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Abstract

The inadequacy of animalmodels in correctly predicting drug and biothreat agent toxicity in humans

has resulted in a pressing need for in vitromodels that can recreate the in vivo scenario. One of the

most important organs in the assessment of drug toxicity is liver. Here, we report the development of a

liver-on-a-chip platform for long-term culture of three-dimensional (3D)humanHepG2/C3A

spheroids for drug toxicity assessment. The bioreactor design allowed for in situmonitoring of the

culture environment by enabling direct access to the hepatic construct during the experiment without

compromising the platformoperation. The engineered bioreactor could be interfacedwith a

bioprinter to fabricate 3Dhepatic constructs of spheroids encapsulatedwithin photocrosslinkable

gelatinmethacryloyl (GelMA)hydrogel. The engineered hepatic construct remained functional

during the 30 days culture period as assessed bymonitoring the secretion rates of albumin, alpha-1

antitrypsin, transferrin, and ceruloplasmin, as well as immunostaining for the hepatocytemarkers,

cytokeratin 18,MRP2 bile canalicular protein and tight junction protein ZO-1. Treatmentwith

15mMacetaminophen induced a toxic response in the hepatic construct that was similar to published

studies on animal and other in vitromodels, thus providing a proof-of-concept demonstration of the

utility of this liver-on-a-chip platform for toxicity assessment.

Introduction

The current drug development process suffers from a

high failure rate during clinical trials, which is partly

due to inadequacy of animal models to accurately

predict the toxic side-effects of drugs in humans [1, 2].

There is a need to develop better predictive platforms

that can complement the existing approaches for drug

discovery based on preclinical animalmodels followed

by clinical trials [3, 4]. Engineered tissues are being

increasingly used to model diseases and for in vitro

drug testing [5–8]. Advances in the areas of biomater-

ials and tissue engineering have led to exciting devel-

opments towards the goal of generating tissue

constructs from human cells that can mimic the

endogenous cell–cell and cell–matrix interactions [6].

Moreover, the advances in microfluidic systems allow

the fabrication of microbioreactors for growing these

engineered tissues under continuous perfusion, and

providing cells with various physiological stimuli as

well as supplying cells with nutrients and oxygen

[9, 10]. Consequently, the concept of organ-on-a-chip

and body-on-a-chip has emerged as promising plat-

forms that can be used for studying the effect of drugs

and environmental toxins on the targeted and sur-

rounding tissues [11–15]. Organ-on-a-chip platforms

will also provide potential avenues for screening

biothreat and chemical warfare agents [3].

Liver plays a critical role in drug metabolism and

detoxification of blood. Drug-induced hepatotoxicity

is one of the main reasons for drug withdrawal, thus

highlighting the need for developing a robust in vitro
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model for evaluating hepatotoxity [16, 17]. Recent

advancements in microfabrication technologies have

enabled the creation of architectures that can mimic

in vivo conditions. For instance, Ho et al micro-

fabricated centimeter scale morphology of liver

lobules and controlled the distribution of hepatocytes

and endothelial cells in two-dimensional (2D) culture.

They monitored the cellular activity for only 2 days

[18]. However, hepatic models that utilize conven-

tional 2D mono- and co-cultures of normal and

diseased human cells fail to mimic the complex three-

dimensional (3D) in vivo microenvironment and

extracellular matrix (ECM) support [16, 19, 20]. Thus,

it can prevent normal cellular function and response

to the tested drugs. To address this challenge, efforts

are focused on developing 3D models that can better

recapitulate in vivo cell–cell, cell-ECM interactions,

and the tissue architecture. Ex vivo studies using 3D

tissue biopsies or slices have been reported, but they

may be difficult to be used for high-throughput studies

and show rapid loss of functionality within a few days

in vitro, thus limiting their application for long-term

studies [21]. Part of recent approaches have thus

focused on encapsulation of cells within hydrogels

such as gelatin, poly(ethylene glycol) diacrylate

(PEGDA), and agarose, which mimic the physico-

chemical characteristics of native ECM [22–24].

Tsang et al encapsulated primary rat hepatocytes

within 3D PEGDA constructs doped with RGD and

cultured them in a flow bioreactor as a liver model for

12 days [24]. Li et al achieved themaintenance of liver-

specific functionality of rat hepatocyte microtissues

embedded wihtin PEGDA for about 50 days, but this

study was performed in static culture conditions [25].

Moreover, the use of rat hepatocytes in these studies

limited their ability to predict human clinical out-

comes. Static cultures that are traditionally used for

drug testing lack the physiological cues important for

drug metabolism, which has been highlighted in mul-

tiple reports [13–15, 26]. Thus, the utilization of phy-

siologically relevant dynamic models, which provide

appropriate mass-transport for gas and metabolite

waste, becomes imperative for drug toxicity studies

[14, 15, 27]. In a study by He et al, HepG2 human

hepatocarcinoma cells were encapsulated within agar-

ose hydrogel containing planar perfusable channels

and continuosly perfused with unidirectional flow to

form a pre-vascularized liver-like structure [23]. How-

ever, they only monitored cellular viability for a 3 day

culture period and did not assess liver-specific func-

tionality. Interestingly, Esch et al reported that

bi-directional fluidic flow enhanced the metabolic

activity of multi-cellular 3D hepatic tissue cultured for

14 days as observed with unidirectional flow [27].

Another approach recently reported by Liu et alwas to

apply magnetic field for controlled fabrication of 3D

microtissues [28]. Although this approach has shown

promising results for fabrication of simple 3D con-

structs, the fabrication of more complex biomimetic

constructs might be challenging. Limitations with

these approaches highlight the need for developing 3D

hydrogel-based human liver constructs in micro-

fluidic-based bioreactors amenable for long-term

functionality and drug toxicology studies. These plat-

forms reduce the consumption of expensive reagents,

allow for temporal control of drug dose, and provide

scalability and reproducibility [29].

Bioprinting approaches facilitate automated and

high-throughput fabrication of precisely controlled

3D architectures [30, 31]. Thus, combining them with

miniaturized bioreactors allows the realization of next

generation organ-on-a-chip platforms. Moreover, a

bioreactor that allows easy access to the hepatic con-

struct within the bioreactor without compromising

the construct is highly desirable for assessing tissue

behavior at multiple time points during the long-term

culture period. Among various 3D cell culturemodels,

multicellular spheroids, formed by aggregation of cells

compacted together by self-secreted ECM, have

recently been the focus of a number of studies [32–37].

The oxygen tension in the core of the spheroids con-

trasts with that in the periphery, better mimicking the

in vivo oxygen gradient in the hepatic lobule [38]. As a

result, the use of cell spheroids instead of disperse cells

might improve the cellular functionality and response

for drug toxicity assessment.Moreover, the encapsula-

tion of cell spheroids within hydrogels that are compa-

tible with rapid fabrication techniques including

bioprinting, enables the fabrication of complex archi-

tectures similar to those observed in vivo.

In this study, we fabricated a perfusable bioreactor

that allowed for direct access to cells during the long-

term culture period. We interfaced the designed bior-

eactor with a direct write printer to create HepG2/

C3A hepatic spheroid-laden hydrogel constructs. The

bioprinted tissue-like constructs were incubated

under continuous perfusion, and cellular functionality

was assessed over a period of 4 weeks.We also assessed

cellular response to acute acetaminophen (APAP)

exposure in this bioreactor platform as a model for

predictive drug toxicity comparable with in vivo

conditions.

Materials andmethods

Materials

2-Hydroxy-1-(4-(hydroxyethoxy)phenyl)-2-methyl-

1-propanone (Irgacure 2959, CIBA Chemicals) was

used as photoinitiator (PI) for crosslinking photocros-

slinkable gelatin (GelMA) hydrogel. Dulbecco’s mod-

ified Eagle medium (DMEM), fetal bovine serum

(FBS), LIVE/DEAD® Viability/Cytotoxicity Kit for

mammalian cells, penicillin/streptomycin antibiotics,

0.05% trypsin-EDTA (1X), and PrestoBlue® cell

viability reagent were all purchased from Invitrogen

(Life Technologies, Carlsbad, CA,USA). All antibodies

and enzyme-linked immunosorbent assay (ELISA) kits
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were purchased from Abcam (Cambridge, MA, USA).

Other reagents and materials were purchased from

Sigma Aldrich (St. Louis, MO, USA) unlessmentioned

otherwise.

GelMA was synthesized as previously described by

functionalizing 10% (w/v) gelatin (G2500, Sigma-

Aldrich) in Dulbecco’s phosphate buffered saline

(DPBS) by the dropwise addition of methacrylic anhy-

dride (276 685, Sigma-Aldrich) [7, 39]. The concentra-

tion of methacrylic anhydride in the reaction mixture

was 8% (v/v). This reaction was carried out for 2 h at

50 °C with constant stirring at 200 rpm. The reaction

was then stopped by dilution with DPBS and dialyzed

for 7 days at 40 °C under constant stirring at 500 rpm.

The dialyzed solution was sterile filtered and freeze

dried for 5 days. The lyophilized foam was stored at

room temperature for any future use.

Bioreactor design and fabrication

Figure 1(a) shows the schematic of the overall bior-

eactor platform utilized in the present study. The

designed bioreactor consisted of multilayers of poly-

dimethylsiloxane (PDMS) and poly(methyl methacry-

late) (PMMA) and included three chambers connected

by fluidic channels as shown in figures S1(a) and (b) in

ESI. The chambers and channels were all fabricated

using PDMS by casting PDMS around laser cut

PMMAmolds. A 3-(trimethoxysilyl)propyl methacry-

late coated glass slide was used as the bottom layer and

the hydrogel constructs were directly bioprinted on

top of it (figure 1(b)). The multilayer design was

selected in a way that any introduced bubble would be

washed away without getting trapped within the

chambers. The PDMS layers and glass slide were

sandwiched between two layers of PDMS covered

PMMA sheets. Eight sets of screws and nuts were used

to compress the layer together to prevent potential

leakage (figure 1(c)). Unlike the majority of PDMS-

based on-chip systems, which are permanently plasma

bonded to seal the compartments, the bioreactor could

be unscrewed for disassembly at any time for allowing

direct access to the hepatic construct and then

resealed.

The central cell culture chamber size was selected

to allow it to be interfaced with the employed direct

write bioprinter. The dimensions of the chambers and

the fluidic channels are all listed in figure S1. The total

volume of the system was estimated to be 2.4 mL.

Upon the completion of the bioprinting process

(explained later), the bioreactor was connected to a

syringe pump (Harvard Apparatus PhD 2000, Cam-

bridge, MA, USA) and was perfused with media

Figure 1. (a) Schematic of the hepatic bioreactor culture platform integratedwith a bioprinter and biomarker analysismodule.
(b)Bioprinting photocrosslinkable GelMAhydrogel-based hepatic construct within the bioreactor as a dot array. (c)Top-view
(i) and side-view (ii) of the assembled bioreactorwith the inlet and outlet fluidic ports as indicated. Scale bar=1 mm. (d)Oxygen
concentration gradient in the bioreactor, considering the oxygen uptake of, case A: 400 000 hepatocytes on day 1 (16 000 cells per dot),
and case B: 4000 000 hepatocytes on day 30 (160 000 cells per dot).
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continuously. A 60 mL plastic syringe (Becton Dick-

son and Company, East Rutherford NJ, USA) was fil-

led with the HepG2/C3A culturemedium. A 27 G 1/2

needle (Becton Dickson and Company, East Ruther-

ford, NJ, USA) was connected to the syringe and sub-

sequently 30 cm of tubing (Cole-Palmer #30 AWG

thin wall tubing natural, Veron Hills, IL, USA) was

used to connect the syringe to the inlet port of the

bioreactor. The outlet port tubing of the bioreactor

was connected to a 50 mL reservoir tube to collect cul-

turemedia for biomarker analysis.

Numerical simulations

Hepatocytes are known to be responsive to oxygen

concentration and the exposed shear stress. To deter-

mine the flow rate that ensures sufficient oxygen

concentration within the cell culture chamber spe-

cially at the vicinity of the hydrogel constructs,

COMSOL Multiphysics (COMSOL Inc.) was used to

estimate the oxygen and flow fields. Standard trans-

port equations were used in the simulations. In

particular, Navier Stokes equations with no slip

boundary condition and convection–diffusion

equation were used for modeling of flow and oxygen

transport in channels and chamber. Although PDMS

is oxygen permeable [40], since the bioreactor is

covered by a impermeable PMMA layer, we consid-

ered the worst case scenario and all boundaries were

treated as impermeable surfaces. The transport prop-

erties of the spheroids are not well understood in the

literature, thus, could not be incorporated within the

theoretical simulation. The hydrogels weremodeled as

a porous media with uniform volumetric oxygen

consumption rate associated with the total number of

encapsulated cells. Volume averaged equations were

used for modeling the transport equations in the

porous hepatic constructs. The oxygen concentration

at the inlet was considered to be constant and uniform.

The oxygen consumption of HepG2/C3A cells can be

described with the Michaelis–Menten kinetics

[41, 42]:

R V
c

c k
c c , 1O max

O

O MM,O

O cr2

2

2 2

2( ) ( )d=
+

>

where, Vmax is the maximum volumetric oxygen

consumption rate (mol m−3 s−1) and depends not

only on the volumes but also on the concentration of

cells in the bioreactor, cO2
is the oxygen concentration

in the cell layer and kMM,O2
is theMichaelis constant.

V
q N

V
, 2max

cells
( )=

where, q represents the oxygen consumption per cell ,

its value is 4.76×10−16mol s−1, Ncells is the number

of cell, and V the volume of the hepatic construct

in the bioreactor [43]. Moreover, a value of

6.3×10−3mol m−3 was considered for k .MM,O2
To

exclude the effect of dead cells from oxygen consump-

tion rate, a heaviside function was implemented The

ccr, the critical limit at which cells die due to hypoxia,

was considered to be 1.0×10−4mol m−3 [42]. The

diffusion coefficient of oxygen in aqueous media at

37 °C was assumed as a reasonable approximation of

3.8×10–9m2 s−1. An unstructured 3D numerical

grid was used throughout the analysis and the govern-

ing equations were solved by a segregated solver. The

grid independence of the results was checked and we

noticed that a grid size of 800 000 nodes provides grid

independent results.

Cell culture

HepG2/C3A cells (ATCC)weremaintained inDMEM

1Xmediumwith 10%FBS and incubated at 37 °Cwith

5%CO2.Mediumwas renewed every 48 h.

Spheroid formation using PDMSmicrowells

A negative silicon mold containing posts (200 μm in

diameter) was created using standard lithography

technique [44]. The PDMS replica against the silicon

wafer was formed by casting the PDMS in amixture of

10:1 silicon elastomer and the curing agent (Sylgard

184, DowCorning,Midland,MI, USA). The blendwas

then degassed and cured for 1 h at 80 °C, and the

PDMS mold was formed. After trypsinization,

HepG2/C3A cells were seeded at a concentration of

8×106 cells in 7 mLmedia per PDMSmold, the cells

were allowed to settle in the wells by gravity for 1 to

2 h, following whichmedia was aspirated carefully and

freshmedia was added to themold. The cells were kept

in incubation with a daily supply of fresh media for 5

days till spheroids were formed. On day 5 spheroids

were harvested and collected for encapsulation and

bioprinting.

Bioprinting of hepatic constructs containing 3D

hepatic spheroids

The harvested spheroids were mixed with a solution

containing 10% (w/v) GelMA and 0.5% (w/v)

2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropio-

phenone (410896, Sigma-Aldrich) in DPBS. A 7×7

array was then printed as liquid droplets from this

mixture on a glass slide within the cell culture chamber

of the bioreactor using a NovoGen MMX Bioprinter

TM (Organovo, SanDiego, CA,USA)whose operation

is desribed elsewhere [45]. In brief, the bioprinter used

a hollow capillary and piston system augmented with

an automated X – Y – Z stage to print the solution

loaded in it. The bioprinted solution of spheroids and

GelMA were then crosslinked by immediate UV light

illumination with an intensity of 850 mW from a

distance of 8.5 cm for a period of 15 s.

Hepatic biomarker concentration

The media samples from the bioreactor cultures were

collected on days 1, 7, 15, 21 and 30 at the fluidic outlet

port. Secreted albumin, ceruloplasmin, alpha-1 anti-

trypsin (A1AT) and transferrin in the supernatant

were measured by human ELISA kits (Abcam, Cam-

bridge, UK). The media was collected for a period of
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24 h at each time point and the average biomarker

concentration (ng mL−1) in the bulk media was

measured using ELISA. This concentration (ng mL−1)

was used to calculate the secretion rates (ng h−1) of the

four biomarkers during the 24 h period.

Cell count

To count the number of cells cultured per bioreactor,

the hepatic hydrogel samples were treated with

collagenase (1 mgmL−1) at 37 °C for 10 min until the

GelMA hydrogel fully degraded. After adding culture

media, cells were centrifuged and treated with 2X

trypsin at 37 °C for 5 min. The cell suspension was

centrifuged again, the pellet was dispersed in culture

media and cells were counted using a hemocytometer.

Immunostaining

The encapsulated spheroids were immunostained for

observing the protein expression of markers, ZO-1,

cytokeratin 18 and multidrug resistance-associated

protein 2 (MRP2) on day 30. All antibodies were

purchased from Abcam, Cambridge, UK. For drug

studies the samples were analyzed after 7 days of

culture. Briefly, the samples were fixed with 4% (v/v)

paraformaldehyde and then treated with 0.1% (v/v)

triton. Then, the samples were blockedwith 10% (v/v)

goat serum and incubated overnight at 4 °C with

primary antibodies at a dilution of 1:50 for ZO-1

(ab59720), 1:200 for cytokeratin 18 (ab7797) and

1:100 for MRP2 (ab3373). The samples were washed

with DPBS and incubated for 1 h with secondary

antibodies at a dilution of 1:200. The samples were

then treated with DAPI (1:1000) for 10 min at 37 °C

andwashed brieflywithDPBS before imaging.

Microscopy

The immunostained samples were imaged using an

inverted laser-scanning confocal microscope (Olym-

pus FV1200, Center Valley, PA, USA). For phase

contrast images, an inverted Zeiss D1 observer micro-

scope (Oberkochen, Germany)was used. For real-time

monitoring of the growth of the spheroids in the

bioreactors, we utilized a commercially available

miniaturemicroscope, JuLI Br (NanoEnTekUSA Inc.,

Pleasanton, CA, USA) live cell movie analyzer with a

small custom modification to adjust the working

distance of the objective.

Cellularmetabolic activity assay

To assess cellular metabolic activity, Presto Blue

Reagent (Life Technologies, Carlsbad, CA, USA) was

used in static conditions. Every two days media from

the culture was removed and the spheroids were

incubated for 3 h at 37 °C with Presto Blue assay.

Fluorescence was measured at 560 nm(ex)/590 nm

(em) in control and different APAP concentrations to

evaluate hepatoxicity of the drug.

Drug (acetaminophen) treatment

For static dose-response experiments, spheroids were

encapsulated in GelMA and bioprinted onto glass

slides grafted with 3-(trimethoxysilyl) propyl metha-

crylate. Each glass slide was then placed into a well of a

6 well plate and spheroids were cultured in phenol red

free media for 24 h. After 24 h, the GelMA embedded

spheroids were exposed to 0, 1, 5, 10 or 20 mM of

acetominophen (APAP, Sigma-Aldrich) for 48 h in

static condition. For the dynamic bioreactor experi-

ments, the GelMA embedded spheroids bioprinted in

the bioreactor were exposed continuously to a 15 mM

dose of APAP at 200 uL h−1 for 7 days. Media was

replaced every two days and Presto Blue assay was

carried out after eachmedia removal.

Statistical analysis

Data is plotted as average (avg)±standard deviation

(SD) using Graph Pad Prism software. Two-way

ANOVA and a Tukey’s post-hoc test was used to

comparedata (
*p<0.05, **p<0.01, and ***p<0.001).

Results and discussion

Bioreactor platformoverview

The fabricated bioreactor shown in figure 1(c) was

interfacedwith a bioprinter to incorporate 3D cell-laden

hydrogel constructs. Moreover, the resealability of the

design allowed direct access to the cells during the

experiment for biological analysis. Although use of high

volumetric flow rates can ensure sufficient oxygen and

nutrient presence within the bioreactor, the concentra-

tion of biomarkers secreted by the cells may get too

diluted, interfering withmonitoring cellular response to

drugs and toxins. Thus, we planned to determine the

minimum flow rate that guarantees sufficient oxygen

concentration at the vicinity of the hydrogel constructs.

We performed numerical simulations at flow rates

ranging from 100 to 1000 μL h−1. Figure S1 shows the

bioreactor dimensions, wherein the volume of themain

cell chamber was about 2mL and the channel volume

was about 350 μL. The following parameters were

considered in these simulation: media viscosity=

1.1mPa s−1, oxygen diffusivity=3.8×10–8m2 s−1,

and Vmax=4.76×10−16mol s−1 [43]. The cell count

from bioprinted constructs cultured in the bioreactor

for 30 days showed that the cell number per bioreactor

increased from 4±0.5×105 cells on day 1 to

4±0.2×106 cells on day 30. From the numerical

simulations using these two cell numbers, we found that

the minimum cO2
at any point within the chamber was

91% of the inlet value at day 1 for a flow rate of

200 μL h−1 (figure 1(d)). This value dropped to an

average of 38% (minimum 19%) at day 30. Thus, a flow

rate of higher than 200 μL h−1 allowed for sufficient cO2

for hepatocytes (1.0×10−4molm−3) [42]. As a result,

the flow rate of 200 μL h−1 was used throughout the

experiments.
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Hepatic spheroid formation

A high-throughput PDMS microwell technique was

used to form hepatic spheroids as shown in figure 2(a).

HepG2/C3A cells were seeded into a microwell array

mold (each well: 200 μmdiameter and 200 μmheight)

and harvested after 5 days of culture. A batch of 10 000

spheroids was obtained permold. The average size was

estimated to be 191±10 μm bymeasuring the size of

∼30 spheroids (figure 2(b)). To calculate the size of the

individual spheroids shown in the graph, the spheroids

were harvested in a petri dish, imaged with a Nikon

Eclipse Ti inverted microscope and the images were

analyzed using SPOT imaging solutions software using

the area (diameter) automatic calculation tool. In the

picture of the spheroids (figure 2(b)), the distribution

is slightly greater than the graph because a few

spheroids that were not densely aggregated as indi-

cated by a lighter shade and easily broke into smaller

pieces (<150 μm) by the force applied during harvest-

ing were not included while counting the diameter.

Similar to these smaller spheroid pieces, there were

extremely few aggregates with diameter slightly greater

than 200 μm in the samples, as indicated by the graph.

The spheroid size could be easily adjusted by tuning

the microwell size. Literature suggests that a size of

200 μm is suitable to avoid necrosis in the core, while

maintaining the functionality of the cells within the

spheroids [46, 47]. We confirmed the cell viability in

the spheroids harvested after 5 days of microwell

culture using Live/Dead staining. The Z-stack con-

focal microscope image of the stained spheroid

showed viable cells (green, Calcien AM) in the core of

the spheroid (figure 2(c)). In addition, we compared

the albumin production from spheroid and cell

monolayer culture in static conditions (figure 2(d)).

The albumin production (μg/mL/million cells) was

significantly higher from spheroids, 101±5.2 on day

7, as compared to cell monolayers, 0.5±0.1 on day 7,

during the 7 days culture period. Increased albumin

secretion from spheroids compared to cell mono-

layers, as seen here, is consistent with observations

reported in literature, which indicates that culturing

the cells as spheroidsmay enhance homotypic cell–cell

interactions within aggregated hepatocytes and

improve functional outcomes of the hepatic construct

[25, 48]. HepG2 cells can cluster over time, but

dispersed cells take longer to form these cell–cell

interactions when encapsulated in a porous scaffold

compared to spheroids, which could affect their

resistance to drugs [49].

Bioprinting hydrogel-based hepatic constructs in

the bioreactor

Interfacing bioreactors and 3D bioprinters bring the

opportunity of fabricating sophisticated constructs in

the future, which is one of the challenges in organ-on-

a-chipfield. Thus, we designed the system in away that

it supports the bioprinter and bioreactor interfacing.

Figure 2.Three-dimensional (3D) hepatic spheroid construct: (a) formation of 3DHepG2/C3A spheroids using PDMSmicrowell
molds (diameter=200 μm). (b) Image and size distribution histogramof harvested spheroids. (c) Live/Dead staining ofHepG2/
C3A spheroidwith calcein AM (green, live cells) and ethidiumhomodimer (red, dead cells). Scale bar=100 μm. (d)Albumin
production fromHepG2/C3A cells cultured as cellmonolayers and spheroids (avg±SD, n=3, ***p<0.001).
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For bioprinting of the hepatic construct, we used

GelMA hydrogel, which is a bioresponsive and biode-

gradable ECM derived hydrogel [50]. We bioprinted

dot-arrays of the prepolymer GelMA hydrogel

solution mixed with spheroids fabricated using

micromolds (40 000 spheroids mL−1) as shown in

figure 1(b). The central cell culture chamber dimen-

sions (figure S1) were selected to allow it to be

interfaced with the employed direct write bioprinter.

As seen in the side view micrograph of the bioprinted

hydrogel with spheroids in figure S2, the thickness of

the bioprinted GelMA dot is ∼800 μm, which is

thicker than the average diameter of the spheroids

(∼200 μm). Moreover, the dimensions of the bio-

printed hydrogel features were much smaller than the

8 mm depth of the chamber. The thickness of the

hydrogel dot can be tuned by modifying the diameter

of the capillary and piston in the bioprinter and

printing time. By adapting this method, we avoided

potentially harsh printing conditions including, low

temperature for a prolonged printing period [51] and

undesirable shear stress along the length of the nozzle

[30]. The use of bioprinting in our system not only

paved the way for a rapid fabrication of the 3D hepatic

construct, but also allowed for a precise control over

the thickness of the hydrogel layer encapsulating the

spheroids to maintain consistency in mass diffusion

through the hydrogel, for all experiments. Also, this

bioprinting approach enabled easy tailoring of other

printing parameters such as spheroid concentration

per dot and hydrogel composition, as well as control-

ling multicellular distribution and the geometrical

features of the printed construct. This technique can

be further extended to create complex architectural

features and consistently control the distribution of

multiple hepatic cell types in precise locations. The

GelMA concentration (10% w/v of GelMA with

∼75% nominal degree of methacrylamide modifica-

tion [52]) and cross-linking conditions (0.5% w/v PI,

15 s UV exposure with 850 mW intensity and 8.5 cm

distance) for the hydrogel were selected since

these conditions resulted in an elastic modulus of

�5 kPa [30] is close to the value for liver (∼1 kPa) [53]

to better support cells during a long-term culture

period. Although cell secreted proteins interact with

the porous hydrogel scaffold, we used the same

encapsulation conditions for control and experimen-

tal groups, so that these conditions did not affect the

results.

Functionality of hepatic spheroids cultured in the

bioreactor

Maintaining the functionality of the hepatic construct

in the bioreactor is critical for its application as a drug-

testing platform. Freshly isolated or cryopreserved

primary hepatocytes are the preferred cell source for

drug metabolism studies [54–56]. However, liver-

specific functions of primary hepatocytes relevant for

drug development and toxicity studies are rapidly

downregulated during their in vitro cultures [57]. In

addition to their limited lifespan, difficulty in obtain-

ing the cell source and large batch-to-batch variability

post-isolation are other important challenges asso-

ciated with the use of primary hepatocytes. Commer-

cial cell lines including HepG2/C3A provide a more

stable, easy-to-handle and readily available source of

human cells for in vitro studies on liver function and

general mechanisms of toxicity [58, 59]. These cell

lines offer a reliable alternative to primary cells by

overcoming the above issues, especially for use in

proof-of-concept studies in dynamic flow liver-on-a-

chip platforms [20]. Thus, we usedHepG2/C3A based

3D construct for our liver-on-a-chip platform.

Although, these cell linesmay not express allmetabolic

enzymes and cannot capture the genetic variability of

the patient population, the developed platform paves

the path toward engineering constructs from patient-

specific hepatocytes derived from induced pluripotent

stem cells (iPSCs), which hold great potential for

clinical applications [60].

To assess the ability of the bioreactor environment

to sustain hepatic functions over a long-term culture

period, we bioprinted HepG2/C3A spheroids encap-

sulated in GelMA in the bioreactor and cultured the

construct under continuous perfusion at 200 μL h−1

for 30 days. The functionality of the hepatic construct

was evaluated bymonitoring the concentration of four

biomarkers (albumin, A1AT, transferrin, and cer-

uloplasmin) secreted by the hepatic construct, at dif-

ferent time points: days 1, 7, 15, 21 and 30 (figure 3(a)).

The bioreactor culture environment was able to sus-

tain the biomarker production over the course of 30

days. The albumin production from the bioreactor

construct was 368±62 ng h−1 on day 1 and

400±19 ng h−1 on day 30, transferrin production

increased from 181±48 ng h−1 to 471±7 ng h−1,

A1AT steadily increased from 185±33 ng h−1 to

445±52 ng h−1 and ceruloplasmin from

35±6 ng h−1 to 165±8 ng h−1. The metabolic

activity and function of cells fluctuate over time and

similar observations have been reported in the litera-

ture [61, 62]. Thus, we speculate that the drop in albu-

min secretion at day 21 was possibly due to the

fluctuation in cellular activity. However, the variations

were not statistically significant.

The number of cells per bioreactor was deter-

mined to calculate the albumin concentration in terms

of pg/cell/day to compare the functionality of the

developed liver-on-a-chip platform with previously

reported hepatic models. The cell number increased

from 4±0.5×105 cells on day 1 to 4±0.2×106

cells on day 30, which is a typical cell density range for

hydrogel encapsulation [7]. The albumin secreted by

the cells (pg/cell/day) in the bioreactor was 20±3 on

day 1, 8±2 on day 7, 5±0.5 on day 15, 2.5±0.1
on day 21 and 2.3±0.1 on day 30. This shows

that although the relative albumin secreted per cell
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decreased overtime, the level was sustained within the

range (0.6–80 pg/cell/day) reported in the literature

for albumin production per cell by HepG2 cells/

spheroids [63, 64]. Similarly, the amount of A1AT

secreted per cell (pg/cell/day) decreased from 10±2

on day 1 to 2.6±0.3 on day 30, the amount of trans-

ferrin (pg/cell/day) decreased from 10±2.7 on day 1

to 2.7±0.05 on day 30 and the amount of cer-

uloplasmin (pg/cell/day) decreased from 2±0.3 on

day 1 to 0.95±0.05 on day 30. As in the case of albu-

min, the levels of these biomarkers were also compar-

able to the range reported in the literature for A1AT

(5–150 pg/cell/day) [65, 66], transferrin (0.1–17.2

pg/cell/day) [65, 67, 68] and ceruloplasmin (0.1–0.7

pg/cell/day) [68] secreted by HepG2 cells. The

decrease in production maybe attributed to the

decreasing oxygen availability within the spheroid

core overtime as the spheroid size increased with cell

proliferation (figure S3), without any change in the

media perfusion rate (200 μL h−1) over the 30 days

culture period. Increasing the perfusion rate or redu-

cing the size of spheroids at the start of culture period

to compensate for the oxygen deprivation within the

spheroid core could potentially increase the cellular

activity over long-term culture periods.

We further examined the expression patterns of

non-secreted cellular proteins by immunostaining the

constructs (figure 3(b)). These include: cytokeratin 18,

an important cyotoplasmic filament protein in human

hepatocytes [69], ZO1, a tight junction protein that

enables intercellular communication in 3D hepatic

spheroids [70], and MRP2, the biliary canalicular

transporter protein in hepatocytes [70]. As shown in

figure 3(b), the expression of these hepatic proteins

was sustained for 30 days of culture, indicating the

bioactivity of hepatocytes during the long term bior-

eactor culture.

Acute drug toxicity assessment using the bioreactor

platform

APAP overdose is a common cause of acute liver

failure in the US [71, 72]. Moreover, APAP is a well-

characterized hepatotoxic drug and its in vivo model

data is available in literature [73]. Thuswe chose APAP

as a model drug to evaluate the drug testing capability

of our platform. The goal for the APAP treatment

experiment was to test the effectiveness of the devel-

oped liver-on-a-chip platform for drug toxicity assess-

ment and thus we aimed to recreate the acute APAP

hepatotoxicity scenario. To determine the LC50 (50%

viability relative to day 0) of APAP at day 6 in our

system, we obtained a dose response curve in static

conditions using Presto Blue assay to monitor cellular

metabolic activity as shown in figure S4. A concentra-

tion range of 0 mM–20 mM of APAP was selected

based on LC50 values reported in literature for

hepatotoxicity [73]. From the dose response curve, a

concentration of 15 mM was selected to induce acute

APAP toxicity in the bioreactor culture and the

functionality of the construct was monitored over 6

days of culture at multiple time-points. Figure 4(a),

shows the percent change in cellular metabolic activity

upon exposure of the bioreactor hepatic construct to

15 mM APAP for 6 days (values are normalized to day

0). While the metabolic activity steadily increased in

the bioreactor condition without APAP treatment,

there was significant decrease in metabolic activity in

the bioreactor cultures treated with APAP. The meta-

bolic activity decreased by 63±2% on day 6 com-

pared to day 0 for the APAP treated bioreactor

cultures, whereas for no drug control the metabolic

activity increased by 78±4% as compared to day 0

(figure 4(a)). There were no issues encountered while

carefully disassembling and reassembling the platform

during this assessment. Immunostaining data of non-

treated andAPAP treated cultures (figure 4(b)) at day 6

Figure 3. Functionality of hepatic spheroids cultured in the bioreactor: (a)The secretion rate of hepatic biomarkers, albumin,
transferrin, A1AT and ceruloplasmin, byHepG2/C3A spheroids cultured in the bioreactor for 30 days (avg±SD, n=3).
(b)Confocalmicroscopy images of cytokeratin 18 (green), ZO-1 tight junction binding protein (red),MRP-2 biliary canalicular
transporter (green) andDAPI (blue) immunostained spheroids cultured for 30 days. Negative control samples immunostainedwith
secondary antibody (2′Ab) only. Scale bar=100 μm.
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shows that the expression of MRP2 in drug treated

cultures decreased as a result of loss of normal cellular

activity within the spheroids. The DAPI staining

showed the decreased nuclei density within the treated

constructs. The production rate of the four biomar-

kers, albumin (figure 4(c)), A1AT (figure 4(d)), trans-

ferrin (figure 4(e)), and ceruloplasmin (figure 4(f)),

also significantly decreased over time for the APAP

treated cultures as compared to no drug control

cultures. The acute hepatotoxic dose of APAP causes

apoptosis of HepG2 cells within GelMA encapsulated

spheroids, leading to a decrease in the biomarkers

secretion levels in the bioreactor system over time,

thus showing that the bioreactor responds to the acute

toxic drug dose. In a correlation study by Fey et al,

the authors reported that the observed trend in

the metabolic response of 3D spheroids of immorta-

lized hepatocytes to APAP had a reasonably good

correlation with in vivo APAP toxicity data, thus

showing the utility of HepG2 spheroids for APAP

toxicity evaluation in the concentration range that we

used for our study [73]. These results suggest the

Figure 4.Evaluating 15 mMAPAP induced hepatoxicity using the liver-on-a-chip platformwith bioprinted 3DHepG2 spheroids
encapsulated in 10%GelMA.Hepatic constructs in the control bioreactors were culturedwithout APAP treatment. (a)Cellular
metabolic activity expressed as% changewith respect to day 0 as detected by Presto Blue assay. (b)Day 6 confocalmicroscopy images
ofMRP2 bile canalicular (green) andDAPI (blue) immunostained hepatic spheroids treatedwith andwithout APAP. Scale
bar=100 μm. (c)–(f)The levels of hepatic biomarkers secreted by the hepatic construct treatedwith 15 mMAPAP in the bioreactor
platform for a period of 30 days, (c) albumin, (d)A1AT, (e) transferrin, and (f) ceruloplasmin. (avg±SD, **p<0.01, and
***p<0.001).
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promise of the developed liver-on-a-chip platform

for evaluating acute drug toxicity as a complementary

tool during the preclinical animal phase of drug

development.

The metabolic functions of the liver are highly

dependent on its microstructural architecture, fluid

flow patterns, zonal ECM composition, and biochem-

ical (oxygen concentration) gradients [74]. Moreover,

supportive interactions with non-parenchymal cells,

particularly the vascular, stromal and immune cell

types, are important for maintaining the high pro-

liferative capacity of hepatocytes in 3D cultures [75].

The successful interfacing of a bioprinting platform

with the bioreactor, as reported here, might allow for

the creation of advanced biomimetic architectures by

precisely mimicking the distribution of different

ECM-like biomaterials, key hepatic tissue cell types

including hepatocytes, stellate, endothelial, and Kupf-

fer cells, and their ratios. The use of immortalized cell

lines offers a cheap and robust platform for initial toxi-

city evaluation of an array of drug candidates.We used

hepatic spheroids containing immortalized HepG2

cells and did not use primary hepatocytes and other

non-parenchymal cells, as our goal was to evaluate the

functionality of the bioreactor platform rather than

establishing a conclusive close correlation with an

in vivomodel. For advancedmetabolic studies, hepatic

constructs with primary hepatocytes, which have

higher metabolic activity, should be employed to vali-

date the drug toxicity data. The employed bioprinting

approach and the designed bioreactor is robust for

extending the hepatic construct to primary cells in

mono-culture and co-cultures with other par-

enchymal cell types tomove towardsmore biomimetic

liver-on-a-chip platforms. However, issues with cost,

availability and batch-to-batch variability make pri-

mary hepatocytes a challenging cell source to use.

Advances in sources of hepatocytes are crucial for

realizing the full potential of next generation liver-on-

a-chip platforms for personalized drug screening,

disease modeling and therapies. Patient-specific hepa-

tocytes derived from autologous iPSCs have recently

emerged as an attractive alternative that can overcome

these issues [60]. These iPSC-derived hepatocyte-like

cells are still in nascent stages of development and

show characteristics similar to fetal hepatocytes [76].

Futher developmental studies are needed to yield cells

with phenotype and functions similar to those of

mature hepatocytes, including drug metabolism, bile

formation, and production of blood clotting factors

and glucose. In the future, banking of these cells

derived from individuals representing the genetic var-

iation of the population would enable advanced high-

throughput drug screening platforms. Coupling the

media circuit of the liver-on-a-chip platform with

other organ models would allow recreating the com-

plex crosstalk between multiple organs that affects

drug metabolism and toxicity response at the systemic

level [77, 78].

Conclusion

Here, we developed a liver-on-a-chip platform that

enabled bioprinting of hepatocyte spheroid-laden

hydrogel constructs directly within the culture cham-

ber of a bioreactor. The bioreactor could be easily

disassembled to access the cells for biological assess-

ment during the long-term culture period. Numerical

simulations were carried out to determine the mini-

mum required flow rate for maintaining sufficient

oxygen concentration within the bioreactor. More-

over, analyzing the concentration of secreted biomar-

kers including albumin, A1AT, transferrin, and

ceruloplasmin allowed for monitoring the hepatic

functionality of the cultured construct. Cultured

spheroids remained viable and active during the 30

days of culture period. The response of the liver-on-a-

chip platform to APAP treatment was similar to

animal and in vitro models, which confirms the

possibility of its application for drug toxicity analysis.

The proposed concept of a bioreactor interfaced with

bioprinters expands the field of organ-on-a-chip and

may be a key step towards the fabrication of automated

systems for high throughput drug screening.
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