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Abstract
We report the development of a metastasis-on-a-chip platform to model and track hepatocellular carcinoma (HCC)–bone
metastasis and to analyze the inhibitory effect of an herb-based compound, thymoquinone (TQ), in hindering the migration
of liver cancer cells into the bone compartment. The bioreactor consisted of two chambers, one accommodating encapsulated
HepG2 cells and one bone-mimetic niche containing hydroxyapatite (HAp). Above these chambers, a microporous membrane
was placed to resemble the vascular barrier, where medium was circulated over the membrane. It was observed that the liver
cancer cells proliferated inside the tumor microtissue and disseminated from the HCC chamber to the circulatory flow and
eventually entered the bone chamber. The number of metastatic HepG2 cells to the bone compartment was remarkably higher
in the presence of HAp in the hydrogel. TQwas then used as a metastasis-controlling agent in both free form and encapsulated
nanoparticles, to analyze its suppressing effect on HCC metastasis. Results indicated that the nanoparticle-encapsulated TQ
provided a longer period of inhibitory effect. In summary, HCC–bone metastasis-on-a-chip platform was demonstrated to
model certain key aspects of the cancer metastasis process, hence corroborating the potential of enabling investigations on
metastasis-associated biology as well as improved anti-metastatic drug screening.
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Introduction

Cancer is one of the leading causes of death worldwide [1, 2].
It is anticipated that by 2030, approximately 22 million new
patients will suffer from cancer and mortality will rise up to
13 million deaths annually [1]. Although enormous achieve-
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ments in better understanding of the different mechanisms
to diagnose and treat primary tumors, metastases are still
the main reason of high mortality in cancer [2]. In metas-
tasis, a cancer cell enters through endothelial barrier the
surrounding blood stream or lymph node from its primary
site, translocates to other parts of the body, extravasates from
the microvasculature to the new site, and finally proliferates
again to create new colonies [2]. Control and inhibition of
cancer progression are therefore critical procedures in treat-
ing cancer.

Cellular composition, extracellular matrix (ECM), and
blood circulation have prominent roles in affecting themetas-
tasis of cancerous cells [2]. Due to the significant role of
metastasis in the process of the cancer development and
the lack of knowledge relating to its mechanism, various
experimental models have been designed to better under-
stand the specific roles of these parameters and reproduce and
find treatments for the complicated metastasis cascade [2].
Among these different models, conventional in vitro static
cell cultures usually fail to replicate the cellular behaviors in
their native three-dimensional (3D) microenvironments [2].
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Results obtained from animal models, on the other hand,
may not be necessarily generalized to human pathophysiol-
ogy because of the intrinsic interspecies differences [2–4].
To this end, microfabrication technologies have enabled the
creation of biomimetic tissue and cancermodels to bridge the
gap of the conventional cell cultures and the human system
by providingmeans to incorporate 3D nicheswith substantial
cell–cell interactions and spatiotemporal gradients [2]. These
on-chip 3D and dynamic models can be meticulously tuned
and tightly controlled for their configurations to scrutinize
various parameters in modeling cancer metastasis in vitro [2,
5].

Liver cancer can be classified into two main categories,
i.e., primary and secondary. In the first category, liver cells
become cancerous due to reasons such as hepatitis B or C
virus infection or alcohol abuse [6]. Contrarily, in secondary
liver cancer, cancerous cells are disseminated from another
organ (primary site) to the liver [6]. In particular, hepatocel-
lular carcinoma (HCC) is a common type of primary liver
cancer considered as one of the most progressive cancers
with a high mortality rate [7]. HCC has a strong metastatic
potential, where the lung, lymph nodes, bone, and other intra-
abdominal organs are key locations at risk of its metastasis
[7]. Bone is a common metastasis site during HCC progres-
sion [7], and understanding its cause and screening treatment
strategies would be strongly desired through generation of
improved in vitro HCC–bone metastatic models.

Despite growing research in the development of
cancer-on-a-chip models, recapitulating metastasis on these
microfluidic devices is still in the infancy [5, 8]. Recently,
in vitro systems have been used in modeling the metasta-
sis cascade [9]. Since myriad parameters are involved in
cancer metastasis, providing an in vitro model representing
the metastasis process, even in its reduction form, can bring
new insights to understand, predict, and control this can-
cer progression mechanism. Reported metastasis-on-a-chip
models include separate compartments for primary and sec-
ondary tumor sites enabling control over parameters affecting
tumor cell migration and real-time monitoring of the cancer
invasion process. For example, cancer cell migration from
colon cancer organoids to liver organoids was investigated
under constant perfusion and results were compared to non-
metastatic colon cancer [9]. Metastatic colon cancer cells
were observed in the liver organoids, while non-metastasis
colon cancer cells proliferated in their native site and did
not translocate to the liver organoids. Breast cancer-to-bone
metastasis-on-a-chip was developed, and it was shown that
host chemokines had a great impact on attracting tumor cells
toward the bone microtissue [10]. Microfluidics-based anal-
ysis of the effects of the bone microenvironment on prostate
cancer cells was studied relating to signaling mechanisms,
where modulated prostate cancer progression was observed
by adding a bone-related protein osteopontin to the hydrogel

[11].Additional research further focused on investigating cir-
culating tumor cells on interconnected multi-organ systems
to mimic organ-specific cancer progression [5].

Moreover, microfluidic devices have been widely used as
a tool for preclinical drug screening [2, 9]. Various organ-on-
a-chip platforms have served to scrutinize the pharmaceutical
effects of anticancer drugs [2, 12]. Due to the important role
of the liver in drug metabolism pathways inside the body,
liver-on-a-chipmodels are often linked to other organmodels
in drug studies [12]. Nevertheless, utilization of liver-on-a-
chip systems has been mainly focused on drug screening or
investigation of liver as a secondary host for other tumor
cells. Studies on liver cancer, including HCC, on the chips
albeit their importance and prevalence, have been rare. Also,
despite these recent efforts in modeling cancer metastasis-
on-a-chip, few of the previously reported studies investigated
the effect of anti-metastatic treatments on hepatic cancer pro-
gression.

Here, we report the design of an on-chip model of pri-
mary HCC–bone metastasis. HepG2 cells were cultured in
a biomimetic 3D hydrogel microenvironment to emulate the
hepatic cancerous tissue, in one compartment of the dual-
chamber microfluidic chip. In the other compartment of the
chip parallel to the HCC tissue, a bone-mimetic niche, con-
sisting of a 3D hydrogel matrix containing the bone mineral
hydroxyapatite (HAp), was created. Above the two cham-
bers, a microporous polymer membrane functioning as the
physical vascular barrier was sandwiched in between the
two bottom compartments and a common vascular chamber
on top, with medium circulating during the culture period.
Cancerous cells may recognize calcium ions released from
the bone ECM via their calcium-sensing receptors and/or
calcium-binding proteins [13]. Such signaling activates sev-
eral pathways and attracts metastatic cancer cells toward
the bone as they travel through the blood stream [7, 14].
We therefore hypothesized that the HCC cells in their pri-
mary chamber would sense the calcium ions released from
the other chamber containing HAp and start to transmigrate
across the vascular barrier to settle in the secondary bone-
mimetic site, modeling the metastasis process in the human
body, in a mineral-dependent manner.

Upon generation of the HCC–bone metastasis model, we
subsequently explored the effect of pharmaceutical com-
pounds in suppressing such metastasis. Specifically, an
herb-derived compound thymoquinone (TQ) was used as
a metastasis-controlling agent as TQ has been reported to
prohibit cancerous cell invasion and metastasis [15] and
reduce proliferation of a variety of cancer cell lines such as
colon, liver, ovarian, and lung [15]. Since TQ is extracted
from the herb Nigella sativa, it potentially has less side
effects in comparison with other synthetic compounds used
in chemotherapy and metastasis inhibition while increas-
ing liver functionality [15]. Specifically, TQ was delivered
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Fig. 1 HCC–bone metastasis model. a Schematic showing different
components of the bioreactor. The blue parts are made of PDMS. The
brown layer shows the transmembrane with a pore size of 3 µm. All
parts are clamped with two PMMA holders and tightened with bolts
and screws. b Schematic showing the assembled bioreactor. c Photo-
graph showing the assembled bioreactor. The two bottom chambers are

filled with orange and brown dyes. The green layer resembles the mem-
brane, and the top fluidic chamber is filled with a blue dye. d Schematic
showing the operation of the whole system where the assembled biore-
actor is connected to the reservoir and peristaltic pump. e Schematic
of the microfluidic chamber with sizes of all parts used in numerical
simulations noted

to the HCC–bone metastasis microfluidic platform through
medium perfusion in the vascular chamber, both in free form
and encapsulated in nanoparticles. The effect of each config-
uration on HCC metastasis was analyzed.

Materials andmethods

Bioreactor design and fabrication

The bioreactor (Fig. 1a, b) was made of two polydimethyl-
siloxane (PDMS, Sylgard 184 Elastomer Kit, Dow Corning,
USA; weight ratio of monomer/crosslinker � 10:1) layers,
sandwiching a 3-µm polyethylene terephthalate membrane
(PET, Thermo Fisher, USA) in the middle mimicking the
vascular barrier. The bioreactor was clamped by a pair
of poly(methyl methacrylate) (PMMA) holders to ensure
hydraulic tightness. A photograph of the actual bioreac-
tor is shown in Fig. 1c, where orange indicates the HCC
chamber, brown indicates the HAp compartment, blue rep-
resents the top vascular chamber, and green is the membrane
(vascular barrier). The bioreactor was connected to a 5-mL
reservoir, and a peristaltic pump (MP2) was used to circulate
the medium (Fig. 1d). The reservoir was placed before the
bioreactor so that it could also serve as the bubble trap pre-

venting the bubbles from entering the circulatory system [3].
The entire system was placed inside an incubator at 37 °C
and 5% CO2 for up to 21 days and examined regularly under
a fluorescence microscope (Axio Observer D1, Carl Zeiss,
Germany).

Hydrogel synthesis

Gelatin methacryloyl (GelMA) was used as the ECM–mim-
icking matrix for constructing HCC and bone-like tissues.
GelMA has been widely used in tissue engineering and mod-
eling including cancer cell cultures and bone tissue formation
[16, 17]. GelMA was synthesized according to established
protocol [16].

Hydrogel preparation

Hydrogel pre-polymer solution used in this experiment con-
tained 5wt%GelMAand 0.5wt%photoinitiator (hydroxy-1-
(4-(hydroxyethoxy)phenyl)-2-methyl-1-propanone (Sigma-
Aldrich). Crosslinking was achieved at 8-cm distance from
a UV light (Omnicure, Canada) with a power density of
45 mW cm−2 for 40 s to form GelMA hydrogels.
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Cell culture and encapsulation

Human HepG2 HCC cells (ATCC, USA) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Thermo
Fisher) supplementedwith 10 vol% fetal bovine serum (FBS,
ThermoFisher) and1vol%penicillin–streptomycin (Thermo
Fisher). Cultured cells were maintained in a standard condi-
tion at 37 °C and 5% CO2. The cells were detached from
the surface of the culture flasks using 1 vol% trypsin–EDTA
treatment (Thermo Fisher) for approximately 5 min at
37 °C. The cells were re-suspended in the GelMA hydrogel
pre-polymer solution, filled into the chamber, and pho-
tocrosslinked. To follow cell migration under fluorescence
microscope when necessary, HepG2 cells were pre-labeled
via cell tracker (CM Dil Dye, Thermo Fisher) according to
manufacturer’s instructions.

Cell metabolic activity and viability analyses

To analyze cell metabolic activity and viability, Presto Blue
and Live/Dead assays were used. Medium was aspirated,
and a solution containing the Presto Blue reagent (Thermo
Fisher) and culture medium at a ratio of 1:10 was added to
the cells in each well and kept for 30 min at 37 °C. Then,
the medium over the cells was collected and measured by a
plate reader (BioTeK, USA) at 569-nm excitation and 589-
nm emission wavelengths. For qualitative analysis of cell
viability, encapsulated cells were treated with a Live/Dead
kit (Thermo Fisher) for 15 min at 37 °C. Under fluorescence
microscope, live and dead cells were shown in green and red,
respectively.

Numerical simulation

A 3D model of flow and oxygenation was set up using finite
element analysis by Comsol Multiphysics 3.5a (COMSOL
Inc., USA), in which mass, momentum of fluid flow, and
oxygen transfer in the bioreactor were obtained to calculate
shear stress and oxygen concentration inside the bioreac-
tor. The dimensions of the bioreactor chamber are given
in Fig. 1e. Medium inside the bioreactor was modeled as
steady, incompressible, isothermal, Newtonian fluid. Fluid
flow entered the microchannel through the inlet connec-
tion and was transferred via constant perfusion through the
entire chamber. Continuity, Navier–Stokes, and Brinkman
equations were solved to acquire velocity distribution inside
the microfluidic chamber and the porous medium (i.e., the
hydrogel matrix), respectively. Reynolds number (Re) for
this model was Re�1, and therefore, the flow regime was
considered laminar and the inertial terms of stated equations
could be neglected. The equations related to this part are
given in supplementary material.

Results

Hydrodynamics and oxygenation

HCC cells were encapsulated inside the GelMA hydrogel,
providing a favorable 3D microenvironment for the encap-
sulated cells to survive, proliferate, and differentiate. In
particular, GelMAwithmedium degree of methacryloyl sub-
stitution at a 5 wt% concentration was chosen for our HCC
model construction since the stiffness of its UV-crosslinked
hydrogel would be matching that of human liver cancer
tissue [18], potentially providing the HepG2 cells with a
biomimetic 3D niche. Cells at the concentration of 1×106

mL−1 were encapsulated to investigate HCC cell behaviors
in the GelMA matrix and observe the effect of UV exposure
on cells (Fig. S1a). Cell distribution was almost homogenous
and the GelMA hydrogel maintained its integrity after 7 days
of culture. Viability of the cells inside GelMA along the cul-
ture was analyzed with Live/Dead assay, which indicated
high viability of the HCC cells inside the GelMA hydrogel
throughout the 7-day culture period (Fig. S1b–d).

Fluid flow simulation inside the bioreactor was further
conducted, where a parabolic velocity profile was clearly
observed (Fig. S1e). Since inlet fluidflowwas lowanddimen-
sions of the fluidic channel were small, Re for this flow was
approximately 7×10−2. Therefore, fluid flow regime was
laminar and streamlines were obtained as shown in Fig. S1f.
The velocity was chosen based on the flow pattern and suffi-
cient oxygen delivery to the cells. In case of low velocity,
hepatocytes could not receive adequate oxygen. Distribu-
tion of oxygen concentration inside the bioreactor was also
simulated. The left bottom chamber contained HCC cells,
which would consume oxygen. Hypoxia is anticipated to
occur when available oxygen concentration of the cells falls
below 1.0×10−4 mol m−3 [19]. However, as HCC is usually
highly vascularized, we decided tomodel it on our chip under
the normoxic condition. Perfusion velocity of 5 µL min−1

was thus chosen to supply the HCC cells with sufficient oxy-
gen (Fig. S1g).

Optimization of HepG2 cell culture in GelMA

The effect of concentration of HepG2 cells inside the GelMA
matrix was first examined under static culture in the biore-
actor (Fig. 2). Cell viability on days 1, 3, and 7 with cell
densities of 2×106, 3×106, and 5×106 cells mL−1 was
measured using live/dead staining showing eminent ratios of
live cells (green) with respect to dead cells (red) during the
entire culture period under all conditions. HepG2 cell distri-
bution on day 1was almost homogenous for all cell densities.
The cells started to proliferate and aggregate by producing
spheroids of varying sizes in the GelMA matrix as clearly
seen on day 7 (Fig. 2c, g, k). Cell metabolic activities were
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Fig. 2 HCC cell growth inside the chamber over time. a–c Live/dead
staining for cell density at 2×106 after a day 1, b day 3, and c day
7. d Quantification of cell proliferation. e–g Live/dead staining for cell
density at 3×106 after e day 1, f day 3, and g day 7. h Quantification

of cell proliferation. i–k Live/dead staining for cell density at 5×106

after i day 1, j day 3, and k day 7. l Quantification of cell metabolic
activities (***P <0.0001)

also quantified using the Presto Blue assay (Fig. 2d, h, l),
indicating the growth of the HepG2 cells during the 7-day
culture period. Chemoattractant signaling has been shown
as an important factor in promoting HCC cell motility and
metastasis [7, 14]. To provide a similar microenvironment
with the HCC native niche, a highly concentrated cellular
environment might be needed to facilitate the generation of
the HCC metastasis model. However, further increasing the
cell density would result in too many cells during the culture
period interfering with microscopic observation. Thereupon,
5×106 cells mL−1 was chosen since this high concentration
seemed to also exhibit good cell viability and proliferation
in our setup.

HCCmetastasis-on-a-chip under flow
andmicroenvironmental stimuli

Primary liver cancer, similar to the other cancer types, is
under the influence of their surrounding microenvironmen-
tal stimuli by which it is induced to migrate to the secondary
sites [7, 14]. It has been recognized that one of the frequent
extrahepaticmetastasis sites is the bone [7]. Bone provides an
active microenvironment in conjunction with cellular inter-
actions between the host bone and the hepatic cancerous cells

[20]. Hence, the chemical signaling between the host tissue
and the liver cancer cells, including the HepG2 cells used in
our model, can be a dominant factor in attracting HCC–bone
metastasis. Specifically, HAp is a natural biomineral occu-
pying the majority of the normal bone ECM [20], which
contains a high level of calcium ions. To this end, it is ratio-
nally assumed that HAp might be an effective component
existing in the bone significantly contributing to bone metas-
tasis of HCC.

To mimic the bone niche inside our model, HAp was
encapsulated within the GelMA matrix in the second com-
partment at the bottom of the bioreactor. The effect of HAp
concentration on cell viability was first examined under the
static condition for up to 7 days (Fig. S2a). It could be
observed that in all cases, in the presence of HAp inside
the second chamber, the viability of the HepG2 cells also
increased over time, indicating that HAp did not exert notice-
able toxicity on these cells. As the natural bone ECM has
much more mineral than our highest HAp concentration
tested, it would be intuitive that the higher HAp embedded
in the bone-like niche the better. However, in cases where
HAp at even higher concentrations (>0.1 wt%) were used,
the entire chamber became opaque leading to inability of
observation under the microscope. The overly high concen-
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Fig. 3 HepG2 cell proliferation and metastasis to the HAp chamber
under dynamic condition. a Schematic representation of the biore-
actor configuration. b–d HepG2 cells encapsulated in GelMA inside

left chamber on b day 1, c day 3, and d day 7. e–g cells migrated
to/proliferated in the right chamber containing GelMA and 0.1 wt%
HAp on f day 1, g day 3, and h day 7

tration ofHAp also impaired theGelMAhydrogel formation.
Consequently, GelMA containing HAp at a concentration of
0.1 wt% was adopted as the optimum formulation for further
experiments.

In the first set of experiments, HCC metastasis under the
effect of HAp was investigated under the dynamic condi-
tion. To mimic the HCC-to-bone metastasis inside the body,
HepG2 cells tagged with cell tracker were encapsulated in
GelMA in the left chamber and in the right chamber GelMA
ladenwithHApwas placed, on top ofwhich aPETmembrane
was sandwiched between the two PDMS layers (Fig. 3a).
This porous membrane could effectively function as the vas-
cular barrier [3] to mimic the HCC metastasis process in
the human body. It was anticipated that the concentration
of HepG2 cells inside the GelMA in the HCC chamber was
sufficiently high so that the cells tended to leave this pri-
mary site to cross the vascular barrier as they proliferated.
Additionally, the circulating HepG2 cells would sense the
chemical stimuli, i.e., the locally concentrated calcium ions
released from the bone niche received in the vascular cham-
ber, and subsequently migrate across the porous membrane
again to settle at the metastatic bone site, emulating the sce-
nario how HCC (or many other cancer) metastasis occurs in
the native situation. The bioreactor was run for up to 7 days
and cellmigrationwas examinedmicroscopically (Fig. 3b–g)
and quantified (Fig. 5c, e). Indeed, it was clear that metas-
tasis of the HepG2 cells increased with respect to time. The

results indicated a considerable cell migration into the HAp
chamber demonstrating a metastasis-favorable environment
for the circulating HCC cells to settle.

In parallel to the abovementioned setup, the bioreactors
were also run with pure GelMA (no HAp) in the second
chamber as the control (Figs. 4, 5d, f). FromFig. 4b–d, proper
growth and viability of HCC cells could be observed sug-
gesting the expedient environment for cell proliferation. By
comparing these two sets of observations (Figs. 3, 4, 5), it
could be inferred that including HAp in the second cham-
ber, cell metastasis would be promoted and cell migration
enhancement was more prominent after the third day possi-
bly due to the locally released Ca2+ ions as the attractant.
For example, the count of migrated cell was almost three-
fold more in the bioreactors with HAp in comparison with
its counterpart, i.e., those without HAp, on day 3.

TQ toxicity on HCC cells

TQ is a natural anticancer and metastasis-prohibitive sub-
stance directly extracted from an herb Nigella sativa [15].
It was shown that the growth-inhibitory effect of TQ would
specifically prevent cancer cell proliferation while not affect-
ing other healthy cells [15]. Effect of TQ on hepatocarcino-
genesiswas also studied, and it was demonstrated that growth
and viability of hepatic cancerous cells were considerably
decreased [15]. As a start, TQ at an initial concentration
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Fig. 4 HCC cell distribution andmetastasis-on-chip in dynamic environment without HAp. a Schematic representation of the bioreactor. b–dHepG2
cells encapsulated in GelMA inside left chamber on b day 1, c day 3, d day 7. Cells migrated to the right chamber containing GelMA on e day 1,
f day 3, g day 7

of 200 µg mL−1 was tested in two models, 2D HCC cul-
ture directly on the bottom of the bioreactor chamber in the
bioreactor and 3D HCC culture in the GelMA hydrogel in
the chamber. The experiments were performed statically for
4 days with TQ dissolved in the medium. As observed in
Fig. S2b and c, the cell viability decreased substantially in
both cases compared to the control where no TQ was admin-
istrated. However, in the case where the HepG2 cells were
encapsulated inside GelMA, the toxicity exerted by TQ was
moderate compared to viability decrease in the case of 2D
monolayer culture, due to the retarded penetration of TQ
inside the hydrogel in a diffusion-mediated manner, which
is believed to be more biomimetic to the in vivo scenario. To
find the appropriate concentration of encapsulated TQ, dif-
ferent concentrations of the nano particles ranging between
200 to 12.5 µg mL−1 were further placed over the HepG2
cell-encapsulated GelMA in the bottom part of the bioreactor
and the experiments were conducted under static conditions
(Fig. S2d). Increasing the drug concentration led to dras-
tic decrease in the cellular viability and a concentration of
50 µg mL−1 at the vicinity of IC50 was chosen for further
investigation.

Characterizations of TQ-encapsulated chitosan
nanoparticles

To understand the TQ effect on the inhibition of HCC
metastasis-on-chip, TQ was further encapsulated in chi-

tosan nanoparticles. Chitosan is a natural biopolymer widely
used in biomedical applications due to its biocompatibility,
biodegradability, and non-toxicity [21].As such, chitosan has
also been extensively explored as carriers for sustained drug
delivery [21]. The primary advantage of using this carrier
system for delivering TQ lies in indirect contact of TQ with
the HCC cells as well as controlled release of TQ over time,
so that metastasis prevention could be better controlled. In
addition, it has been reported that chitosan by itself has an
anticancer effect [22], and thus, by using chitosan nanopar-
ticles containing TQ, HCC metastasis inhibition might be
enhanced in synergy with concurrent TQ release.

Characteristics of nanoparticles such as size distribu-
tion and surface properties play key roles in their cellular
uptake [23]. The average sizes of empty and TQ-loaded
chitosan nanoparticles were determined by dynamic light
scattering (DLS) as 162.8±11.65 nm and 489.3±31.64 nm,
respectively (Fig. 6a). The mean particle size of TQ-loaded
nanoparticles was larger than that of the empty nanoparticles,
as a result of reduction in chitosan/tripolyphosdphate (TPP)
interaction through the incorporation of negatively charged
TQ molecules leading to increase in nanoparticle sizes [24].
Polydispersity index (PDI) is the index of size distribution
and presents the similarity between particle sizes. This value
can range from 0 to 1, where PDI values of greater than
0.5 generally indicate relatively broad size distributions. The
size and size distribution of nanoparticles directly affect the
drug release rates and the therapeutic efficacy of the formu-
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Fig. 5 Quantification of proliferated and migrated HepG2 cells. a,
b Schematic representations of the bioreactor configuration containing
a HAp or b pure GelMA in the metastatic chamber. c, d Quantifica-
tions of proliferated HepG2 cells in the primary tumor chambers for

configurations with c HAp and d pure GelMA niches in the metastatic
chambers. e, f Quantifications of metastasized HepG2 cells in the sec-
ondary chambers containing e HAp and f pure GelMA niches. ***P
<0.0001

Fig. 6 Characterizations of chitosan nanoparticles. a Particle size distributions of empty and TQ-loaded chitosan nanoparticles measured by DLS.
b SEM image of TQ-loaded chitosan nanoparticles. c FTIR spectra of free TQ, and empty and TQ-loaded chitosan nanoparticles

lations [21]. However, it is challenging to prepare chitosan
nanoparticles with a narrow particle size distribution by con-
ventional methods, which limits their suitability in certain
applications [25]. The nanoparticles prepared in this study
showed a narrow size distribution with 0.216 of the PDI

value, ensuring uniform delivery of drug molecules from all
nanoparticles. Zeta potential measures the surface charge of
particles and has a significant effect on particle stability in
suspensions [23, 24]. The zeta-potential values of empty and
TQ-loaded nanoparticles were measured as 11.93±0.45mV
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Fig. 7 Hepatocyte distribution and metastasis-on-chip in the dynamic
condition under the effect of TQ. a Schematic of the bioreactor with
encapsulated liver cancer cells in left and HAp in the right chambers,
respectively. b–f HepG2 cells encapsulated in GelMA inside left cham-

ber onbday1, c day3,d day7, e day14, and f day21;g–k cellsmigrated
to the right chamber containing GelMA and 0.1 wt% HAp on g day 1,
h day 3, i day 7, j day 14, and k day 21

and 7.51±0.43 mV, respectively. Although zeta-potential
values showed a decrease with the addition of negatively
charged TQ in the formulation, TQ-loaded chitosan nanopar-
ticles still had a positive surface charge. This positive zeta
potential of chitosan nanoparticles may enable the adhesion
of the nanoparticles to the cells due to the electrostatic inter-
actions between the positively charged formulation and the
negatively charged cell membranes [24].

Morphological features of the nanoparticles were exam-
ined by scanning electron microscopy (SEM) (Fig. 6b),

where the sizes of the nanoparticles were smaller than
the hydrodynamic sizes measured by DLS. The Fourier-
transform infrared (FTIR) spectrum of free TQ presented
the characteristic peaks of C-H stretching at 2966 cm−1,
C=O bond at 1637 cm−1, and C–H bending at 1245 cm−1,
1131 cm−1, and 1022 cm−1 (Fig. 6c), matching those
reported in the literature [16, 19]. It was reported that chi-
tosan has peaks at 1658 cm−1 and 1589 cm−1 referring to
amide I and amino groups, respectively. As shown in Fig. 6c,
the characteristic peak of chitosan at 1658 cm−1 disappeared
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Fig. 8 Hepatocyte distribution and metastasis-on-chip in the dynamic
condition with HAp under the effect of chitosan. a Schematic repre-
sentation of the bioreactor. b–f HepG2 cells encapsulated in GelMA

inside left chamber on b day 1, c day 3, d day 7, e day 14, and f day 21;
g–k cells migrated to the right chamber containing GelMA and 0.1 wt%
HAp on g day 1, h day 3, i day 7, j day 14, and k day 21

after nanoparticle formation. The amide II peak of chitosan
at 1589 cm−1 was shifted to 1532 cm−1 as a result of elec-
trostatic interaction formed between the NH3+ groups of
chitosan and the phosphoric groups of TPP. The peaks at
1155 cm−1 and 892 cm−1 referred to P=O stretching and
pyranose ring, while the symmetric stretching of C–O–C
appeared at 1020 and 1065 cm−1. FTIR spectra of empty and
TQ-loaded nanoparticles were similar, indicating that there
was no chemical interaction between the drug and the poly-
mer. When the spectra of free TQ and TQ-loaded chitosan

nanoparticles were analyzed, it was clear that the character-
istic peaks of TQ were masked after encapsulation [26].

Differential scanning calorimeter (DSC) analyses of the
samples were carried out between 20 and 350 °C, and
similar curves were obtained for empty and TQ-loaded
chitosan nanoparticles. In the DSC curve of free TQ, an
endothermic peak corresponding to melting of TQ molecule
was seen at 48.5 °C, which was absent in the DSC curve
of TQ-loaded chitosan nanoparticles (Fig. S3a), suggest-
ing that TQ was molecularly dispersed within the matrix
showing the amorphous nature that further authenticated the
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Fig. 9 Hepatocyte distribution and metastasis-on-chip in the dynamic
condition under the effect of TQ-encapsulated chitosan nanoparticles.
a Schematic representation of the bioreactor. b–f HepG2 cells encapsu-
lated in GelMA inside left chamber on b day 1, c day 3, d day 7, e day

14, and f day 21; g–k cells migrated to the right chamber containing
GelMA and 0.1 wt% HAp on g day 1, h day 3, i day 7, j day 14, and
k day 21

good encapsulation of TQ. In addition, TQ-loaded chitosan
nanoparticles showed a higher melting temperature than free
TQ, indicating the enhanced thermal stability of TQ through
encapsulation (Fig. S3a). In vitro release assessment was car-
ried out using a standard dialysis method for 7 days and the
release yield was determined as 59% (Fig. S3b). TQ con-
centration in the release medium showed a rapid increase in
the first hours of incubation and then remained constant fol-
lowing the 4th day. The similar burst increase followed by
sustained release was also reported in previous studies [23],

where the drug present at or just beneath the surface of the
nanoparticles is responsible for this effect [23]. In previous
studies, TQ-loaded nanoparticles were prepared and based
on the nanoparticle formulation different release yields such
as 75% in 8 h [27] and 70% in 7 days [23]were demonstrated,
while release profiles were similar to the profile obtained in
our study. As it is seen, different release values were reported
for TQ since the drug release is highly dependent on the
properties of the drug and the encapsulation material, inter-
actions, between these components, and particle synthesis
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Fig. 10 Quantification of proliferated and migrated HepG2 cells under
the effects of TQ, chitosan, or TQ-encapsulated chitosan nanoparti-
cles. Schematic representations of the bioreactor configurations treated
by a TQ, b chitosan, and c TQ-encapsulated chitosan nanoparticles.
d–f Quantifications of proliferated HepG2 cells in the primary tumor

chambers under the effects of d TQ, e chitosan, and f TQ-encapsulated
chitosan nanoparticles. g–iQuantifications ofmetastasizedHepG2 cells
in the secondary chambers treated by g TQ, h chitosan, and i TQ-
encapsulated chitosan nanoparticles. ***P <0.0001

methods [23]. In this study, 86% of the encapsulated TQ
was released from chitosan nanoparticles and this incomplete
release might be associated with poor water-soluble nature
of TQ that limited its solubility in release medium and thus
potential loss of TQ during encapsulation or sampling pro-
cess. The dialysis membrane could also have served as a
diffusion barrier, especially for poorly water-soluble drugs,
and therefore, released drug may accumulate or bind on the
dialysis membrane and affect the release kinetics [28].

Inhibitory effects of on-chip HCCmetastasis by TQ,
chitosan, and TQ-encapsulated chitosan
nanoparticles

HCC metastases toward the bone-like chamber under the
effect of free TQ (Fig. 7a), chitosan nanoparticles (Fig. 8a),
and TQ-encapsulated chitosan nanoparticles (Fig. 9a) were
investigated for up to 21 days. It was clear that free TQ
decreased cell number in the HCC chamber, revealing
strong inhibition on cancerous cell proliferation (Figs. 7b–f,
10d). Conversely, HCC cell proliferation in the bioreactors
under the effect of chitosan nanoparticles was undisturbed
(Figs. 8b–f, 10e) and comparable to that without any treat-

ment (Figs. 3b–d, 5d), suggesting the non-toxicity of the
chitosan nanoparticles themselves. When TQ-encapsulated
chitosan nanoparticles were infused through the vascular
circulation however, inhibition was again observed show-
ing reduced cell density over the culture period (Figs. 9b–f,
10f). These data highlighted a remarkable reduction in HCC
growthwith bothTQandTQ-encapsulated chitosan nanopar-
ticles, while the latter had slightly more extended effective
duration leading to lower cell number at the end of 21-day
culture possibly due to the controlled release of TQ from the
nanoparticle formulation (Fig. 10d–f).

On the other hand, a similar trend on the metastatic
HCC cells in response to the different treatments was also
noticed. When treated with free TQ (Figs. 7g–k, 10g) or TQ-
encapsulated chitosan nanoparticles (Figs. 9g–k, 10i), the
numbers of HCC cells that settled at the secondary bone-like
site were significantly lower than those in the chitosan treat-
ment (Fig. 8g–k, 10h) or non-treatment group (Figs. 3e–g,
5f). Matching the differential HCC growth profiles, TQ-
encapsulated chitosan nanoparticles had seemed to result
in overall lower metastatic cell numbers than free TQ, fur-
ther confirming the possible effects facilitated by sustained
release of the molecule (Fig. 10g–i).
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Discussion

In this study, a platform for modeling the metastasis of HCC
to the bone was presented, in which HepG2 cells were encap-
sulated in theGelMAhydrogel in amicrotissue compartment
and HAp was encapsulated within the GelMA matrix in the
second compartment mimicking the bone niche inside our
model. A porous membrane was placed over these two com-
partments resembling vascular barrier in the upper section of
the bioreactor. Medium flowwas circulated over the vascular
membrane. HCC–bone metastasis-on-a-chip device was run
up to several weeks. It was observed that HepG2 cells were
migrated to the secondary bone site in a mineral-dependent
manner.

This HCC–bone metastasis-on-a-chip device further pro-
vided a unique platform to evaluate the effects of anti-
cancer drugs in both free form and when encapsulated
in particulate delivery systems. In particular, an herbal
metastasis-prohibitive compound, TQ, was used in free and
chitosan-encapsulated nanoparticle forms as a repressive fac-
tor of HCC metastasis. The obtained results showed that the
TQ-encapsulated nanoparticles could inhibit HCC metasta-
sis for longer duration in comparison with the case in which
free molecules were administrated.

The in vitro model developed here for investigation of
HCC-to-bonemetastasis can be useful to be applied to similar
metastasis applications in which the process of the inva-
sion, the stimuli accelerating its trigger, and the effects
of inhibitory medicines can be scrutinized. Moreover, this
metastasis-on-chip platform can be personalized, which can
precipitate the process of finding the suitable anticancer
medicine for a specific patient. With further optimizations,
we anticipate this platform to facilitate more accurate drug
screening, personalized medicine, and toxicology studies in
the future.
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