrogel capsules synthesized with FITC-chitosan. Scale bar: 100 um. (C) The FTIR
spectra of Na-alginate, chitosan and NaA-CS binary capsules. (D) SEM images of freeze-dried capsules. (E) Fluorescence image of capsules
filled with fluorescent nanoparticles. Scale bar: 50 um. For (A to E), all the capsules were fabricated under the same conditions (rates of
core, middle and shell flow: 0.15, 2, and 4 yL min'1; valve cycle: 0.4 s; concentrations of NaA /CS: 1%). For E-b, capsules were fabricated
under the aforementioned flow conditions, but with the existence of fibrinogen and thrombin in the core and shell flows, respectively.
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Fig. 5 Identification of differentiation and hepatic functions of liver organoids in CHCs. Immunohistochemical staining of (A) hepatocyte
markers (ALB, CYP3A4) and (B) cholangiocyte markers (CK7, CK19) in liver organoids after 7 days of encapsulation in capsules. DAPI
stained the nuclei (blue). Scale bars: 50 um. Albumin secretion (C) and urea synthesis (D) in liver organoids after encapsulation of 2, 4, 6
and 8 days.
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One-step synthesis of composite hydrogel capsules (CHCs) that allow to engineer
hiPSC-derived liver organoids in an oil-free droplet microfluidic system.
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