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Abstract

Functional interaction between cancer cells and the surrounding microenvironment is still not
sufficiently understood, which motivates the tremendous interest for the development of numerous
in vitro and in vivo tumor models. Diverse parameters, e.g., transport of nutrients and metabolites,
availability of space in the confinement, interaction with scaffolds, etc. make an impact on the size,
shape, and metabolism of the tumoroids. Herein, we demonstrate the fluidics-based low-cost
methodology to reproducibly generate the alginate and alginate-chitosan microcapsules and apply
it to grow human hepatoma (HepG2) tumoroids of different dimensions and geometries. Focusing
specifically on the composition and thickness of the hydrogel shell, permeability of the
microcapsules is selectively tuned. The diffusion of the selected benchmark molecules through the
shell has been systematically investigated using both, experiments and simulations, which is
essential to ensure efficient mass transfer of small molecules and prevent large substances from
reaching the encapsulated cells. Depending on available space, phenotypically different 3D cell
assemblies have been observed inside the capsules, varying in the tightness of cell aggregations
and their shapes. Metabolic activity of tumoroids in microcapsules was confirmed by tracking the
turnover of testosterone to androstenedione with chromatography studies in a metabolic assay.
Because of the high reproducibility, compartmentalization, and facile tuning of the shell thickness
and permeability, our system is not only a great platform for the formation of cancer tumoroids,

but also a promising tool for the design and engineering of other cells.

1. Introduction

Cancer is a major public health problem and a leading cause of death worldwide.l! According to
the estimate from American Cancer Society’s Cancer Statistics Center, more than 800,000 people
per year are diagnosed with liver cancer, and more than 700,000 die each year throughout the
world.[Y1 While several types of cancer can be formed in the liver, hepatocellular carcinoma
represents around 80% of all cases. Historically, in vitro cell lines and in vivo murine models are
the most widely used methods for modeling liver cancers and therapy trials. Although two-
dimensional (2D) culturing has enabled pioneering advances in cancer biology, it fails to
recapitulate critical features of the three-dimensional (3D) organization of cells and extracellular

matrix (ECM) within tissues and organs.[® 3 Therefore, it is necessary to construct 3D structures
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of cells in order to reproduce these crucial characteristics. In recent years, organoids, a tiny, 3D
mass of tissue produced by the growth of stem cells (cells from which other cell types develop)
have been studied as a new 3D model to resemble key features of some organs, such as gene and
protein expression, metabolic function, and microscale tissue architecture in the laboratory.*]
Liver organoid systems derived from primary tissues or cells have been applied to investigate the
mechanisms associated with liver carcinogenesis and anti-tumor therapies.[® 71 The term “liver
organoids’ usually refers to organoids representing the special sinusoidal architecture of the liver.
They are ideally combined with endothelial cells, fibroblasts and Kupffer cells (sessile
macrophages), while other immune cells play a subordinate role in the liver. The applications of
organoids in liver tumor research (in this work referred as tumoroids) include, but are not limited
to, mechanisms responsible for liver tumor initiation and progression, lineage commitment
studies, drug screening and precision medicine, omics profiling, and biomarker discovery.-1%
However, there is still limited understanding of functional interaction between liver cancer cells
and the surrounding environment. 1 As this environment is distinct in terms of nutrient and
metabolite exchange, availability of space, interaction of cancer cells with the confining tissues,
and access of the immune cells, the tumors reveal extraordinary genetic and phenotypical diversity.
Thus, even with switching from 2D to 3D constructs, it is nearly impossible to mimic the variety
of conditions with the help of idealized tumoroid models. It is required to develop and optimize
new adaptable platforms enabling easy tuning of cell compartment parameters and thus the
modification of conditions for the preparation of liver tumoroids.

Conventional highly homogeneous organoid/spheroid production methods, including extracellular
matrix scaffold, spinning bioreactor, hanging drop, low-adherent cell culture plates, and magnetic
levitation method, demonstrate two main challenges: 1) lack of nutrient/waste exchange and 2)
lack of size reproducibility.[® 1121 To overcome these disadvantages, new technological advances,
such as microfluidic droplets, organ-on-a-chip, and acoustic droplet printing methods, have been
introduced.!***8 One of the most promising methods proposed is the use of microfluidic droplet
systems for organoid production. With remarkable advantages including high reproducibility,
miniaturization, as well as compartmentalization, these systems can produce 102 — 10% uniform
droplets within a minute, unlocking the great potential for organoid culture and overcoming the
problem of low reproducibility.[**-%31 Many different microdroplet generation systems have been

established to generate liquid droplets, hydrogel capsules, or beads for biomedical research.[2427]
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The single-cell droplet microfluidics has enabled high-throughput single-cell sorting, genome
sequencing and analysis, precise control of the microenvironment, and monitoring of the behavior
of single cells in real time.[?> 2831 Double emulsion systems within glass capillaries have been
used to generate ultrathin-shell liquid/gel capsules for studying the mechanics of tumor
progression and preparation of cell organoids.*2-34 Active microfluidic chips, with precise droplet
size control system, have been used to investigate stem cell organoids.[*® Although there are many
studies on single cells and cell organoid/spheroid preparation using microfluidic systems, deeper
investigations of organoid/spheroid assembly mechanisms and their dependence on the
microcontainer properties are still barely present in the literature.

Alginate (AL) based hydrogels with good biocompatibility, low toxicity, mild gelation property,
and relatively low cost, have been extensively investigated and used for many biomedical
applications, such as drug delivery, protein delivery, wound dressing, and cell culturing.t®6: 3]
Recently, with the assistance of microfluidics, monodispersed alginate hydrogel microbeads have
been used to enhance 3D cell culture and examine the influence on cell toxicity by applying
different gelation triggers.l*-4%1 However, alginate hydrogel can disintegrate in the physiological
environment due to the loss of calcium ions. Because of the biological inertia and limited space
within alginate hydrogels, the cells embedded in alginate cannot grow and differentiate into
ordered structures or typical organoids.*!] To overcome these drawbacks, alginate capsules,
alginate-based hybrid capsules, hollow microfibers, and aqueous-droplet-filled hydrogel fibers
have been used for organoid engineering, cell differentiation, luminal mechanics, and drug
screening, which displays the great potential of alginate shell for applications in biomedical
research.[32 34 42-46] Djyerse experimental parameters, such as concentration of chemicals, liquid
viscosity, and liquid flow rate were studied in the context of capsule preparation using
microfluidics.*> 471 Studies have used molecules with different sizes to evaluate the permeabilities
of alginate-chitosan and Ca-alginate/poly(ethylene imine) capsules by measuring the time that the
chemicals needed to diffuse into the capsules.*> “¥1 However, investigations regarding the
influence of different capsule shell permeability on cell organoids are still rare. Suitable shell
permeability is an essential requirement for cells within capsules to enable adequate supply of
nutrients, achieve sufficient waste excretion, and prevent the entry of specific substances from

reaching the loaded cells (e.g., such as immune cells and antibodies).[*?! Therefore, a systematic
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study regarding the impact of capsule permeability, as well as availability of free space in the
container on the formation and proliferation of cell tumoroids is of high significance.

In this study, we demonstrate a microfluidics-based reproducible approach to generate alginate
and alginate-chitosan-based microcapsules (AL MCs and AL-CS MCs, respectively) for culturing
HepG2 liver tumoroids. In a reproducible and high-throughput manner, the system can generate
hundreds of droplets within a few minutes, providing many culturing reactors in parallel and
enabling robust statistical data analysis. While keeping the capsule diameter constant (ca. 450-500
pm), we compared the generation processes for two types of MCs by varying the thickness of the
shell, from 5 to 150 um. Permeability of AL and AL-CS MCs was also studied using several
representative compounds of different sizes (from 376 Da to 2000 kDa), decorated by the
fluorescent tags. Furthermore, to understand the permeation of the respective chemicals through
the shell, we used a COMSOL Multiphysics model solving the system of equations governing
Fickian diffusion. Finally, we demonstrate the effect of capsule permeability on the HepG2 cell
aggregation, growth, and viability. The metabolic activity of tumoroids in AL and AL-CS MCs
was also confirmed by tracking a substrate (testosterone) to metabolite (androstenedione)
conversion with LC-MS/MS (Liquid Chromatography Tandem Mass Spectrometry). Interestingly,
different geometries of cellular assemblies have been observed inside the capsules, exploiting the
effects of available space, nutrient access, and interaction with the shell wall. This research
provides a new point of view towards cell/organoid culturing, engineering, as well as cell

proliferation in relation with the changes in capsule shell permeability.



WILEY-VCH

A Capsule generation
IF: HepG2 cells
MF {Q,F MF: NaA with SDS
OF: Hexane
Stirring’i:%
I\’F g: bath ‘\29
HepG2 CaCl, _solution
Cell culturing * (Ch't‘"sa")
« «
Growing Organoid Aggregation Cell-loaded
formation capsule
Day 2 Day 1 Day 0 Day 0
C Shell structure concept of microcapsules
() R TR X X A
I o i! »{} ‘ 1
: . NNy
) @ o KedlA a0 ik
w0 ' T TN s
(o; OH ] 1
" 0@ {§£@/ e
1 0, I \ 1
Alginate i H /X :E " ("““ .
_________________ [ ——=d
1 et elenl Pl % LTI T
B | T ERT
I HO D% [
W T
0—9%oH - ' Ho it Ny i 2
0 + | o 0 = | i 5K (ﬁ' Iz
HO HO | LI TR O3] 1§
I 1 ,\0“’.« -4
m n 1 _fo—Zon TR ':‘Q‘.?‘Q‘q | 2
i7"\ wo it '0‘1‘&&."\\‘ .-
Alginate Chitosan | m o &}i‘l.gg;g &R 2
R FE <0\ 00 W
s Negative charge & Positive charge @ ca? Alginate =~ ~—~_~ Chitosan

Figure 1. Microcapsule generation system and structure of microcapsules. (A) Schematic diagram
of the droplet-based microfluidic system used to fabricate calcium alginate (AL) or calcium

alginate-chitosan (AL-CS) composite hydrogel capsules and illustration of the timeline for main
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cell tumoroid formation processes. The human hepatoma cell line (HepG2) was used in this
research. (B) Representative SEM and EDS mapping images of freeze-dried AL (I-III) and AL-
CS (IV-VI) microcapsules generated under the same conditions (apart from 50 mM chitosan added
to the AL-CS capsule generation bath). (C) Proposed shell structure of AL and AL-CS
microcapsules: formation of core-shell microcapsules through a cross-linking reaction with Ca?*
(I), and interaction of alginate and chitosan polymers (II) (m, n, and x designate the numbers of
corresponding repeating units in polymer structures). (D) Representative optical micrographs of
AL (I) and AL-CS (II) microcapsules generated under the same conditions (apart from 50 mM
chitosan added to the AL-CS capsule generation bath).

2. Results and Discussion

2.1 Generation and Characterization of AL and AL-CS MCs

2.1.1 Generation of MCs

From 102 to 10% microcapsules (MCs) containing cancer cells inside the core were generated in a
droplet-based microfluidic system using simple off-the-shelf components (Figure 1A and Figure
S1). The microfluidic system is composed of two polytetrafluoroethylene (PTFE) cross-junctions
and several pieces of tubing (PTFE, nominal inner diameter of 0.5 mm). The system comprises
multiple inlets for the injection of different liquid phases used to generate the droplets (Figure S1A)
and capsule fabrication units (Figure S1IB&C). The multi-phase fluid inlets are utilized to infuse
the inner fluid (cell culture medium, IF), middle fluid (solution of sodium alginate (NaAL) with
sodium dodecyl sulfate (SDS), MF), and outer fluid (oil phase: hexane, OF) into the corresponding
PTFE tubing (Figure 1A). Table S1 in Supporting Information shows the combination of the flow
rates that were employed in this work to form droplets. A co-flow stream of cell medium and
NaAL is formed with the assistance of SDS as the surfactant at the first cross-junction (Figure
S1B). When the co-flow reaches the second cross-junction (Figure S1C), it is dispersed into small
droplets with diameters ranging from ~ 400 to 600 um in hexane. Finally, the droplets with NaAL
as the outer layer gel in the CaCl, bath under soft stirring (250 rpm) and become capsules with thin

shell (Figure 1B) that sediment at the bottom of the microwell. The CaCl, bath solution is
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exchanged with the cell culture medium within 5 min. Encapsulated cells aggregate inside the
capsules to generate tumoroids.

To determine a suitable concentration of CaCl? in the gelation bath for this study, we started

with the 3% w/v solution of alginate. An optimal concentration of CaCl? in the gelation bath was
experimentally determined by monitoring the microcapsule shape to be 200 mM, at which the
formation of microcapsules with approximately spherical shape was observed (Figure S2, refer to
section 4.4 Investigation of Parameters for Microcapsule Fabrication, for more details) which is
also in accordance with previous reports* “8l. During the preparation of AL-CS MCs, equal
concentration of CaClz was used in the bath with the addition of chitosan (50 mM, see Supporting
Information for more details). In the AL MC generation process, the droplets fall into the CaCl;
solution, and an egg-box structure is formed rapidly due to the diffusion of Ca®* and ionic cross-
linking of alginate chains (Figure 1C(II)). The electrostatic interactions between negatively
charged alginate and positively charged chitosan (Figure 1C(III)) support the formation of the
hydrogel shell.
The impact of flow rate on the change of capsule dimensions was also observed. When the same
flow rate parameters were used, no obvious differences in linear dimensions between AL (I) and
AL-CS (II) capsules were observed under the optical microscope (Figure 1D). Therefore, AL MCs
were used in further experiments to demonstrate the influence of flow rates on capsule formation.
The size distributions were obtained by measuring more than 200 capsules for each combination
of the flow rates (Figure S3 and Table S1). While keeping the flow rates of the IF and MF constant
(total flow rate of 2.5 mL-h!), the average diameter of MCs decreased from 530 * 43 pm to 508 +
56 um with the OF flow rate increase (in the range from 10 to 20 mL-h). When the OF flow rate
was fixed at 20 mL-h, the average size of MCs increased with the rise in flow rate of the IF or
MF flow rates. Further, when the MF flow rate was fixed at 1.5 mL-h?, the average MC size
increased from 466 £ 41 um to 520 + 50 pum with the increase of IF flow rate (in the range from
0.25to 1 mL-h). When the IF flow rate was kept at 1 mL-h, the average MC size increased from
447 + 41 pm to 508 £ 56 pm with the increase in the MF flow rate (in the range from 1 to 2 mL-h
1. Therefore, the diameter of MCs can be efficiently tuned by changing the flow rates.

2.1.2 Characterization of MC Composition and Morphology
To investigate the impact of compositional differences between MCs on cell metabolism, we used

two representative compositions, namely Ca-alginate microcapsules (AL MCs) and Ca-alginate-
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chitosan microcapsules (AL-CS MCs) formed under the same flow rate conditions (see Table S1
and Figure 1C&D). For these studies, the MCs were first frozen under liquid nitrogen and freeze-
dried for 36 h (refer to section 4.5 Microcapsule Characterization for more details). The samples
were characterized by Fourier-transform infrared spectroscopy (FTIR) and observed using
scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) mapping.
The FTIR spectra were used to compare the shell composition of AL MCs, AL-CS MCs, and pure
chitosan (Figure S4). In the FTIR spectrum of AL MCs, characteristic major alginate bands were
observed without notable shifts. The bands at 1592 cm™ and 1414 cm™ correspond to
antisymmetric and symmetric stretching of CO>™ in alginate, respectively, while the band at 1030
cmt indicates antisymmetric C-O-C stretching. This result confirms the absence of new chemical
bond formation which is in accordance with the expected physical cross-linking effect arising from
the interaction with Ca?* ions. Recorded FTIR spectrum of pure chitosan also shows characteristic
major bands such as amide | band at 1658 cm™, symmetric deformation band of CHs at 1375 cm
1 and skeletal C-O stretching band at 1027 cm™.

FTIR spectrum of AL-CS MCs is characterized by the overlap between the alginate and chitosan
bands and changes in band profiles determined by the mutual interaction of shell components.
Electrostatic interactions of alginate and chitosan cause two broad bands at 1602 cm™ and 1425
cmt indicating successful association of chitosan and alginate in the MC shell, probably in the
form of a polyelectrolyte complex.[*® 50

EDS mapping images show different distributions of C, O, Ca, and N in the MCs (Figure 1B). C,
O, and Ca distribute evenly in both types of MCs, while N is only detected in AL-CS MCs
indicating the presence of CS. Furthermore, there is also a slight difference in surface roughness
between AL MCs and AL-CS MCs. By comparing the MC morphology based on SEM images in
Figure S5A(IT) and Figure S5B(II), we can observe that the outer surface of AL MCs (square 1) is
smoother than the outer surface of AL-CS MCs (square 3). However, there is no obvious difference

in the inner surface roughness of AL MCs (square 2) and AL-CS MCs (square 4).
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Figure 2. Relation between microcapsule permeability and shell thickness. (A) Size distribution
of microcapsules (n > 200 microcapsules). Flow rates of the inner, middle, and outer fluid layer
are 1 mL-h%, 1.5 mL-h, and 20 mL-h%, respectively. Inset: a representative microcapsule image.
(B) Microcapsule shell thickness change with the modulation of flow rate ratio between the inner
and middle fluid layers. The flow rate ratios are 1:1 (I), 1:1.5 (II), and 1:2 (IIT), respectively. Mean
shell thickness was determined by measuring the n > 50 microcapsule shells using ImageJ. Scale
bars are 50 pum. (C-E) Influence of shell thickness on the permeability of microcapsules. The
capsules were generated using a gelation time of 5 min. C(I), C(II), and C(III) are representative
images of microcapsules with different shell thickness (~5 pum, 80 um, and 150 um, respectively).
D), D(I), and D(III) are representative images of fluorescent permeability tests performed on
C(I), CI), and C(III) using fluorescein sodium (376 Da). E(I), E(I), and E(III) are fluorescence
intensity profiles measured in the respective midlines of microcapsules marked with double arrow

lines. Scale bars are 200 um in the images and 20 pum in the insets.
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2.1.3 Engineering of the Microcapsule Shell Thickness

To optimize the thickness of the outer shell in MCs, the OF flow rate of 20 mL-ht was chosen,
with different flow rate ratios for IF:MF (1:1, 1:1.5, and 1:2) (for more details refer to Table S1).
While these parameters enable the formation of capsules with an outer average diameter of around
500 um (Figure 2A), change in the IF:MF flow rate ratio can significantly influence the shell
thickness of the capsule. After the gelation time of 5 min, MCs with a series of different thicknesses
were obtained in Ca?* bath and Ca?*-CS bath (Figure 2B). The thicknesses of both MC types
increase with the decrease in the flow rate ratio of IF:MF, which is due to the greater alginate
fractions. To quantify this effect, thicknesses of more than 50 capsules were measured for each set
of experimental parameters using ImageJ. When the droplets gelled in the Ca* bath, the achieved
thicknesses were 14 £ 7 um, 126 + 19 um, and 150 + 18 um, respectively. The shell thicknesses
of AL-CS MCs were only 7 £ 5 um under IF:MF = 1:1, 102 + 22 um under IF:MF = 1:1.5, and
143 + 16 pm under IF:MF = 1:15. By direct comparison of the corresponding shell thicknesses,
one can observe that the shells of AL-CS MCs are thinner than those of AL MCs. The decrease in
AL-CS MC shell thickness is presumably the consequence of electrostatic association between the

chains of AL and CS leading to the shrinking of hydrogel structure and reduction of porosity.

2.2 Permeability of AL MCs and AL-CS MCs

Microcapsules should be able to ensure efficient mass transfer of small molecules (like nutrients
and metabolites) through the shell as well as to prevent substances or biological objects of large
size, such as cells and antibodies, from reaching the cells.?? 35 431 State-of-the-art studies were
mainly dedicated to the influence of several factors on cell growth, such as concentration of
alginate, gelation triggers, and gelation bath.[*? %% 51 To understand the effect of MC shell
permeability on cell and tumoroid growth, we tested the diffusion of fluorescein sodium (FSC, 376
Da) in MCs with different shell thicknesses. Representative molecules of low, moderate, and high
molecular weight were used to test the size selectivity of permeation through the shell of both
types of MCs (AL and AL-CS).

2.2.1 Influence of Shell Thickness
As the thicknesses of both, AL and AL-CS MCs, grow in identical manner with the increase of
IF:MF flow rate ratio, we used the more stable AL-CS MCs with different shell thicknesses as

representative systems to demonstrate the influence of shell thickness on microcapsule



WILEY-VCH

permeability (Figure 2C). The capsules with ~5 pum, 80 um, and 150 um thick shell were fabricated
(see Table S1 for details). At first, the capsules were immersed in a5 mM aqueous solution of FSC
for 3 min to reach a concentration equilibrium between MC interior and the outside medium. The
MCs were then transferred into purified water and the diffusion was monitored using fluorescence
microscopy.

There are three distinct regions (MC core, MC shell, and outside medium) defining the diffusion-
controlled release kinetics of FSC absorbed by the MCs. At first, FSC diffuses out of the MC core
and enters the MC shell. FSC then diffuses through the MC shell and finally becomes released into
the outside aqueous medium. Figure 2D summarizes the corresponding images displaying the
recorded distribution of fluorescently labeled molecules within and around the capsules. As the
molecular weight of FSC is relatively low (376 Da), it rapidly permeates the shell and exits each
of the MCs within ca. 5 s. Significantly, the fluorescence intensity in the center of the capsule with
the thinnest shell (~5 um) was lower compared to the fluorescence intensities in the second (shell
thickness of 80 um) and third capsule (shell thickness of 150 um) after this equivalent time periods
suggesting faster fluorescein sodium permeation through the thinnest shell. In this permeation
monitoring experiment, fluorescent intensities for each MC were measured at different time points
and the corresponding profiles were extracted from the midline profile of each MC. These
fluorescence intensity profiles are depicted in Figure 2E. The average intensity in a center area (lin)
and the average intensity on a circle (lout) was used to determine the equilibration time (Figure
S6A). With the increase in thickness, the rate of fluorescence intensity change slows down (Figure
S6B). For MCs with shell thickness of ~5 um and 80 pm, the concentration equilibrium is reached
within about 20 s and 50 s, respectively. However, it takes about 80 s to reach the equilibrium for
MCs with shell thickness of 150 pum. In conclusion, with the shell thickness increase, the

permeability of MCs decreases.
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Figure 3. Permeability of AL-CS MCs generated using a gelation time of 5 min to fluorescein
sodium (FSC) (376 Da), FITC-bovine serum albumin (FITC-BSA) (66.7 kDa), FITC-Dextran 70
(70 kDa), and FITC-Dextran 2000 (2000 kDa). (A) Representative images of fluorescence-based
permeability tests for FSC in cell culture medium diffusing through AL-CS MCs. Scale bars are
200 um. (B) Simulated 2D spatial profiles of FSC concentration at different time points during the
release of FSC from AL-CS MCs. Scale bar is 500 um. (C) Midline profiles of FSC release from
AL-CS MCs obtained from experimental measurements of fluorescence intensity and predicted by
the diffusion model. (D) Representative fluorescent micrographs obtained after immersing AL-CS
MCs in FITC-BSA (1 mg-mL™) and FITC-Dextran 2000 (5 mg-mL™) solutions for 2 h before and
after washing with cell medium. (E) Ratio of effective diffusion coefficient (Deff) in the
microcapsule shell and free diffusion coefficient in water (D) for different fluorescent reporters
(FSC, FITC-Dextran 70, and FITC-Dextran 2000). FSC and FITC-Dextran 70 can freely diffuse
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through the shell (Def/Dsree ~ 1), while FITC-Dextran 2000 cannot permeate the shell even after a
long period of immersion (Des/Dfree — 0). (E, inset) Molecular weights of representative DMEM
cell culture medium components (inorganic salts, amino acids, carbohydrates, and vitamins). Due
to the low molecular weight, all components of DMEM can freely diffuse through the shells of
MCs.

2.2.2 Molecular Size-selective Permeability and Influence of Chitosan

AL and AL-CS MCs were generated using flow rates of IF =1 mL-h?, MF = 1.5 mL-h?, OF = 20
mL-h (see Table S1), which results in the average shell thickness of about 100 pm for AL and
AL-CS MCs. FSC (376 Da), FITC-Dextran 70 (70 kDa), and FITC-Dextran 2000 (2000 kDa)
solutions were used to represent the molecules of low, moderate, and high molecular weight,
respectively, to test the size selectivity and permeability of MCs. AL MCs and AL-CS MCs were
firstly immersed for predefined time periods in the solutions of fluorescein sodium (3 min), FITC-
Dextran 70 (40 min), and FITC-Dextran 2000 (24 h). As both microcapsule shells show similar
kinetics of diffusion for the representative chemicals, we further demonstrate the results for AL-
CS MCs in the main text (AL MCs are characterized in the Supporting information, Figure S7).
Furthermore, the modeling of diffusion processes was carried out using COMSOL Multiphysics.

The dynamics of fluorescence change in the MCs is summarized in Figure 3A, B&C using a
representative example of FSC permeation through AL-CS MCs. Due to its low molecular weight,
FSC is practically completely released from the inside of AL-CS MCs to the outside medium by
passive diffusion within a couple of minutes. Such result indicates good permeability of AL-CS
MCs for small molecules. To further investigate the permeability of AL-CS MCs, we exploited
the diffusion model of FSC transport. We compared the simulated midline concentration profiles
of FSC obtained from the diffusion model at different time points with normalized experimental
data (see Figure 3C) to analyze the diffusion behavior and estimate the effective diffusion
coefficient (Detf) of the MC shell. Evolution of simulated concentration profiles follows the results
expected from Fick’s laws indicating that diffusion rate is defined by the diffusion coefficients,
MC shell thickness, and spatial gradient of solute concentration. Simulated 2D spatial profiles of
FSC concentration at different time points during the permeation experiment are illustrated in
Figure 3B and can be correlated with the time series of fluorescent micrographs shown in Figure
3A.
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Modeling of fluorescein sodium diffusion through the AL-CS MCs was performed by assigning
the diffusion coefficient corresponding to free diffusion (Dfree) of FSC in water previously reported
in the literature (Drsco = 436 um?-s? 2)) as a parameter describing all regions of the geometry
(MC core, MC shell, and outside medium). This reflects the reasonable initial assumption of
negligible interaction between a small FSC molecule and hydrogel within the relatively thin MC
shell due to the much larger mesh size of the hydrogel. Comparison between midline diffusion
profiles of FSC predicted by the model and the profiles extracted from experimental data is
illustrated in Figure 3C and shows a visually evident good overlap between the predicted and
experimental profiles for AL-CS MCs. Therefore, we expect that FSC can diffuse freely through
the MC shells immersed in cell culture medium. Practically identical results for FSC as a
permeating model solute were obtained in the case of AL MCs (Figure S7) indicating that
unhindered diffusion of FSC is achievable in both MC types.

Analysis of FITC-Dextran 70 diffusion yields overall similar trends comparable to the case of FSC
diffusion for both MC types (Figure S8), if the literature value for diffusion coefficient of FITC-
Dextran 70 in water is assigned as the parameter for all geometric regions (33 um?.st B3,
However, FITC-Dextran 70 release from MCs occurs on a much longer timescale, making the
fluorescent signal more sensitive to the effects of photobleaching and quenching interactions while
permeating the microcapsule shell. Therefore, the most reliable signal for real-time monitoring of
FITC-Dextran 70 permeation was captured in the MC core region where experimental and
predicted profiles show good overlap during the initial few minutes (Figure SBC&F). At later time
points, experimental concentration profiles of FITC-Dextran 70 show an accelerating downward
drift compared to the profiles predicted by the model, which can be explained by pronounced
photobleaching of the fluorescent probe.

Finally, in the case of FITC-Dextran 2000 as model solute, there was no obvious fluorescence
detected within the microcapsules even after they were immersed in the FITC-Dextran 2000
solution for 24 h (see Figures 3D and S9). Such result indicates that FITC-Dextran 2000 molecules
cannot pass through the shell and diffuse into the aqueous core compartment of MCs.

When taking into account the hydrodynamic radii of FITC-Dextran 70 (5.8-6.4 nm!®®) and FITC-
Dextran 2000 (27 nm B¥), the value of average pore size for our MC shells can be roughly

estimated as 20-25 nm in cell culture medium. The estimated range of average pore size is slightly
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higher than the range previously reported for 3% alginate hydrogels cross-linked with CaCls.[%
Such difference can likely be attributed to the lower cross-linking density in our hydrogels.

Our findings demonstrate that the shell pores of both AL and AL-CS MCs are large enough to
allow for the transport of molecules in a broad range of molecular weights (Figure 3E) including
essential nutrients (inorganic salts, amino acids, carbohydrates, and vitamins; see inset in Figure
3E), metabolites like androstenedione (286 Da), and even large macromolecules (~70 kDa), which
are present in the serum.

Finally, it is necessary to associate the above permeability studies with the realistic components of
the culture medium DMEM, supplemented with 10% fetal bovine serum and antibiotics, which is
used for incubation of HepG2 cells. According to the findings of our microcapsule permeability
experiments and diffusion modelling results, both types of microcapsules are expected to be
permeable to all DMEM components. These components typically have smaller or comparable
molecular weight (approximate range from 60 to 480 Da, see the inset in Figure 3E) relative to the
model molecule FSC (376 Da). Thus, all DMEM components should be able to freely diffuse
through the microcapsule shells. Similarly, we expect relatively unhindered diffusion to be
possible for macromolecules present in the fetal bovine serum with sizes comparable to the size of
FITC-Dextran 70 (hydrodynamic radius of 5.8-6.4 nm[>]).

However, molecular weight of the permeating molecules and pore size of the microcapsule shell
are not the only parameters determining the diffusive transport through the microcapsule. The
nature of interactions between the permeating chemical species and the shell may affect the
transport of nutrients through the microcapsule. To demonstrate this, we monitored and analyzed
the permeation of fluorescently labeled bovine serum albumin (FITC-BSA) through MC shells in
real time. While the molecular weight of BSA is relatively small (ca. 67 kDa) suggesting free
diffusion through the shell (see Figure 3E), its interaction with the shell may cause the
misinterpretation of permeability studies carried out using fluorescent labels. For instance, while
the loading tests clearly indicate the permeation of FITC-BSA through the MC shell (Figure 3D),
reliable real-time monitoring of FITC-BSA diffusion was impeded by pronounced reduction in the
fluorescence intensity during release experiments corresponding to the unrealistically high values
of Desr for FITC-BSA. This trend can be explained by electrostatic and adsorption interactions
between the FITC-BSA and polyelectrolyte hydrogel matrix of the MC shell leading to significant

quenching of fluorescence.



WILEY-VCH

Time to equilibrium was determined by assessing the fluorescence change of FSC and FITC-
Dextran 70 probes for different microcapsule types. AL and AL-CS MCs prepared using different
gelation times (5 or 10 min) were firstly immersed for a predefined period in the solutions of
fluorescein sodium (5 min) or FITC-Dextran 70 (60 min), and then transferred to cell medium.
Equilibrium was reached after around 3 min for FSC and about 20 min for FITC-Dextran 70 in the
case of AL and AL-CS MCs with shell thickness of ~100 pum which were gelled for 5 min (Figure
S6C&D). Time to equilibrium for AL and AL-CS MCs with the same shell thickness gelled during
10 min (see recorded fluorescence data in Figure S10) was around 8 min in case of fluorescein
sodium diffusion (around 5 min longer than for MCs gelled during 5 min). For FITC-Dextran 70,
the equilibrium in these MCs was not reached even after 60 min of immersion and the initial
fluorescence intensity in both, AL and AL-CS MCs, was significantly lower than the fluorescence
intensity in MCs prepared using the gelation time of 5 min. Such trend in the findings indicates
that the increased gelation time leads to the decrease in capsule permeability, presumably due to
the more effective cross-linking. Comparison of fluorescence intensities recorded for the two MC
types shows that the initial fluorescence intensity of each probe in AL-CS MCs was much lower
than the intensity in AL MCs.

Through these assessments, we confirmed the presence of different selective shell permeabilities
for AL MCs and AL-CS MCs ensuring the desired physical isolation of the encapsulated tumoroids
from the large biochemical or biological components. In addition, gelation time and the thickness
of the MC shell can be used as key parameters to actively modulate the rate of nutrient diffusion
into the MCs. Furthermore, investigation of the size-selective permeability suggests that the
appropriate transport of critical nutrients for maintaining cell viability and function such as glucose,
amino acids, and metabolites (e.g., androstenedione and 6-hydroxytestosterone) can be
successfully engineered by optimizing the aforementioned key parameters. AL MCs and AL-CS
MCs generated in this study meet the criteria for cell encapsulation and represent a promising
platform for investigating the influence of various chemical agents on the growth and viability of

cells and tumoroids.

2.3 Growth and Metabolism of HepG2-Derived Tumoroids in AL MCs and AL-CS MCs

Results of our MC permeability assessment show that, although the properties of AL and AL-CS

MCs are similar, AL MCs still exhibit more efficient mass transfer during the same time period
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than AL-CS MCs generated under the same conditions (Figure S11). Next, we investigated the

variations in cell proliferation using HepG2 liver cancer cells (a common in vitro model system
for the study of polarized human hepatocytes®) as the model system growing within AL MCs

and AL-CS MCs which are characterized by different permeability and shell properties.
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Figure 4. Rapid formation of liver tumoroids. (A) Illustration of preparation processes of the liver
tumoroids using HepG2 cells. (B) Representative optical images of AL and AL-CS microcapsules
loaded with liver tumoroids on day 2, day 5, day 7, day 9, and day 12. (C) Tumoroid size
measurement in AL and AL-CS MCs (data shown as mean £ SD; One-way ANOVA test; **p <
0.01 and ****p < 0.0001, n>10). (D) Different cell gathering in microcapsules: loose clusters (I),
tight clusters (II), and tadpole clusters (III). (E) H&E staining of different cell clusters in
microcapsules: loose clusters (I), tight clusters (IT), and tadpole clusters (IIT). The scale bars in (B
& D) are 200 um, and in (E) are 50 pm.
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2.3.1 Encapsulation, Cultivation and Characterization of HepG2-Derived Tumoroids in AL MCs
and AL-CS MCs

We investigated the feasibility of using AL MCs and AL-CS MCs as 3D scaffolds for engineering

liver tumoroids from inoculated HepG2 cells (Figure 4A). Prior to the formation of such tumoroids,
HepG2 cells were first cultured in a flask, until their initial viability was higher than 85%. After
subsequent trypsinization and resuspension, culture medium with cell density of 1x107 cells‘mL*
was used as the IF for encapsulation experiments at a flow rate of 1 mL-h™. This protocol resulted
in an optimized concentration of approx. 250 cells per MC. A 3% w/v alginate solution with 0.5
mM SDS was used as middle fluid (MF) at a flow rate of 1.5 mL-h™:. The droplet generation
process was followed by 5 min of gelation in a solution containing 200 mM Ca2* with or without
added chitosan (50 mM), which resulted in the shell thicknesses of 126 + 19 um (AL MCs, n = 50)
and 102 + 22 um (AL-CS MCs, n = 50) (for details refer to section 2.1.3 Engineering of the
Microcapsule Shell Thickness). Afterwards, the capsules were collected in a 24-well microplate,
washed twice with the cell culture medium and cultured in the microplate wells under a humidified
atmosphere with 5% CO; at 37 °C. After one day of culturing within the MCs, the cells gather into
clusters and then form the seeds for larger tumoroids. Within one week, an average size of ca.
5000 pum? within both, AL MCs and AL-CS MCs was reached, as demonstrated in Figure 4B. In
the following 5 days, the tumoroids in AL MCs maintained the rapid growth rate, while those in
AL-CS MCs exhibited slower proliferation.

To quantitatively evaluate the increase in the dimensions of these liver tumoroids in MCs, the
average sizes of the tumoroids were calculated by measuring more than 50 tumoroids (Figure 4C)
in separate confinements. A trend can be observed showing that tumoroids grow faster in AL MCs
compared to AL-CS MCs during 12 days of culturing. Tumoroids in AL MCs increase in size on
average from ~900 pm? to ~20,000 pm?, while the average size of tumoroids in AL-CS MCs
reaches only ~10,000 um? on day 12.

Notably, we observed that cells gather differently during the first 5 days of proliferation. Most of
the cells gathered as loose clusters (LC, Figure 4D(1)) showing a high degree of transparency and
weak attachment of cells to each other. Some categories of cells were organized into tight clusters
(TiC, Figure 4D(Il)), where the intercellular distance was decreased as indicated by low
transparency in comparison with LC. Interestingly, we also observe the elongated clusters

(resembling the tadpole shape) that have their origin at the surface of the shell and point towards
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the capsule center in both AL MCs and AL-CS MCs (TaC, Figure 4D (111)). We assume that such
rare type of cancer cell assembly was formed due to the local surface inhomogeneities at the inner
side of the MC shell (including the effect of electrostatic interactions) facilitating the anchoring of
the cells. Abundance of nutrients near the MC surface enables cell division along the radial
direction and thereby determines the final outwards pointing orientation of the tadpole clusters. To
compare the aggregation levels of these clusters, the MCs were embedded in gelatin and cut into
20 pum thick slices for hematoxylin and eosin (H&E) staining (Figure 4E). It is obvious that the
LCs show the lowest contrast, followed by a higher contrast of TaCs, and the TiCs show the highest
contrast. The results of H&E staining experiments confirm that cells within the MCs gather into
clusters of different tightness.

To assess the differences in tumoroid formation between the two types of MCs, more than a
hundred tumoroids were counted on day 9 and classified based on clustering morphology. The
fractions of LCs, TiCs, and TaCs in more permeable AL MCs were 62.6%, 25.8%, and 11.6%,
while the fractions of same clusters in less permeable AL-CS MCs were 39.6%, 49.5%, and 10.9%,
respectively. Such results indicate that HepG2 cells gather into tighter clusters within capsules
exhibiting lower permeability. Hence, different permeability of MCs does not only influence the
size and viability of liver tumoroids, but also their formation. Therefore, by tuning the permeability
of MCs for liver cancer cell culturing, we can engineer tumoroids suitable for biomedical research

applications such as drug testing and metabolism assessment.
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Figure 5. Cell tumoroid viability and metabolic activity. (A) Viability of tumoroids in AL (I) and
AL-CS (IT) microcapsules during culturing at day 0, day 2, day 5, day 8, and day 12 using Calcein
AM/PI (Live/Dead) assay. (B) Concentrations of testosterone and androstenedione in HepG2
monolayer (1) and in encapsulated HepG2 tumoroids (I1) after a 4 h of incubation with 10 uM
testosterone. Upper panel illustrates metabolic data for the monolayer and highlights the influence
of different cell densities on the metabolic activity. Lower panel shows metabolic data for

encapsulated tumoroids and respective controls. Data shown as mean £ SD; One-way ANOVA
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test for (A and B(I)), Student’s t-test for (B); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
n>3. Notation: NC = no cells, EM = empty capsules, AL = alginate, AL-CS = alginate-chitosan,
Andr. = androstenedione. (C) Representative 3D optical images and Live/Dead staining images of
cell-loaded AL microcapsules (I) and AL-CS microcapsules (II) on day 19: regions marked with

1 designate loose clusters and those marked with 2 designate tight clusters.

2.3.2 Tumoroid Viability and Metabolism

To measure the overall viability of liver tumoroids in different MCs, Calcein AM/PI (Live/Dead)
staining was used. We confirmed that after one week of culturing, the viability of tumoroids was
higher than 90% in AL MCs and higher than 80% in AL-CS MCs (Figure 5A). Our data also shows
that the viability of liver tumoroids in AL MCs remains higher than 80% on day 12, while the
viability of liver tumoroids drops slightly below 80% in AL-CS MCs. The tumoroid viabilities in
three different cluster categories were also compared using Live/Dead staining on day 9. The
viabilities of LCs and TaCs were both higher than 90%, while the viability of TiCs was only 65%
(Figure S12). The greater proportion of dead cells in TiCs is presumably due to hypotonicity
caused by tight packing of cells.

We continued the culturing of tumoroids in the MCs also for a longer period. Interestingly,
compared to the previous report of capsules with a thin shell becoming deformed and ruptured
within 8 to 12 days,* the TaCs in our capsules drilled through the MC shell and proliferated
outside of MCs within 14 to 20 days (Figure S13). The 3D images of AL MCs and AL-CS MCs
showing a clear structural difference in HepG2 cell growth on two different MC types were also
obtained (Figure 5C). For comparison purposes, we also collected the 3D Live/Dead staining data.
The cells tend to almost cover the outer surface of AL MCs evenly, while they are prone to
proliferate vertically on the outer surface of AL-CS MCs, thereby forming a pyramid-like structure.
In both types of MCs, there is a higher proportion of dead cells within the MC core, which is
presumably caused by stronger effect of hypotonicity and limited nutrient access in this region.
However, the cells proliferating on the surface of microcapsules are still alive even after one month
(Figure S14).

To confirm the metabolic ability of the cancer tumoroids, testosterone to androstenedione turnover
was chosen as suitable parameter and measured with LC-MS/MS (liquid chromatography tandem

mass spectrometry, Figure 5B)7]. As expected for viable HepG2 cells, both HepG2 cultured in
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AL MCs or AL-CS MCs showed marked consumption of testosterone accompanied with an
accordingly high formation of androstenedione and hence overall high metabolic ability of the
cells. Interestingly, the detected concentration of androstenedione in AL-CS MCs was found to be
slightly higher than in AL MCs (Figure 5B(II)). This result can be mainly attributed to the breaking
of many AL MCs during the KHB washing process, which led to the removal of some tumoroids
and broken capsules from the wells. By comparing with the metabolic results for different cell
densities (Figure 5B(I)), it was found that the formed amount of androstenedione in AL-CS MCs
approximately corresponds to the amount formed by 1-2x10° cells-well™. To be more accurate
when assessing the metabolic ability of HepG2 cells in two MC types, the remaining number of
MCs of each type was determined after incubation and the corresponding average concentration
of androstenedione per capsule was calculated. Obtained results (FigureSB(Il)) show similar
average concentrations of the metabolite generated by cells in AL MCs and AL-CS MCs. These
results are in accordance with other experimental data generated in this study, confirming that
HepG2 cells can not only adequately proliferate but also retain their metabolic ability in either AL
MCs or AL-CS MCs. We also did a quick exemplary calculation and found that approx. 2.23 fmol
androstenedione is formed by 1 cell in monolayer within the 4 h incubation based on cell growth

(data calculated from Figure 5B(I), 1x10% cells). Based on initial cell density and their proliferation
rate (approx. 1.6x10* cells after culturing 7 days), as well as the measured androstenedione
amounts (2.82x10* fmol/capsule) in the capsules, there is approx. 1.76 fmol androstenedione
formed by 1 cell in tumoroids within the 4 h incubation. This result indicates that the encapsulated
cell shows a comparable manner to monolayer cells. The slight deviation maybe caused due to the
different conditions of culturing, including 3D structure of tumoroids, matrix of capsules, and
prolonged incubation. Promising proliferation and metabolic capabilities enable their use as liver
tumoroids models for further research in biology and medicine.

In addition, the method exemplarily was also extended to the human melanoma cell line A375, a
cell line that can exhibit anti-xenobiotic activity by inducing various cytochromes.®®! Which
showed clear, albeit lower metabolic activities than HepG2 cells (Figure S15). The melanoma cells
differ from the HepG2 cells in terms of proliferation, metabolic capacity and malignancy, among
other things, which should serve as evidence at this point that the methodological approach

investigated here can in principle also be applied to other tumor entities.
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3. Conclusion

In summary, a low-cost cross-junction based microfluidic droplet system was constructed and used
to generate AL MCs and AL-CS MCs for culturing liver HepG2 tumoroids growing in
supplemented DMEM medium. This system can generate 10? — 10® MCs within a few minutes and
hence provide many reproducible culturing reactors in parallel for research. We systematically
investigated the effects of capsule generation parameters and shell thickness (range from ~ 5 pum
to 150 um) on capsule permeability. Suitable permeability of both microcapsule types was
confirmed using fluorescent probes of different sizes, and it represents an important asset for the
growth of cancer cells inside microcapsules allowing sufficient nutrient supply and preventing the
entry of large contaminants from the outside medium. The AL-CS MCs show lower permeability
than AL MCs generated under the same experimental conditions. Moreover, a numerical model in
COMSOL Multiphysics was used to simulate and analyze the kinetics of the MC diffusion process.
Results of the modeling match the diffusion kinetics observed in the experiments and provide the
possibility to estimate the effective diffusion coefficient of the MC shell. In the early stage of
tumoroid culturing (ca. one week) higher viability of cells was observed in less permeable AL-CS
MCs than in AL MCs fabricated under the same conditions, while this viability trend becomes
reversed in the later culturing stage. Such cell viability alterations in AL-CS MCs are presumably
caused by the lower permeability and hypotonicity which aid cell aggregation in the early stage
but simultaneously also enable slower nutrient exchange for cell proliferation in the later stages.
Furthermore, we observed different loose and tight cell cluster morphologies, also including cell
proliferation along radial directions in both MC types. The tumoroids in AL MCs and AL-CS MCs
both show a comparable manner to gold standard methods like monolayer assays. Compared to
the previously reported cell organoid preparations using microfluidic systems, our system can
produce MCs with tunable permeability, hence providing a great platform for the formation of
liver tumoroids. Since the permeability differences between MCs influence tumoroid formation,
cell proliferation, and metabolic ability of cells, engineering of MC permeability is an effective
method for the design of liver tumoroids. Our approach holds promise for the design and culturing

of various tumoroids and opens a new perspective towards organoid engineering.
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4. Experimental/Methods Section
4.1 Materials

In this study, we utilized the following reagents: sodium alginate (NaAL, Sigma-Aldrich, N/A),
sodium dodecyl sulfate (SDS, Sigma-Aldrich, 98.5%), chitosan (CS, Sigma-Aldrich, low
molecular weight, N/A), phosphate Buffered Saline tablet (PBS, Sigma-Aldrich), CaCl, (Merck,
99.5%), hexane (Fisher Scientific, 95%), fluorescein sodium (FSC, Sigma-Aldrich, 376.27 Da),
Albumin—fluorescein isothiocyanate conjugate (FITC-BSA, Sigma-Aldrich, 67 kDa), Fluorescein
isothiocyanate—dextran (FITC-Dextran 70, Sigma-Aldrich, 70 kDa), FITC-Dextran sulfate sodium
salt (FITC-Dextran 2000, Sigma-Aldrich, 2000 kDa), acetic acid (Carl Roth, 100%), acetone
(Sigma-Aldrich, 96%), acetonitrile (ACN, Fisher Scientific, 99.9%), Trypsin (Biochrom), sucrose
(Carl Roth), gelatin (Carl Roth), Calcein AM and Propidium iodide (PI) (VWR (Corning)),
Hematoxylin (Sigma-Aldrich), Eosin B (Sigma-Aldrich), RotiMount (Carl Roth), Roticlear (Carl
Roth), testosterone (Sigma-Aldrich). The HEPES-supplemented Krebs-Henseleit-Buffer (pH 7.4,
KHB) was freshly prepared using HEPES (5.95 ¢g/L), D-glucose (2.0 g/L), magnesium sulfate
(0.141 g/L), potassium dihydrogenphosphate (0.16 g/L), potassium chloride (0.35 g/L), sodium
chloride (6.9 g/L), calcium chloride dihydrate (0.373 g/L), and sodium bicarbonate (2.1 g/L)
followed by adjustment to pH 7.4 with NaOH. All reagents were used as received without

additional purification.
4.2 Solution Preparation

The middle fluid (MF) was prepared by dissolving NaAL in deionized water to reach the
concentration of 3% w/v and then adding SDS to reach 0.5 mM concentration.

The outer fluid (OF) solution was prepared by dissolving CS in deionized water to reach the
concentration of 1% (w/v) and then adjusting the pH to 5 using acetic acid.

The CaCl bath was prepared as an aqueous solution of CaCl, with concentrations in the range
from 100 mM to 400 mM. The CaClz bath with CS was prepared by adding 25 pL of 1% (w/v) CS
solution into CaClz bath to reach 1000 pL of solution volume.

NaAL solution was sterilized under UV light for 2 h. Other solutions were purified using 0.2 um
syringe filter (VWR). All prepared solutions were stored in the refrigerator at 5 °C until further

use.
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4.3 Formation of the Microcapsules

For preparation of alginate microcapsules (AL MCs) or alginate-chitosan microcapsules (AL-CS
MCs), water/water droplets were generated using cross-junctions water-in-oil system. Briefly, the
three fluid phases (cell medium: IF, MF, OF) were loaded into 1 mL, 2.5 mL, and 10 mL syringes
(SGE, Analytical science). Flow rates used in this work are shown in Table S1. The flow rates
used in the generation of MCs for cell culturing were: qir= 1 mL-h?, que= 1.5 mL-h%, qor = 20
mL-ht. After the initiation and stabilization of the flows, compound capsules were directed to a
gelation bath which contained 200 mM CaCl (and 50 mM CS when preparing AL-CS MCs). The
concentration of CaCl, and CS was determined according to the cell culturing test to reach a

suitable permeability for cell proliferation (refer to Supporting Information for more details).
4.4 Investigation of Parameters for Microcapsule Fabrication

To produce MCs with a uniform size and morphology in a controllable fashion, we explored the
effects of some key parameters in the capsule generation system. To investigate the influence of
flow rates in the microfluidic system, we examined the inner fluid (IF) flow rate ranges from 0.5
to 1 mL-h™, middle fluid (MF) flow rate ranges from 0.5 to 2 mL-h%, and the outer fluid (OF) flow
rate ranges from 10 to 20 mL-ht. The exact flow rates are listed in Table S1. An optical microscope
(Axio Observer, Zeiss) was used to capture the images. These acquired images were later used to
manually measure the sizes of MCs using ImageJ.

To investigate the effect of CaCl> concentration on cross-linking, different concentrations of CaCl.
in the gelation bath (100, 200, 300, and 400 mM) were used to fabricate the MCs.

4.5 Microcapsule Characterization

Fourier-transform infrared spectroscopy (FTIR): Fourier transform infrared spectroscopy (FTIR)
was performed on a Spectrum 100 (Perkin Elmer, Inc., USA) spectrometer with a scan range of
4000-400 cm™. To assess the chemical composition of AL MCs and AL-CS MCs, FTIR spectra
of AL MCs, AL-CS MCs and CS were obtained from freeze-dried capsules using Tensor II (Bruker)
equipped with an attenuated total reflectance (ATR) accessory at ambient temperature with a

wavenumber resolution of 1.5 cm™'.
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The MC samples dispersed in aqueous solution were first frozen under liquid nitrogen for 5 min,
and then freeze-dried (Alpha 2-4 LSC plus, Christ) for 36 h.

Scanning electron microscopy (SEM): To observe the morphology of MC surfaces, freeze-dried
capsules were fixed on a conductive carbon adhesive tape. The SEM images of MC cross section
were acquired using the Phoenix XL Microscope at an acceleration voltage of 5 kV after sputter-
coating an approximately 7 nm thick layer of gold. EDS mapping and electronic elemental analysis

were recorded using an SEM detection accessory at an acceleration voltage of 15 kV.
4.6 Immunoisolation and Diffusion Experiments

The diffusion through the shell of hybrid MCs was monitored using 5 mM solution of FSC (376
Da), 1 mg-mL solution of FITC-Dextran 70 (70 kDa), and 5 mg-mL* solution of FITC-Dextran
2000 (2000 kDa), as fluorescent probes representing small molecules, proteins, and
macromolecules, respectively.

Fluorescent probe immersion and permeation experiments: The newly fabricated MCs were
immersed in the solution of the corresponding fluorescent probe that is expected to diffuse across
the MC shell and enter the MC after a predefined period in the dark at ambient temperature (3 min
for fluorescein sodium and 30-60 min for FITC-Dextran 70). The MCs containing absorbed
fluorescent probe were subsequently immersed in water or cell medium and the diffusion was
monitored under an optical microscope (Axio Observer, Zeiss). The light detection mode
contained a filter set (495 nm beamsplitter, 450-490 nm excitation, and 500-550 nm emission,
Zeiss). Fluorescent micrographs were acquired as snapshots at different stages of the diffusion
process at defined time points considering the permeability of different fluorescent probes. To test
the influence of thickness change on permeability, fluorescein sodium experiment was carried out
in water and lasted only 2 min in total (with the exposure time of 0.2-0.3 ms for each micrograph).
To compare the permeability of AL MCs and AL-CS MCs in cell medium, experiment with
fluorescein sodium lasted 3-10 min (with the exposure time of 0.2-0.3 ms for each micrograph),
experiment with FITC-BSA (1 mg-mL™) lasted 30-120 min (with the exposure time of 5-10 ms
for each micrograph), while the experiment with FITC-Dextran 70 and 2000 continued for 30-120
min in total (with the exposure time of 0.5-2 ms for each micrograph). In the case of FITC-Dextran
2000 probe, the micrographs were acquired after 24 h (with the exposure time of 10-20 ms). The

absolute fluorescence intensity was measured using ZEN 3.3 (blue edition) software.
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4.7 Modeling of solute diffusion through AL and AL-CS MCs

4.7.1 Preprocessing of fluorescent micrographs for solute diffusion modeling

Fluorescence images were acquired at predefined time points determined by preliminary tests of
diffusion rate using the optical microscope (Axio Observer, Zeiss). In order to extract required
data for monitoring the diffusion of solutes through MCs, raw fluorescence micrographs were
processed using Imagel (1.53k[%) and then imported in MATLAB programming package
(Release 2018b, The MathWorks, Inc., Natick, Massachusetts, United States) to extract the MC
midline fluorescence intensity profiles using a custom script.

To measure the effective radius, MCs were segmented from the green channel of fluorescence
images recorded at t = 0 using automatic thresholding and the ellipse was fited to the outline of the
segmented MC object. Effective MC radius was calculated as r = (a+b)/2 where a and b are the
semi-major and semi-minor axes of the fitted ellipse. Mean thickness of the microcapsule shell
was determined directly from the green channel of fluorescence micrographs acquired at t = 0
(before bringing MCs in contact with the release medium) by manually measuring the thickness at
20 random locations on the shell and then calculating the mean value. To achieve accurate spatial
alignment of diffusion profiles within a time series of fluorescence recordings, raw fluorescence
micrographs at each time point were subjected to threshold-based segmentation applied on the
green channel. Afterwards, MC *’center of mass’’ coordinates were measured in ImagelJ for each
of the segmented MC objects. Data about microcapsule position were further used as an input to
the custom MATLAB script to align extracted midline fluorescence intensity profiles. All profiles
were normalized (range from 0 to 1) and further used to define initial conditions in the model or

to compare modeling results with the experimental data.

4.7.1 Modeling of solute diffusion through AL and AL-CS MCs

Modeling of diffusion through microcapsules was performed in COMSOL Multiphysics
(COMSOL Multiphysics® v. 5.2, COMSOL AB, Stockholm, Sweden) using the Chemical Species
Transport module and Transport of Diluted Species interface applied to the 2D circular geometry
of the model to minimize the computation time, while assuming axial symmetry around the z-axis
to adhere with spherical symmetry of the MCs. The model takes into account the diffusion of a
single fluorescent compound (fluorescein sodium or FITC-Dextran 70) as a dilute solute in

aqueous media through three different regions of interest represented as a semicircle (MC core)
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and two consecutive semicircular rings (MC shell and outside medium) (Figure S16). Geometry
of the analyzed capsule was represented using the mean values of the MC core radius and shell
thickness obtained from the previously described image analysis in ImageJ. Outside medium is
represented as an additional outer shell added after the microcapsule shell with the thickness
calculated to reach 2.5 mm radius of the outermost sphere defining the boundary of the release
medium.

To simulate Fickian diffusion of the solute within the model geometry, we numerically solve the

system of equations describing Fick’s laws built into the Transport of Diluted Species

interfacel®:
¢ = —DVC (1)
ac
- = DV2C 2

where ¢ designates the molar flux, D the diffusion coefficient, and C the molar concentration of

the solute.

Simulation of the diffusion process was performed under the following assumptions:

1) Concentration of the solute is directly proportional to the fluorescence intensity.

2) Diffusion of the solute obeys Fick’s laws, takes place through homogeneous materials where
each region can be represented with an effective mean diffusion coefficient, and there are no
additional transport mechanisms involved in the process.

3) Solute diffuses freely in the aqueous solution within the microcapsule core and the outside
medium with an equal mean diffusion coefficient.

4) There is no solute flux through the outermost spherical boundary of the outside medium.

Initial concentration profile of the solute was defined using average values from the experimental
midline profiles corresponding to the fluorescence micrographs acquired at a first time point after
bringing MCs in contact with the release medium. Initial concentration values were extracted from
the midline profiles of fluorescence intensity in such manner that each average corresponds to a
distinct region of the microcapsule geometry (MC core, MC shell, and outside medium).

Concentration profile of the fluorescent solute was calculated for the entire geometry in time
domain using normalized form (value range between 0 and 1) and shown as a representative linear

profile through the midline of the MC to compare the results with experimentally recorded
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diffusion profiles normalized in an equivalent manner (to achieve the value range from 0 to 1).
Parameter values used to construct the model and predict diffusion profiles are provided in Table
S2.

4.8 Cell Culture

HepG2 Red FLuc (Human hepatoma cell line; purchased at PerkinElmer, referred to as HepG2 in
this study) was chosen as the main model cell line based on the perspective aim to easily locate
HepG2 cells through the expression of luciferase. This transfected cell line is comparable in cell
growth to the parental wild-type HepG2 cell line. The HepG2 cells were cultured using T75 Flask
in Dulbecco’s Modified Eagle Medium (DMEM, + 4.5 g/L D-Glucose, — Sodium Pyruvate, Gibco)
supplemented with 1% streptomycin and penicillin (Biochrom), and 10% fetal bovine serum
(Biochrom). They were cultured in a humidified atmosphere composed of 5% CO at 37 °C and
passaged at 80%-90% confluence.

Cell density was determined with an automated cell counter (CASY® Model TT from Schérfe
System) according to the provided protocol. Each sample was measured in triplicate.

Cells were utilized in passage ranges of P10-25.
4.9 Cell Encapsulation

Cultured HepG2 cells were washed with 5 mL of PBS to remove the remaining medium. 2 mL of
Trypsin was added into the T75 Flask and then incubated at 37 °C with 5% CO,. After 6 min, 8
mL of cell medium was added into the flask to stop trypsinization and resuspend the cells thereby
ensuring the separation of cell aggregates. Core fluid solution with resuspended cells (density of
1x107 cells'mLt) was used for encapsulation experiments as inner fluid. The flow rates of inner,
middle, and outer fluid were 1 mL-h%, 1.5 mL-h, and 20 mL-h™?, respectively. The generated cell-
laden MCs were washed once with cell medium and finally cultured in 24-well culture plate under
a humidified atmosphere composed of 5% CO- at 37 °C. The culture medium was exchanged with

a fresh medium every 2 days.
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4.10 Cell Viability and Tumoroid Size Measurements

Cell viability of encapsulated cells was evaluated by using Live/Dead assay (Calcein AM/PI). The
cell-laden MCs were first incubated in cell culture medium with 0.016 pg/mL of calcein AM for
45 min. Subsequently, 4 puL of 500 pg/mL PI was added into the cell medium. After 1 min, the
stained MCs were observed under the optical microscope (Axio Observer, Zeiss). The green-light
detection mode contained a filter set (495 nm beamsplitter, 450-490 nm excitation, and 500-550
nm emission, Zeiss). The red-light detection contained a filter set (570 nm beamsplitter, 538-562
nm excitation, and 570-640 nm emission, Zeiss). The sizes of more than 50 tumoroids in either
AL MCs or AL-CS MCs were calculated using ImageJ by measuring the areas of fluorescence
from Calcein AM.

4.11 Tumoroid slides and H&E staining

Microcapsules with HepG2 cells were first washed with PBS to remove the cell medium, put into
a container, and then fully covered with a solution of 20% sucrose and 7.5% gelatin in PBS. Dry
ice was used to cool down the solution and achieve gelation. The solidified gel with microcapsules
was stuck on a cutting plate using Tissue Freezing Medium (Leica Microsystem Nussloch), and
then cut into 20 um thick films in a microtome cryostat (CM1850, Leica) at — 35 °C to produce
slides. The samples were at first dried at ambient temperature and then fixated for 10 min in
acetone. After immersing the samples in warm water for 10 min to dissolve the gelatin,
Hematoxylin and Eosin B were used to stain the nucleus (for 3 min) and cytoplasm (for 30 s),
respectively. After fixation in a series of ethanol solutions (70%, 85%, 96%, and 100%; for 1 min
in each), residual gelatin was washed out by immersing the slides two times for 5 min in Roticlear.
Finally, the slides were sealed with RotiMount and coverslips. Subsequent to 24 h of hardening,

images were captured under a Axio Imager A1l Microscopy (Zeiss).

4.12 Metabolic Testosterone Assay

HepG2 tumoroids in AL and AL-CS MCs were prepared in advance in a 24 well-plate and cultured
at 37 °C under 5% CO- for a week with each well containing around 100 capsules. The metabolic

activity of encapsulated HepG2 cells was tested upon incubation with testosterone for 4 h.
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Testosterone was dissolved in pure ethanol (5 mM) and further diluted in incubation buffer (KHB
— Krebs-Henseleit buffer) to reach a concentration of 20 uM. Before the addition of testosterone,
encapsulated cells were washed four times with KHB. To do so, a remainder of ca. 100-200 pL
was left in each well and 800 pL of fresh buffer was added. This reduced the effect on the capsules
and limited their disruption. Upon the last washing step, 100-250 uL remained in each cavity and
250 uL of testosterone were added to yield a final incubation concentration of 14-16 UM in a total
incubation volume of 500 pL. Testosterone treatment solution, empty AL MCs, and empty AL-
CS MCs, were used as controls. After 4 h of incubation at 37 °C under 5% CO2, 40 pL of the
respective incubation solutions were precipitated with acetonitrile (ACN) (160 uL) (1/4, viv),
followed by centrifugation at 4 °C and 18,800 x g (14,000 rpm) for 5 min. The resulting
supernatant was further diluted with 50% ACN (1/1, v/v) to match the calibrated range of the
analytical procedure. The concentration of testosterone and androstenedione was measured using
liquid chromatography (LC) in combination with tandem mass spectrometry (MS/MS) in multiple
reaction monitoring (MRM) mode as described in the Supporting Information.

Monolayer data was generated in a 96-well plate (0.1-0.3x10° cells/well) and 24-well plate (1-
4x106 cells/well). Cells were therefore seeded the day before the experiment, washed twice with
KHB and incubated with 10 uM testosterone in a final volume of 150 pL (96-well plate) and 500
pL (24-well plate) at 37 °C and 5% CO,. LC-MS/MS analysis was performed as previously
described in the Supporting Information.

4.13 Statistical Analysis.

Measured data are reported as mean + standard deviation (SD) for three independent experiments
except where stated otherwise. p-values were calculated using the Student’s t-test or One-way
ANOVA test combined with Tukey’s multiple comparison test depending on the number of data
groups involved in the comparison. Differences between experimental groups were considered as
significant when *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001, n>3.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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