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A B S T R A C T   

The ability to maintain functional hepatocytes has important implications for bioartificial liver development, 
cell-based therapies, drug screening, and tissue engineering. Several approaches can be used to restore hepa-
tocyte function in vitro, including coating a culture substrate with extracellular matrix (ECM), encapsulating cells 
within biomimetic gels (Collagen- or Matrigel-based), or co-cultivation with other cells. This paper describes the 
use of bioactive heparin-based core-shell microcapsules to form and cultivate hepatocyte spheroids. These mi-
crocapsules are comprised of an aqueous core that facilitates hepatocyte aggregation into spheroids and a 
heparin hydrogel shell that binds and releases growth factors. We demonstrate that bioactive microcapsules 
retain and release endogenous signals thus enhancing the function of encapsulated hepatocytes. We also 
demonstrate that hepatic function may be further enhanced by loading exogenous hepatocyte growth factor 
(HGF) into microcapsules and inhibiting transforming growth factor (TGF)-β1 signaling. Overall, bioactive mi-
crocapsules described here represent a promising new strategy for the encapsulation and maintenance of primary 
hepatocytes and will be beneficial for liver tissue engineering, regenerative medicine, and drug testing 
applications.   

1. Introduction 

Hepatocytes, the main epithelial cell type of the liver, are responsible 
for the majority of the liver’s biochemical functions. The ability to 
maintain phenotype of primary hepatocytes is therefore beneficial for 
investigations of drug metabolism, toxicity, development of bioartificial 
livers, and tissue engineering fields [1–3]. Primary hepatocytes are 
known to lose viability and function when cultured in vitro. Several 
strategies are employed to preserve hepatocyte function in vitro, 
including the coating of culture substrates with extracellular matrix 
(ECM) proteins [4,5], entrapment within a biomimetic hydrogel 
(Collagen or Matrigel) [6,7], co-cultivation with other cell types [8,9], 

and formation of hepatocyte spheroids [10–12]. Among these ap-
proaches, formation of spheroids represents a relatively simple means of 
recapitulating 3D hepatic interactions and maintaining hepatic pheno-
type. Hepatocyte spheroids have been used in bio artificial liver assist 
devices [13], stirred suspension cultures [14], and transplantation [15]. 
A number of strategies for creating hepatocyte spheroids has been 
devised including hanging drop [10], micro-wells [11], as well as, 
spheroid cultures under stirring or rocking conditions [12]. Even with 
these reports, efficient and cost-effective culture protocols remain a 
challenge. Microencapsulation represents another approach for creating 
and cultivating spheroids using a number cell types including hepato-
cyte [16]. The benefits of microencapsulation are associated with the 
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physical and biochemical properties of the capsule which may protect 
encapsulated cells against shear or mechanical damage in vitro, against 
immune response in vivo or may be used to deliver 
inductive/pro-survival signals. 

Various methods have been developed to fabricate microcapsules, 
such as electrohydrodynamic co-jetting, micro-molding, photolithog-
raphy, flow lithography microfluidics, soft lithography-based 
imprinting, and droplet microfluidics [17–19]. Droplet microfluidics 
offer the benefits of high throughput, structural complexity and narrow 
size distribution of microcapsules [20]. We have previously employed 
droplet microfluidics to fabricate core-shell microcapsule comprised of a 
poly(ethylene glycol) (PEG) hydrogel shell and an aqueous core. Both 
primary hepatocytes and embryonic stem cells formed spheroids and 
were cultured in microcapsules [21,22]. 

Hepatocyte cultures have been shown to benefit from cues presented 
on the culture substrate or produced by supporting cells in co-cultures 
[23–26]. Hepatocyte growth factor (HGF) is a key signal for liver 
development and regeneration as well as for maintenance of hepatic 
phenotype [27,28]. However, HGF has a short half-life (<15 min) which 
may limit its bioavailability in vitro [29,30]. Heparin is a highly sulfated 
anionic polysaccharide and an ECM component with high affinity for a 
number of growth factors (GFs). Heparin may be functionalized and 
incorporated into hydrogels to enable sequestration and release of GFs 
[31]. Importantly, interactions with heparin have been shown to 
enhance the bioavailability of HGF [32]. Our laboratory has previously 
demonstrated long-term maintenance of hepatocytes sandwiched be-
tween heparin-containing gel layers or entrapped within heparin-based 
hydrogels [10,33]. We also previously demonstrated long-term release 
of HGF from macrogels containing hepatocytes [10]. Most recently, we 
incorporated heparin into microcapsules with a hydrogel shell and 
aqueous core for delivery of GFs to encapsulated stem cells [34]. 

In the present study, we wanted to assess the utility of bioactive 
heparin-containing microcapsules for cultivating primary hepatocytes. 
We fabricated heparin-based microcapsules using a droplet microfluidic 
device and characterized HGF loading and release. We demonstrated 
that hepatocytes organized into spheroids inside core-shell microcap-
sules and that signals such as HGF were secreted by the spheroids and 
retained inside the microcapsules. Retention of hepato-inductive signals 
inside microcapsules enhanced hepatic function of spheroids. We also 
identified optimal culture conditions where spheroids retained high 
levels of function over the course of two weeks. 

While there have been a few previous reports, including from our 
group, on the subject of hepatocyte encapsulation [15,21,35], the pre-
sent paper has multiple novel features. Ours is the first report that de-
scribes microcapsules capable of both organizing hepatocytes into 
spheroids and delivering GF molecules to induce and maintain hepatic 
phenotype. Furthermore, we demonstrate that bioactive microcapsules 
enhance hepatic phenotype in the absence of exogenous signals by 
amplifying endogenous/autocrine HGF signaling. These microcapsules 
may be used in the future for directing hepatic differentiation of stem 
cells and maintaining phenotype of primary or stem cell-derived hepa-
tocytes for applications ranging from toxicology studies to to 
liver-directed cellular therapies. 

2. Materials and methods 

2.1. Materials 

Sodium heparin (from porcine intestinal mucosa, 12 kDa) was pur-
chased from Smithfield BioScience (Cincinnati, OH, USA). In the present 
study, we followed previously published protocols for synthesizing 
heparin− methacrylate (Hep-MA) [34] and heparin− thiol (Hep-SH) [31, 
36]. Four-arm polyethylene glycol(PEG)-maleimide (10 kDa, PEG4MAL) 
and four-arm PEG-thiol (10 kDa, PEG4SH) were purchased from Laysan 
Inc. (Arab, AL, USA). Dithiothreitol (DTT), 35 kDa PEG, triethanolamine 
(TEA), mineral oil, Span-80, PEG dimethacrylate (6 kDa, PEG-DMA), 

glucagon, hydrocortisone sodium succinate, and rabbit 
anti-phospho-Met Ab were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Epidermal growth factor (EGF), hepatocyte growth factor 
(HGF), and human HGF DuoSet ELISA were purchased from R&D Sys-
tems (Minneapolis, MN, USA). Aggrewell 400, optiprep densifier, HGF 
receptor c-met inhibitor (SU11274), and TGF-β1 inhibitor (A83-01) 
were purchased from STEMCELL Technologies (Vancouver, Canada). 
Metal enhanced 3,3′ Diaminobenzidine (DAB) substrate kit and Alexa 
Four 488 Phalloidin were obtained from Thermo Scientific Inc. (Rock-
ford, IL, USA). Recombinant human insulin was obtained from Eli Lilly 
(Indianapolis, IN, USA). Phosphate-buffered saline (PBS) was purchased 
from Corning (Manassas, NY, USA). Dulbecco’s modified Eagle’s me-
dium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin were 
purchased from Gibco (Grand Island, NY, USA). Rat and human albumin 
ELISA kit, sheep anti-rat albumin Ab, and goat anti-human albumin Ab 
were purchased from Bethyl Laboratories (Montgomery, TX, USA). 
Mouse anti-Met Ab was purchased from Cell Signaling Technology 
(Danvers, MA, USA). Urea analysis kit and total bile acid assay kit were 
obtained from Bioassay Systems (Hayward, CA, USA), and Cell Biolabs 
Inc. (San Diego, CA, USA), respectively. The live/dead staining kit was 
obtained from Invitrogen (Waltham, MA, USA). P450-Glo CYP1A2 
induction/inhibition assay system was purchased from Promega (Mad-
ison, WI, USA). Paraformaldehyde (PFA) was purchased from Election 
Microscopy Sciences (Hatfield, PA, USA). Alexa Fluor 546 (donkey 
anti-sheep, donkey anti-mouse, and donkey anti-goat) and Alexa Fluor 
488 (donkey anti-rabbit) were purchased from Life Technologies 
(Carlsbad, CA, USA). DAPI was purchased from BD Bioscience (San Jose, 
CA, USA). 

2.2. Generating core–shell microcapsule 

We have previously described a polydimethylsiloxane (PDMS)-based 
droplet microfluidic system for stem cell encapsulation. Detailed pro-
tocols for fabricating the PDMS-based droplet microfluidic device used 
for cell encapsulation and for operating encapsulation system are pro-
vided elsewhere [34,37]. Briefly, the co-axial flow-focusing microfluidic 
device had channels of three heights: (1) 120 μm for the aqueous core 
channel, (2) 200 μm for aqueous shell channels, and (3) 300 μm for 
shielding oil, cross-linker oil, and serpentine channels. To generate 
microcapsule with liquid core and hydrogel shell, the following solu-
tions were injected into the co-axial flow-focusing device: 1) 8% (w/v) 
PEG (35 kDa) and 17% (v/v) Optiprep densifier solution was injected 
into the core flow channel, 2) 4% (w/v) Hep-MA, 8% (w/v) PEG4MAL 
solution with 15 mM TEA was injected into the shell flow channel, 3) a 
mineral oil (with 0.5% span80) solution was injected into the contin-
uous flow channel, and 4) a cross-linking emulsion (60 mM DTT 
dispersed in mineral oil with 3% Span-80) was injected into another 
flow channel. The flow rates in the core, shell, shielding oil, and cross-
linker oil channels were 4, 4, 50, and 60 μL min− 1, respectively. Devices 
and reagents were sterilized, and encapsulation was performed under 
sterile conditions. Microcapsules were collected, removed from the oil 
phase and placed into multi-well plates as described previously [37]. 

2.3. HGF binding to microcapsules 

2.3.1. HGF loading and release studies 
For HGF loading and release studies, 2000 Hep microcapsules were 

immersed in 2 mL of 20 or 100 ng mL− 1 HGF solution for 1 h at 37 ◦C. 
Then, the capsules were collected and the residual solution was analyzed 
using a HGF ELISA kit. To establish the HGF release profile, 2000 mi-
crocapsules were placed into a 6-well plate containing 2 mL of 1x PBS. 
An aliquot of solution was collected at predetermined time points and 
analyzed for HGF. PEG microcapsules were prepared by substituting an 
equal amount of PEG-DMA for Hep-MA and were used as a bioinert 
alternative to bioactive Hep microcapsules [34]. 
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2.3.2. Demonstrating HGF retention in core-shell microcapsule 
To test HGF retention, Hep and PEG microcapsules were fabricated 

in the same manner and were soaked in 100 ng mL− 1 HGF solution for 1 
h at 37 ◦C as described in the previous section. The microcapsules were 
washed with PBS and stored in PBS at 37 ◦C for up to 3 days. The mi-
crocapsules were immunostained at 4 h and at 3-day time points using 
the following protocol. First, microcapsules were incubated with bio-
tinylated anti-HGF antibody (diluted 1:2000) for 2 h at 25 ◦C and 
washed with PBS. Next, samples were incubated with avidin-(HRP) 
(diluted 1:200) for 1 h at 25 ◦C followed by washing with PBS. To 
visualize the presence of HGF, a DAB color reagent was diluted 1:10 in 
peroxide buffer and incubated with microcapsules for 10 min at 25 ◦C. 
The dark brown color due to HGF immunostaining was observed by 
bright-field microscopy [38]. 

2.4. Encapsulating hepatocytes, forming and culturing spheroids 

All animal experiments were performed under the National Institutes 
of Health (NIH) guidelines for ethical care and use of laboratory animals 
with the approval of the Institutional Animal Care and Use Committee 
(IACUC) of the Mayo Clinic, Rochester, MN. Primary hepatocytes were 
isolated from adult female Lewis rats (Charles River Laboratories, Bos-
ton, MA, USA) weighing 125–200 g, using a two-step collagenase 
perfusion procedure as described previously [9,11]. Chimeric mice with 
humanized livers (cDNA- uPA+/− /SCID (uPA+/wt: B6; 129SvEv- Plau, 
SCID: C.B- 17/Icr- scid/scid Jcl)) were generated using a previously 
reported method [39,40]. Human hepatocytes were isolated from 
chimeric mice with high replacement index as defined previously [41] 
using standard cannulation and collagenase perfusion protocol. The cells 
were isolated in the Saito lab at USC, plated in T-75 flasks at the optimal 
seeding condition as determined previously [42] and shipped to Mayo 
Clinic Rochester. For hepatocyte encapsulation experiments, primary rat 
or human hepatocytes were re-suspended in the viscous core solution at 
a concentration of 50 × 106 cells mL− 1 (which corresponds to ~200 cells 
per capsule). The microcapsules carrying hepatocytes were collected 
into a 6 well-plate at a density of 2000 capsules/well and incubated at 
37 ◦C with 5% CO2. The culture medium was changed every 48 h. The 
same encapsulation process was followed for Hep and PEG microcap-
sules. For unencapsulated spheroid control experiments, hepatocytes 
were seeded in Aggrewell 400 at a density of ~200 cells/well according 
to manufacturer’s instructions. 

2.5. Assessing hepatocyte viability and spheroid formation after 
encapsulation 

The viability of hepatocytes was determined by live/dead double- 
staining [34,37]. Stained cells were imaged using an inverted fluores-
cence microscope (IX83; Olympus, Center Valley, PA, USA) and cell 
viability was quantified by calculating the ratio of live cells (green) over 
the total number of cells (green and red) in the images. The formation of 
the hepatocyte spheroids in the microcapsules was imaged and the size 
of spheroids was analyzed with Image J software. 

2.6. Analysis of hepatic function 

Functionality of hepatocytes was assessed by ELISA to measure al-
bumin secretion, a colorimetric assay to measure urea, and a fluoro-
metric assay to measure bile acid production. For albumin ELISA, urea, 
and bile acid assays, cell culture supernatant was collected every other 
day and assayed according to manufacturer’s instructions. In order to 
study the roles of HGF and TGF-β1 in hepatocytes carrying microcapsule 
cultivation, we administered c-met inhibitor (SU11274, 5 μM), a potent 
inhibitor of the HGF induced signaling pathway and TGF-β1 blockers 
(SB431542, 5 μM). CYP1A2 enzyme activity was evaluated with a P450- 
Glo CYP1A2 luminescence assay. Hepatocyte spheroids were induced 
with 100 μM omeprazole for 48 h. At this point CYP1A2-dependent 

conversion of Luciferin-1A2 to luciferin was evaluated by measuring 
luciferase-induced luminescence using UV/vis spectrophotometer 
(Synergy H1, BioTek, Winooski, VT, USA). For immunofluorescence 
staining, spheroids were fixed with 4% PFA, then permeabilized by 
immersion in 0.1% Triton X-100 for 30 min at 25 ◦C and subsequently 
blocked by immersing in 1% BSA for 1 h at 25 ◦C. After thorough 
washing with PBS, spheroids were incubated with primary mouse anti- 
Met Ab (1:1000 dilution) and rabbit anti-phospho-Met Ab (1:400 dilu-
tion) for 1 h at 25 ◦C. Subsequently, spheroids were washed thoroughly 
with PBS and incubated with secondary Abs for 1 h at 25 ◦C in the dark - 
10 μg mL− 1 Alexa Fluor 546 donkey anti-mouse Ab and 10 μg mL− 1 

Alexa Fluor 488 donkey anti-rabbit Ab. The spheroids were washed in 
PBS and mounted using a mounting medium with 1 μg mL− 1 DAPI to 
stain for nuclei. To detect intracellular albumin, encapsulated or unen-
capsulated spheroids were fixed with 4% PFA and immersed in 30% 
sucrose for 24 h. The spheroids were then imbedded in an optimal 
cutting temperature (OCT) compound for 1 h, frozen, and sectioned into 
10 μm thick slices using a cryostat instrument (Leica CM1950; Leica 
Biosystems Inc., Buffalo Grove, IL, USA). Subsequently, the sections 
were then permeabilized by immersion in 0.1% Triton X-100 and 
blocked by immersing in 1% BSA. After thorough washing with PBS, the 
sectioned spheroids were incubated with 2 μg mL− 1 of sheep anti-rat 
albumin Ab for rat hepatocyte spheroid or 2 μg mL− 1 of goat anti- 
human albumin Ab for human hepatocyte. The spheroid sections were 
then washed with PBS and incubated with 10 μg mL− 1 Alexa Fluor 546 
donkey anti-sheep Ab for rat hepatocyte spheroid or 10 μg mL− 1 Alexa 
Fluor 546 donkey anti-goat Ab for human hepatocyte spheroid. For actin 
visualization, the spheroid sections were incubated with a 1:400 dilution 
of Alexa Four 488-conjugated phalloidin for 1 h. The samples were 
washed in PBS and stained with DAPI [33,43]. All stained samples were 
visualized and imaged using an inverted fluorescence microscope. 

2.7. Characterizing hepatic gene expression by RT-PCR 

For hepatic gene expression analysis, 2000 microcapsules containing 
hepatocyte spheroids were broken down by applying an electronic pestle 
for 5 min. Then total RNA was extracted and purified by using a RNeasy 
Plant Mini Kit (Qiagen, Valencia, CA, USA) following manufacturer’s 
instructions. cDNA was synthesized with a QuantiTect Reverse Tran-
scription Kit (Roche, Basel, Switzerland), and quantitative real-time RT- 
PCR was performed with the QuantStudio™ 5 System (Thermo Scien-
tific Inc.) using universal SYBR Green Master (Roche) [34,44]. Relative 
gene expression was calculated using the comparative threshold cycle 
(ΔΔCT) method and normalized with glyceraldehyde 3-phophate de-
hydrogenase (GAPDH) as a housekeeping gene. The primer sequences 
used for RT-PCR are listed in Table S1. 

2.8. Modeling dynamics of HGF secretion, uptake and release from 
microcapsules 

We used COMSOL Multiphysics® software (Version 5.6, Burlington, 
MA) to model interactions between hepatocytes secreting HGF and 
heparin-containing microcapsules. Our model included geometry and 
cell number per microcapsule and assumed a constant secretion rate of 
0.45 × 10− 6 ng h− 1 cell− 1 for HGF [11]. The reaction kinetics HGF 
binding to heparin were modeled using a reversible kinetic expression: 
− ri = kON

i CiCH − kOFF
i CiH. Here, Ci, CH, and CiH are concentration of the 

GF, heparin, and GF-heparin complex. kON
i and kOFF

i are rate constants 
taken from literature to be 4.2 × 103 [1/MS] and 5.7 × 10− 7 [1/S] [45]. 
To improve accuracy of the solver, the secretion-reaction-diffusion 
equations were non-dimensionalized prior to implementation in COM-
SOL. Microcapsules in a confined medium were simulated using exper-
imental parameters of 3600 microcapsules (400 μm in diameter) 
distributed in 2 mL of medium. This led to a fluid layer of about 1.0 mm 
diameter surrounding each capsule with a no flux boundary condition at 
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the imaginary interface between adjoining fluid layers. A cellular 
spheroid was simulated as an inert sphere of 100 μm diameter concen-
trically positioned inside the microcapsule. The 
secretion-reaction-diffusion equations for cellular production of HGF, 
HGF binding to heparin, and HGF diffusing out of capsules were solved 
using the 2D axisymmetric model in COMSOL. To avoid instability, a 
small diffusivity of 10− 15 m2/s was used for heparin and GF-heparin 
complex in the medium and shell. Table S2 lists all the parameters 
used in the simulations. 

2.9. Statistical analysis 

All the experiments were performed at least in triplicate. All the data 
were presented as mean ± standard deviation (SD), unless stated 
differently. Statistical significance was declared when *p < 0.05, **p <
0.01 and ***p < 0.001 as determined by Student’s t-test. 

3. Results and discussion 

This study explores the effects of endogenous and exogenous HGF on 
the function of hepatocyte spheroids cultured in heparin-containing 
bioactive microcapsules (Scheme 1). 

3.1. Fabricating bioactive core-shell microcapsules 

Scheme 1 and Fig. S1 describe how bioactive core-shell microcap-
sules are fabricated using a co-axial flow-focusing microfluidic device. 
We have previously reported detailed protocols for fabricating and 
operating this encapsulation system [34,37]. Briefly, the core flow 
stream contained single cell suspension while the shell stream contained 
PEG4MAL and Hep-MA. The two aqueous streams were injected into the 
droplet microfluidic device. Aqueous droplets were formed when the 
aqueous dispersed phase was interjected by shielding oil (continuous 
phase), resulting in the formation of core-shell microcapsules. The 
exterior of the formed droplets was subsequently polymerized by the 
DTT crosslinker oil that reacted with PEG4MAL and Hep-MA present in 
the outer shell region via click chemistry and Michael-type addition 
reaction, respectively (Figs. S1A, C, D, and Supporting Video 1). These 
experimental conditions produce microcapsules with a ~15 μm thick 
hydrogel shell and ~380 ± 12 μm diameter [34]. Importantly, nega-
tively charged heparin moieties were integrated into the hydrogel 
network upon cross-linking (Michael addition reaction) with DTT (see 
Fig. S1B), creating a Hep/PEG hybrid network [34]. Having fabricated 
heparin-containing bioactive microcapsules, we proceeded to investi-
gate their interactions with HGF. 

Supplementary video related to this article can be found at https:// 

doi.org/10.1016/j.bioactmat.2023.05.009 

3.2. Characterizing HGF uptake, release and retention in bioactive 
microcapsule 

As previously mentioned, HGF signaling plays a crucial role in liver 
development, regeneration and hepatic phenotype maintenance [27, 
28]. HGF is unstable in vitro but may be stabilized via interactions with 
heparin [23]. A central hypothesis of this paper was that HGF may 
incorporate into Hep microcapsules and may enhance phenotype of 
encapsulated hepatocyte spheroids. As a step toward testing this hy-
pothesis, we investigated loading and release of HGF from microcap-
sules. Two types of microcapsules, Hep and PEG, were fabricated as 
described in section 2.3.1. and then soaked in 100 or 20 ng mL− 1 HGF 
for 1 h. HGF remaining in the media was quantified by ELISA. This 
analysis (see Fig. 1A) showed that Hep microcapsules took up ~2.7 
times more HGF compared to PEG capsules in the 100 ng mL− 1 soaking 
condition and while Hep microcapsules took up ~2.8 times more HGF 
compared to PEG capsules in the 20 ng mL− 1 soaking condition. While 
90% of HGF taken up by PEG capsules was released within 1 h, it took 3 
days to achieve the same level of HGF release from bioactive Hep mi-
crocapsules. This suggested that release from bioactive microcapsules 
was governed by affinity interactions with HGF and not by its diffusion. 
It is also worth noting that release profiles for 20 and 100 ng mL− 1 HGF 
loading conditions were similar when normalized by the amount loaded 
(see Fig. 1B and Fig. S2). 

As may be seen from Fig. 1A, the amount of HGF loaded into mi-
crocapsules increased with HGF solution concentration. We wanted to 
assess the capacity of bioactive microcapsules for HGF and carried out 
sequential loading using a relatively high concentration of 100 ng mL− 1. 
A given number of microcapsules (2000) was incubated in 2 mL of HGF 
solution for 1 h, then removed from the original solution, washed and 
incubated in a fresh HGF solution for 1 h. In this manner, microcapsules 
were loaded up to 4 times using the same solution of the same HGF 
concentration. As seen from Fig. 1C, sequential loading resulted in an 
increased retention of HGF in microcapsules with the amount of loaded 
HGF increasing as a function of the loading cycle. It is also worth noting 
that saturation of HGF loading was not observed after 4 loading cycles 
using 100 ng mL− 1 HGF. The sponge-like properties of Hep microcap-
sules may be explained by 1) high affinity of heparin for HGF (dissoci-
ation constant of 0.14 nM) [45] and 2) much larger number of heparin 
molecules per capsule compared to HGF molecules. Each microcapsule 
contains ~70 ng or 5.8 pmole of heparin (quantification described in 
Ref. [27]). For comparison, loading of HGF using high concentration 
(100 ng mL− 1) resulted in 0.35 fmol HGF per capsule. This means that 
Hep microcapsules had four orders of magnitude more heparin 

Scheme 1. Fabrication of bioactive heparin (Hep)- 
based microcapsules for maintenance of primary he-
patocytes. The core (light pink stream) containing 
primary hepatocytes and shell (light green stream) 
containing PEG4MAL/Hep-MA flow co-axially and 
are then discretized into core-shell droplets at the 
junction with shielding oil (light gray stream). 
Droplets polymerize and acquire a hydrogel shell 
after interacting with cross-linker DTT (dark gray 
stream). Hep microcapsules retain and release 
hepatocyte-secreted endogenous signals thus 
enhancing function of encapsulated hepatocytes. He-
patic function was further enhanced by loading 
exogenous HGF into microcapsules and was main-
tained at a high level for over two weeks.   
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molecules compared to HGF molecules. 
In addition to HGF loading, we assessed the release profile for cap-

sules containing different amounts of HGF. As seen in Fig. 1D, the release 

profiles were similar regardless of the loaded amount with sustained 
release occurring after two weeks. Uptake and release experiments 
highlight that bioactive microcapsules release HGF in a sustained 

Fig. 1. Characterizing HGF loading, release, and retention. (A) Amount of HGF loaded into Hep and PEG microcapsules when using two different concentrations of 
HGF in solution. (B) Release of HGF from bioactive (Hep) and bioinert (PEG) microcapsules. Release profiles for capsules loaded using 100 or 20 ng ml− 1 HGF. (C) 
Sequential loading of HGF using 100 ng ml− 1 HGF. Note that no saturation was observed after 4 rounds of loading. (D) Release profiles for capsules loaded with 
different amount of HGF. (E) Incorporation of HGF into microcapsules was assessed by immunostaining with anti-HGF-biotin/avidin-HRP followed by exposure to 
DAB (brown color). 

Fig. 2. Assessing viability and spheroid formation of encapsulated hepatocytes. (A) Bright-field image and live/dead fluorescent image of encapsulated hepatocytes. 
(B) Comparison of viability before and after encapsulation of hepatocyte. (C) Size distribution of encapsulated hepatocyte spheroids in Hep capsule and bare 
spheroids generated in Aggrewell plates at day 2. Statistical analysis-number of samples = 30 (ns, p > 0.05; *, p ≤ 0.05). 
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manner, that release is governed by Hep/HGF affinity interactions, and 
that Hep microcapsules have a high capacity for taking up HGF mole-
cules. We believe these to be key features contributing to enhanced 
hepatic phenotype in bioactive microcapsules. 

In addition to characterizing release of HGF from microcapsules, we 
also wanted to demonstrate its retention in microcapsules. Microcap-
sules were stained with anti-HGF-HRP antibodies and then incubated 
with chromogenic reagent DAB to visualize the results. As seen from 
Fig. 1E, Hep microcapsules stained strongly for HGF 4 h and 3 days after 
loading. Conversely, no staining was observed in PEG microcapsules at 
either time point, confirming again that HGF was retained in bioactive 
(Hep) but not in bioinert (PEG) microcapsules. Taken together with HGF 
uptake and release studies, our immunostaining results support the 
notion that HGF strongly binds to and interacts with Hep microcapsules 
over the course of multiple days. 

3.3. Encapsulating primary hepatocytes and forming spheroids 

After characterizing GF loading into bioactive and bioinert micro-
capsules, we proceeded with hepatocyte encapsulation and spheroid 
formation experiments. A reader may remember that our microcapsules 
have an aqueous core and hydrogel shell and that single cells organize 
into spheroids when confined to such microcapsules. First, we used live/ 
dead staining to assess viability of hepatocytes after going through the 
encapsulation process. As seen from images in Fig. 2A and quantification 
in Fig. 2B, the viability of hepatocytes was 96.5 ± 2.4% and 93.2 ± 3.2% 
before and after encapsulation. Thus, viability was not affected by the 
encapsulation process. As the next step, we evaluated the effects of 
inoculation cell concentration on the size and function of resultant 

spheroids. Previous studies demonstrated ~80–100 μm diameter 
spheroids to be most functional [12,46]. We used 3 different cell inoc-
ulation concentrations low, medium and high (20, 50, and 100 × 106 

cells mL− 1) to assess spheroid size and hepatic function inside micro-
capsules. As shown in Figs. S3A and B, inoculation of 20 × 106 cells 
mL− 1 (~100 cells/capsule) resulted in 61.8 ± 9.4 μm diameter spher-
oids compared to 103.5 ± 6.2 μm and 91.4 ± 16.2 μm diameter spher-
oids formed with inputs of 50 × 106 cells mL− 1 (~200 cells/capsule) and 
100 × 106 cells mL− 1 (~400 cells/capsule), respectively. We observed 
that medium and high inoculation concentrations resulted in similarly 
sized spheroids, but that high concentration was associated with loose 
single cells imbedded in the hydrogel shell. Albumin analysis (see 
Figs. S3C and D) revealed spheroids formed using medium inoculation 
concentrations to be most functional. It is likely that efficient conversion 
of single cells into spheroids is important and that single cells not 
incorporated into spheroids at high inoculation concentrations under-
went apoptosis and adversely affected hepatic phenotype of spheroids. 
Based on these experiments, we proceeded to use the medium inocula-
tion density of 50 × 106 cells mL− 1 (~200 cells/capsule) for all subse-
quent experiments described in this paper. In addition, we compared 
hepatocyte spheroid formation in microcapsules and in a commercial 
Aggrewell plate. This comparison (see Fig. 2C) revealed similar spheroid 
size but better spheroid uniformity inside microcapsules. 

3.4. Effects of HGF on hepatic function of encapsulated spheroids 

As the next step, we wanted to assess hepatic phenotype of spheroids 
in Hep and PEG microcapsules. Morphology of spheroids was monitored 
over the course of 7 days using brightfield microscopy. As may be 

Fig. 3. Phenotype maintenance of encapsulated 
spheroids. (A) Representative bright-field and live/ 
dead fluorescent images of encapsulated hepatocytes 
in Hep and PEG microcapsule at different time points 
during cultures. HepImm and PEGImm refer to one-time 
loading of HGF into Hep and PEG microcapsules, 
respectively, after which time encapsulated spheroids 
were maintained in media without HGF. Based on the 
concentration of soluble HGF used for loading mi-
crocapsules, the “Imm” condition was further sub-
divided into “Imm-high” and “Imm-low” for 100 ng 
mL− 1 and 20 ng mL− 1 of HGF, respectively. HepSol- 

high refers to spheroids in Hep microcapsules cultured 
in media with 100 ng mL− 1 of HGF exchanged every 
other day and PEGSol-low refers to spheroids in PEG 
microcapsules cultured in media with 20 ng mL− 1 of 
HGF exchanged every other day. (B, C) ELISA analysis 
of hepatic albumin secretion and (D, E) urea synthesis 
at various time points during 9-day culture. Statistical 
analysis-number of samples = 3 (*, p ≤ 0.05; **, p ≤
0.01; ***, p ≤ 0.001).   
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appreciated from a sequence of images in Fig. 3A, single hepatocytes 
organized into spheroids by day 2 of culture in both bioactive (Hep) and 
bioinert (PEG) microcapsules. However, by day 7 of culture, Hep mi-
crocapsules contained compact translucent spheroids with sharp edges 
and high viability while spheroids in PEG microcapsules began to 
disintegrate and had jagged edges with lower viability (see insets of 
Fig. 3A). 

Beyond observing spheroid morphology, we wanted to assess hepatic 
function of spheroids and focused initially on synthesis of albumin and 
urea which are both hallmark indicators of liver metabolism. As seen 
from Fig. 3B, Hep microcapsules elicited 1.9-fold and 4.5-fold higher 
level of hepatic albumin production (328 ng/1 × 104 cells/day) at day 7, 
compared to PEG microcapsules (175 ng/1 × 104 cells/day) and 
Aggrewell plate (73 ng/1 × 104 cells/day) respectively. This result may 
be attributed to the fact that Hep microcapsules take up exogenous or 
endogenous signals and then release these biomolecules to encapsulated 
hepatocytes. Additional results described in the section below suggest 
that endogenous HGF is a key effector of hepatic function in bioactive 
microcapsules. 

A goal of this study was to test a hypothesis that bioactive micro-
capsules may be used to deliver HGF to the encapsulated hepatocytes 
thereby improving hepatic phenotype. To begin assessing effects of HGF 
in microcapsules, we set up an experiment with five experimental 
groups: 1) one-time loading of 20 ng mL− 1 HGF into Hep microcapsules, 
2) one-time loading of 100 ng mL− 1 HGF into Hep microcapsules, 3) bi- 
daily supplementation of 100 ng mL− 1 HGF into media containing Hep 
microcapsules, 4) one-time loading of 20 ng mL− 1 HGF into PEG mi-
crocapsules, and 5) bi-daily supplementation of 20 ng mL− 1 HGF into 
media containing PEG microcapsules. One-time loading, or immobili-
zation, was carried out for Hep and PEG microcapsules, and was denoted 
as HepImm and PEGImm, respectively. Based on the concentration of 
soluble HGF used for loading microcapsules, the HepImm condition was 
further subdivided into HepImm-high and HepImm-low for 100 ng mL− 1 and 
20 ng mL− 1 of HGF, respectively. An experimental group of spheroids in 
PEG capsules exposed to bi-daily supplementation of 100 ng mL− 1 HGF 
in the media was named PEGSol-high. As highlighted by the data in 
Fig. 3C, one-time loading of HGF into Hep microcapsules resulted in 
higher level of hepatic albumin production compared to Hep micro-
capsules without HGF, with improvement becoming more pronounced 
over time. For example, albumin levels were ~1.4 and 1.6 times higher 
for HepImm-low and HepImm-high, respectively, compared to Hep at day 7. 
Albumin production for HepSol-high was similar to one-time loading of 
HGF into microcapsules (HepImm-high) group. Another interesting 
observation was that production of hepatic albumin in PEG capsule 
experimental groups, either PEGImm-low and or PEGSol-low, was signifi-
cantly lower than in Hep microcapsules. In fact, albumin levels were 
similarly low for one-time loading or bi-daily supplementation of HGF. 
Urea production followed similar trends to that of albumin with higher 
levels observed in bioactive microcapsules compared to bioinert (PEG) 
capsules and Aggrewell plate (Fig. 3D and E). 

Results in Fig. 3 are compelling for two reasons. First, hepatocyte 
spheroids in Hep microcapsules are much more functional compared to 
spheroids in PEG microcapsules or unencapsulated spheroids in a com-
mercial 3D plate (Aggrewell). We posit that improved hepatic function is 
due, at least in part, to endogenous HGF signaling and describe results 
supporting this later in the paper. Second, one-time loading of exoge-
nous HGF or its bi-daily supplementation in the media appears to have 
no effect on the function of spheroids in PEG microcapsules. Conversely, 
one-time loading of HGF into Hep microcapsules is sufficient to have a 
long-lasting effect on hepatic synthesis of albumin and urea. This 
observation suggests that HGF may be less active when present in so-
lution and more active in Hep microcapsules which aligns with previous 
reports of enhanced stability and bioactivity of HGF when complexed 
with heparin [10,33]. 

It is important to note that improved hepatic function in Hep mi-
crocapsules is combined with lower cost. We estimate the cost adding 

HGF into media over the course of hepatic maintenance run to be $28 
per well of a 6 well plate (2 mL of media per well). In comparison, one- 
time loading of HGF into Hep microcapsules costs $3.5 per well. 
Therefore, HGF immobilization approach is 8 times cheaper while of-
fering comparable functionality to supplementation of HGF into media. 

3.5. Assessing effects of HGF/TGF-β1 signaling on hepatic function in 
microcapsules 

We hypothesized that enhanced hepatic function of bioactive mi-
crocapsules in the absence of exogenous HGF may be due to a positive 
feedback loop where a hepatocyte spheroid produces autocrine factors 
that bind to the hydrogel shell of a Hep microcapsule and are then 
released back to further stimulate encapsulated cells. This hypothesis 
was based on our previous observations that secreted signals, primarily 
HGF, act in an autocrine manner by enhancing phenotype of hepatocytes 
cultured in microfluidic devices [11]. To test this hypothesis, we added 
inhibitor of HGF receptor Met (iHGF, 5 μM SU11274) to culture media 
bathing Hep or PEG microcapsules. It may be appreciated from Fig. 4A 
that albumin production in PEG microcapsules was considerable lower 
than in Hep microcapsules and that treatment with iHGF decreased al-
bumin levels for both culture types. Urea synthesis and bile acid pro-
duction were also reduced in hepatocyte spheroids exposed to iHGF, 
albeit by a lower margin (see Fig. 4B and C). To further explore the 
importance of HGF signaling, we carried out RT-PCR analysis of Hgf and 
its receptor Met for rat hepatocyte spheroids in PEG and Hep micro-
capsules. Met is activated by binding of HGF, which induces the phos-
phorylation of two tyrosine residues (phospho-Met), tyrosine-1234 and 
tyrosine-1235 (Y1234/Y1235) of the catalytic loop of the kinase domain 
[47]. Inhibition of HGF/Met signaling may be achieved using Met in-
hibitors (e.g. SU11274) [48]. For RT-PCR analysis, we compared five 
experimental conditions for: 1) PEG-only microcapsules (PEG), 2) PEG 
microcapsules media supplemented with met inhibitor (PEG/iHGF), 3) 
Hep microcapsules (Hep), 4) Hep microcapsules media supplemented 
with Met inhibitor (Hep/iHGF), and 5) Hep microcapsules loaded with 
HGF (Hep/HGF). As seen from data in Fig. 4D, Hgf and Met expression 
were much higher for spheroids in Hep capsules than in PEG capsules, 
with highest expression values achieved for Hep capsules loaded with 
HGF. 

Beyond observing gene expression, we performed immunofluores-
cence staining for MET and phosphorylated (p)-MET for spheroids in 
Hep and PEG microcapsules (see Fig. 4E). These immunofluorescence 
images are compelling as they confirm high levels of MET expression in 
Hep microcapsules and also point to high levels of p-MET expression for 
spheroids in Hep microcapsules vs. low levels of p-MET in PEG micro-
capsules. These data further support the scientific premise of the paper 
that endogenous HGF signaling is an important driver of hepatic 
phenotype and that this signaling is enhanced in bioactive 
microcapsules. 

It is well appreciated that TGF-β1 is a pro-fibrotic factor that has a 
detrimental effect on phenotype of multiple epithelial cell types, 
including the hepatocyte [49]. We have previously shown that func-
tionality of microfluidic hepatocyte cultures may be improved by 
inhibiting TGF-β1 signaling [11,40,50] and hypothesized that such in-
hibition may be beneficial for encapsulated hepatocyte spheroids. 
Indeed, as may be seen from Fig. 4, supplementing media with TGF-β 
inhibitor (5 μM A83-01) resulted in a marked enhancement of albumin 
synthesis (2.3-fold higher at day 15) and significantly higher urea and 
bile acid production compared to encapsulated spheroids without the 
inhibitor. Beyond analysis of secreted factors, we carried out HGF im-
munostaining of microcapsules with spheroids cultured in the presence 
of HGF or TGF-β inhibitors. As highlighted by images in Fig. 4F, the 
highest intensity of HGF staining was observed in microcapsules 
cultured with TGF-β inhibitor, lower for cultures with neither HGF nor 
TGF-β inhibitors, and lowest in the presence of HGF inhibitor. 

In summary, we demonstrate that endogenous signals contribute 
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significantly to the phenotype of encapsulated hepatocyte spheroids, 
with HGF inhibitor degrading and TGF-β inhibitor improving hepatic 
phenotype. We also highlight the fact that Hep microcapsules bind 
endogenous and retain endogenous HGF. 

3.6. Loading exogenous HGF while inhibiting TGF-β1 signaling to further 
enhance hepatic function of encapsulated spheroids 

In the preceding sections, we demonstrated that hepatic phenotype is 
affected by endogenous as well as exogenous HGF and is improved by 
inhibiting TGF-β1 signaling. We hypothesized that loading bioactive 
microcapsules with HGF and supplementing culture media with TGF-β1 
inhibitor will further enhance hepatic function of spheroids. To test this 
hypothesis, we compared four experimental conditions: 1) Hep micro-
capsules (control), 2) Hep microcapsules loaded with HGF (100 ng 

mL− 1) – Hep/HGF, 3) Hep microcapsules media supplemented with 
TGF-β1 inhibitor – Hep/iTGF, and 4) Hep microcapsules loaded with 
HGF (100 ng mL− 1) and media supplemented with TGF-β1 inhibitor – 
Hep/HGF/iTGF. The albumin ELISA results presented in Fig. 5A show 
that the combination condition elicited a higher level of albumin syn-
thesis, compared with Hep microcapsules and Hep/HGF microcapsules. 
Specifically, albumin levels were 2 and 1.5 times higher for Hep/HGF/ 
iTGF-β1 conditions (656 ng/1 × 104 cells/day) compared to Hep (328 
ng/1 × 104 cells/day) and Hep/HGF (427 ng/1 × 104 cells/day) con-
ditions at day 7. High levels of albumin production for combination 
conditions were maintained over the course of 2 weeks. The albumin 
levels for encapsulated rat hepatocyte spheroids comparable to or better 
than such well-established culture formats as micropatterned co- 
cultures (200 ng/1 × 104 cells/day) [38] and collagen gel sandwich 
(100 ng/1 × 104 cells/day) [51]. Higher levels of urea synthesis and bile 

Fig. 4. Assessing the effects of endogenous HGF and 
TGF-β1 on the encapsulated hepatocyte spheroids. 
(A) Hepatic albumin secretion, (B) urea synthesis, and 
(C) bile acid production during 15 days of spheroid 
cultures in Hep or PEG microcapsule. Hepatic func-
tions were downregulated by inhibition of HGF and 
enhanced by inhibition of TGF-β1. Statistical analysis- 
number of samples = 3 (ns, p > 0.05; *, p ≤ 0.05; **, 
p ≤ 0.01; ***, p ≤ 0.001). (D) RT-PCR analysis of Hgf 
and Met gene expression for different microcapsule 
conditions. (E) Immunofluorescence staining of 
encapsulated hepatocyte spheroids for Met and p- 
Met. (F) Retention of HGF in Hep microcapsules was 
assessed using immunostaining. Labeling with anti- 
HGF-biotin/avidin-HRP was followed by staining 
with DAB chromogenic agent that produced brownish 
color. Images were obtained after 7 days of culture in 
the presence or absence of HGF or TGF-β inhibitor. 
Intensity of HGF staining varied depending on culture 
conditions and was highest in cultures with TGF-β 
inhibitor. Description of experimental groups: iHGF 
refers to inhibiting HGF signaling, iTGF-β1 refers to 
inhibiting TGF-β1 signaling, and Hep/HGF condition 
refers to one-time incorporation of HGF into Hep 
microcapsule.   

K. Gwon et al.                                                                                                                                                                                                                                   



Bioactive Materials 28 (2023) 183–195

191

acid production were also observed when providing exogenous HGF and 
inhibiting TGF-β1 signaling in bioactive microcapsules (Fig. 5B and C). 

Moving beyond analysis of secreted factors, we also assessed activity 
of hepatic enzyme CYP1A2 - a member of cytochrome P450 family of 
enzymes responsible for metabolism of small molecule xenobiotics 
including drugs [42]. Encapsulated spheroids in optimal culture condi-
tions (exogenous HGF loaded into microcapsules plus TGF-β1 inhibitor 
in the media) were exposed to omeprazole after which the activity of 
CYP1A2 was monitored using luciferase assay. As seen from Fig. 5D, 
treatment with omeprazole resulted in a 2-fold increase in activity of 
CYP1A2. For this experiment, we created a control where hepatocytes 
were organized into spheroids inside a commercial 3D culture (Aggre-
well) plate. As seen from Fig. 5D, CYP1A2 activity was significantly 
lower for unencapsulated spheroids and was not induced by incubation 
with omeprazole. One may note high level of baseline activity for 
CYP1A2 in Hep microcapsules. This may be explained by presence in the 
culture media of glucocorticoids (hydrocortisone and dexamethasone) 
which are known to induce CYP1A2 via glucocorticoid receptor [52,53]. 
Much lower baseline levels for spheroids in commercial 3D plate 
(Aggrewell) are likely due to poor functionality and lower CYP expres-
sion levels. Thus, hepatocyte spheroids in Hep microcapsules retain CYP 
activity and may be useful for toxicity studies in the future. 

In addition to characterizing enzyme activity, we carried out 
assessment of hepatic phenotype using RT-PCR analysis and immuno-
fluorescence staining. RT-PCR analysis revealed higher levels of hepatic 
gene expression at day 7 of culture (Albumin, Cyp1a2, and Hgf) for 
optimal culture conditions (Hep/HGF/iTGF-β1) compared to other 
encapsulated conditions (Hep and Hep/HGF). Hepatic gene expression 
in microcapsules was benchmarked against spheroids in commercial 3D 
plate (Aggrewell) and freshly isolated rat liver tissue (dashed line). As 
seen from Fig. 5E, encapsulated spheroids had higher hepatic gene 

expression than comparator conditions. 
Immunofluorescence staining (see Fig. 5F) highlighted that while the 

cytoskeletal structure of spheroids in Hep microcapsules and Aggrewell 
plate appeared to be similar after 7 days of culture, encapsulated 
spheroids contain much higher levels of albumin. This experiment 
corroborated ELISA and RT-PCR results for albumin, confirming that 
higher levels of this hepatic marker were expressed by spheroids in Hep 
microcapsules compared to bare spheroids. 

3.7. Human hepatocyte spheroids cultured in bioactive microcapsules 

Having optimized encapsulation and culture conditions for rat he-
patocyte spheroids, we assessed the utility of these conditions for 
cultivation of human hepatocytes. These hepatocytes were isolated from 
mice with humanized livers [39,40], then encapsulated, cultured and 
analyzed as described in the preceding sections for rat hepatocytes. The 
results obtained from experiments using human hepatocytes showed a 
similar outcome to rat hepatocytes. Briefly, human hepatocytes formed 
spheroids inside a core-shell Hep microcapsules as seen from see 
Fig. S4A. Albumin synthesis at day 7, shown in Fig. S4B, was 1.3 times 
higher for Hep microcapsules loaded with HGF (HepImm) compared to 
Hep microcapsules alone. Once again, human hepatocyte spheroids in 
bioinert PEG capsules were not affected by one-time loading of HGF. 

As the next step, we wanted to confirm that the combination culture 
condition (exogenous HGF, media supplement with TGF-β1 inhibitor) 
was optimal for human hepatocytes. As before, we tested three encap-
sulation culture conditions: 1) Hep microcapsule – without HGF and 
TGF-β1 inhibitor, 2) Hep/HGF - HGF loading without TGF-β1 inhibitor 
and 3) Hep/HGF/iTGF-β1 – the optimal condition with HGF and iTGF- 
β1. As seen from Fig. 6A, albumin secretion levels from the combination 
conditions (63.1 ng/1 × 104 cells/day) were 3.5 and 1.4 times higher 

Fig. 5. Improving function of rat hepatocyte spher-
oids by incorporating exogenous HGF into micro-
capsules. Hep/HGF condition refers to one-time 
incorporation of HGF into microcapsules and iTGF-β1 
refers to inhibiting TGF-β1 signaling. 3D culture plate 
(Aggrewell) was used to form hepatocyte spheroids 
without microcapsules, also called bare spheroids. (A) 
Albumin secretion, (B) urea synthesis, and (C) bile 
acid production for three different culture conditions 
at different time points during 15-day culture. (D) 
CYP1A2 activity was assessed by adding omeprazole 
(Ome) into culture media. (E) RT-PCR analysis of key 
genes associated with maintenance (Albumin, 
Cyp1a2, and Hgf) or loss (TGF-β1) of hepatic pheno-
type. Dashed line represents gene expression of 
freshly isolated liver tissue (day 0). (F) Immunofluo-
rescence staining for albumin expression of Hep mi-
crocapsules (top) and bare spheroids (bottom). 
Statistical analysis-number of samples = 3 (ns, p >
0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001).   
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compared to Hep microcapsules (18.3 ng/1 × 104 cells/day) and Hep/ 
HGF microcapsules (45.7 ng/1 × 104 cells/day) at day 7, and were 
maintained over the course of 2 weeks (Fig. 6A). A similar pattern was 
observed for urea synthesis (Fig. 6B) and bile acid production (Fig. 6C). 

Baseline activity of CYP1A2 was significantly higher for encapsuled 
spheroids compared to unencapsulated spheroids (see Fig. 6D). 
Furthermore, incubation with omeprazole induced CYP1A2 activity of 
encapsulated spheroids but had no effect on bare spheroids. We also 
carried out hepatic gene expression analysis of encapsulated human 
hepatocyte in Hep microcapsule, unencapsulated hepatocyte spheroids 
in Aggrewell plates as well as human hepatocytes cultured as mono-
layers prior to their collection and encapsulation. As highlighted in 
Fig. 6E, encapsulated human hepatocytes under combination culture 
conditions (Hep/HGF/iTGF-β1) were more functional after 7 days of 
culture than bare spheroids in an Aggrewell plate and hepatocytes from 
monolayer cultures at the time of encapsulation (dashed line). The dif-
ferences in hepatic phenotype were further corroborated by immuno-
fluorescent staining with high levels of albumin observed for spheroids 
in Hep microcapsules and low levels for unencapsulated spheroids (see 
Fig. 6F). Overall, our results demonstrate successful encapsulation, 
spheroid formation and maintenance of human hepatocyte spheroids, 
and suggest that loading HGF and inhibiting TGF-β signaling enhanced 
phenotype of encapsulated spheroids. 

3.8. Modeling interactions between a hepatocyte spheroid and a bioactive 
microcapsule 

Our experimental results suggest an active role played by Hep mi-
crocapsules in sequestering and releasing secreted signals, including 
HGF. We observed that hepatocytes in Hep microcapsules have 
improved phenotype compared to hepatocytes in PEG capsules and that 

loading HGF into Hep capsules further enhanced hepatic phenotype 
while loading HGF into PEG capsules did not. How does endogenous 
HGF interact with Hep capsules, what are the levels of endogenous HGF 
inside a microcapsule next to a spheroid at different time points during 
culture and how do these levels compare to exogenous HGF loading? 
These questions are challenging to address experimentally, therefore, 
we set up a secretion-reaction-diffusion model that accounted for pro-
duction of HGF by a hepatocyte spheroid, its affinity interactions with 
Hep microcapsules and its diffusion within and outside of capsules (see 
Fig. 7A for a schematic description of the model). We also modeled a 
scenario where HGF is both produced by cells and loaded into capsules 
exogenously. The final modeling scenario was bioinert PEG microcap-
sules that included endogenous and exogenous HGF as well as diffusion 
elements of the model but did not have affinity interactions of HGF with 
Hep. Parameters used for model construction are described in Table S2. 
We note that the majority of these parameters have been determined by 
us previously [28] with the exception of HGF binding constants and 
secretion rate that came from the work of others [35]. We would also 
like to note that the HGF secretion rate was assumed to be constant over 
time and the same for Hep and PEG capsules. 

Our modeling results shown in Fig. 7B reveal several interesting in-
sights. First, cell-secreted HGF is expected to reach much higher con-
centrations in the core of a bioactive Hep capsule compared to the core 
of a bioinert PEG capsule (6 nM vs 1 nM) after 48 h of culture in un-
disturbed media. Second, media exchange (see for example day 2) re-
sults in a dramatic decrease of HGF concentration in the core of a 
bioinert PEG capsule where it approaches zero and builds up again due 
to secretion and accumulation over the next 48 h. In comparison, HGF 
concentration in the core of a bioactive Hep capsule changes little in the 
process of media replacement. This is explained by high affinity of 
heparin for HGF [45] and high capacity of Hep capsules for binding HGF 

Fig. 6. Human hepatocyte spheroids in bioactive 
microcapsules. (A) Albumin secretion, (B) urea syn-
thesis, and (C) bile acid production for three different 
culture conditions at different time points during 15- 
day culture. (D) CYP1A2 activity was assessed by 
adding omeprazole (Ome) into culture media. (E) RT- 
PCR analysis of hepatic gene expression. Dashed line 
represents gene expression of human hepatocytes 
prior to encapsulation (day 0). (F) Immunofluores-
cence staining for albumin expression of Hep micro-
capsules (top) and bare spheroids (bottom). Statistical 
analysis-number of samples = 3 (ns, p > 0.05; *, p ≤
0.05; **, p ≤ 0.01; ***, p ≤ 0.001).   
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(5.8 pmol of heparin in a capsule) [34]. Third, levels of HGF continue to 
accumulate in Hep microcapsules over time while this does not occur in 
PEG capsules. Fourth, a scenario where endogenous production of HGF 
is combined with its exogenous loading at 100 ng mL− 1 produces higher 
levels of HGF in the core compared to endogenous signaling alone at 
early time points (3.16 nM vs. 1.2 nM at 12 h), but this difference di-
minishes and becomes negligible by day 4 of culture. Fifth, a much 
higher concentration of HGF is contained in a Hep-based hydrogel shell 
than in the aqueous core of the microcapsule such that a hydrogel shell 
serves as a reservoir for these molecules (Fig. 7C). While our modeling 
helps explain why bioactive microcapsules enhance function of encap-
sulated hepatocytes, there are likely additional benefits of the micro-
capsules that are not captured by the model. For example, our model 
does not account for enhanced stability of HGF in Hep capsules or its low 
stability in PEG capsules. In addition, autocrine signaling may be asso-
ciated with discontinuous phenotype switching where cells exposed to a 
certain threshold concentration of signal significantly increase produc-
tion of the same signal [54–56] Thus, it is likely that HGF secretion rate 
is not constant and increases disproportionately in Hep microcapsules 
compared to PEG microcapsules. 

To confirm the modeling prediction of HGF accumulation in bioac-
tive microcapsules, we cultured rat hepatocyte spheroids in Hep mi-
crocapsules in the absence of exogenous HGF and immunostained 
microcapsules for HGF at different time points in culture. As shown in 
Fig. 7D, HGF signal increased over time, confirming model prediction of 
endogenous HGF accumulating in bioactive microcapsules. 

4. Conclusions 

This paper describes the use of bioactive Hep microcapsules for 
cultivation of hepatocyte spheroids. Bioactive microcapsules were 

shown to retain and release HGF over the course of several days. Hepatic 
function of encapsulated spheroids was significantly better in bioactive 
Hep microcapsules compared to biointert PEG microcapsules. The 
enhancement of hepatic function was shown to be dependent on 
endogenous HGF signaling. Loading exogenous HGF and supplementing 
media with TGF-β1 inhibitor further enhanced function of spheroids in 
bioactive microcapsules. The optimal culture conditions allowed main-
tenance of hepatic function for human and rat hepatocyte spheroids over 
the course of two weeks. Bioactive microcapsules described here hold 
significant promise as a method for culturing hepatocyte spheroids and 
may be used for disease modeling or drug testing. Additional applica-
tions include employing Hep microcapsules for hepatic differentiation of 
pluripotent stem cells and for maintaining phenotype of stem cell- 
derived hepatocytes. 
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nario evaluated here is Hep microcapsules without 
loading of exogenous HGF.   
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