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a b s t r a c t

Liver is the foremost organ of human being for drug metabolism, and it played a significant role in toxi-

city evaluation of drugs. Establishing a liver model in vitro can accelerate the process of the drug screen-

ing and new drug research and development. We provide a 3D printing based hepatic sinusoid-on-a-chip

microdevice that reconstitutes organ-level liver functions to create a drug screening model of toxicity

evaluation on chip. The microfluidic device, which recapitulates the hepatic sinusoid microenvironment,

consists of PET polyporous membranes which mimic the perisinusoidal space, and experience fluid flow

to mimic the hepatic arterial capillaries. The PET membrane was used to separate the hepatocyte and

endotheliocyte. The endotheliocyte was cultured on the downside of the membrane and the hepatocyte

were 3D seeded on the membrane via the 3D printer. This device was used to reproduce the in vitro

liver model for drug toxicity assays. The expression of several biomarkers of liver was compared with the

monoculture and 2D cultured conditions, and the results reveal that this organ-on-a-chip microdevice

mimics the drug hepatoxicity that has not been possible by 2D cell-based and animal models, providing

a useful platform for screening the drugs and developing an effective therapy in hepatopathy.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Drug screening usually costs more than 10 years, and over 90%

drugs that succeed in the animal experiments showed liver in-

ject during clinic test [1–3]. Therefore, an excellent drug screen-

ing model showed as similar reaction of the drugs as human be-

ings could not only promote drug discovery period, but also have a

great influence on the development of drug screening. Till now in

vivo animal models were the essential way for the drug screening,

however, species difference was its most prominent shortcoming

and the main reason to cause the high failure rate of drug screen-

ing [4–10]. Moreover, the in vivo models are difficult to study the

biological processes and signal paths in the in vivo animal models.

In this case, it is an urgent requirement to develop an in vitro

liver model which would show the same result as the clinic test

so that it would be able to be used for the study of the processes

of how the drugs induce the injury of liver and caused the liver
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diseases. The liver is the main site of drug metabolism, and the

key functional unit of liver is lobule [11–16]. In vivo, the drug en-

ters the liver through sinusoid, a special capillary, which consists of

the endotheliocytes. Its main function is carrying out material ex-

change between liver cells and blood stream. Drugs filtrated from

the blood can pass through the sinusoid into the liver and then

metabolize under the action of P450 enzymes. The drugs may pro-

duce some toxicity induce the injury of liver, generally called drug-

induced liver injury (DILI).

Currently, several kinds of the in vitro liver models were de-

veloped, [17–22] such as traditional 2D cultured hepatocytes, 3D-

printed liver tissue [23], liver organoids [24], and liver-on-a-chip

systems [25]. Bhise et al. [26] developed a long-term cultured liver

chip with HepG2 cells or C3A cells. They used the methacryloyl

hydrogel to wrap around the HepG2 cells or C3A cells to form

spheroids, and then, the spheroids were arranged in the microflu-

idic chip by the bio-printer. The spheroids could be alive for 30

days which would be applied in chronic toxicity test. Massa et al.

[27] designed a 3D liver with vascular layer by integrating hydro-

https://doi.org/10.1016/j.cclet.2021.11.029

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



T. Tian, Y. Ho, C. Chen et al. Chinese Chemical Letters 33 (2022) 3167–3171

Fig. 1. The chip structure diagram of the chip.

gel scaffold, 3D bio-printing and microfluidic technology, and the

experiment proved that the platform can effectively simulate the

hepatic vascular layer, which is conducive to observe and predict

the mechanism of drug hepatotoxicity at the microcirculation level.

Kostadinova et al. [28] established a nylon scaffold that allowed

three-dimensional culture of liver cells and non-parenchymal cells,

including kuffer cells, stellate cells, hepatic sinusoidal endothelial

cells and bile duct endothelial cells, which could maintain the

specific function of liver for a long time and form a cholangiole

structure in response to inflammatory stimuli. Zuchowska et al.

[29] tested hepatotoxicity of 5-fluorouracil (5-FU), an anticancer

drug, in HepG2 cells based on long-term 3D spheroid culture in

microfluidic system, and found that resistance of HepG2 cells to

5-FU of two tested concentrations decreased with the increase of

spheroid diameter. For each model, there are respective features,

however, it is well known that liver-on-a-chip technology is in-

novative to manage liver microenvironments in vitro [30–35], and

3D-printed liver tissue could offer the cells a 3D culture condition

which is as same as in vivo. Therefore, the in vitro model combin-

ing the microfluidic system with 3D bio-printing technology could

simulate the in vivo tissue function better.

Here we present a transwell inserted polymethyl methacrylate

(PMMA) chip which could fit the 3D bioprinter to construct a per-

fusion liver-on-a-chip by co-cultured the human liver tumor cell

line (HepG2) and human umbilical vein endotheliocyte (HUVEC).

HUVECs were cultured on the bottom of the tanswells’ membrane

with perfusion to mimic the share force in vivo, and HepG2 cells

were seeded on the top of the transwells’ membrane by the bio-

printer and cultured in 3D condition to keep the cell growth situ-

ation closer to the in vivo. Therefore, the cells could maintain the

better liver cell functions such as albumin secretion, urea synthesis

and drug metabolism enzyme P450 expression for at least 14 days,

which means this platform could be used in chronic toxicity test.

We designed the size of the chip as same as the 96 well plates, so

that it could be compatible to various detecting instruments such

as microplate reader and microscope carrier. Moreover, the open

design of the chip can not only to adapt the bioprinter but also

facilitate the subsequent testing. Compare to the traditional poly-

dimethyl siloxane (PDMS) chip, PMMA is more suitable for large-

scale production to avoid the lot-to-lot variation. Additionally, this

chip is reusable by replacing the transwells only, so that the cost

could be decreased significantly and it is possible to commercial-

ize.

The structure of the chip was shown in Fig. 1, it consisted

of three parts include wells, chip with compartment and chan-

nels, pressure sensitive adhesive tape. 24 compartments arranged

in rows above 4 channels, the pressure sensitive adhesive tape was

adhered on the bottom of the chip to seal the channels, and then

wells were inserted into each compartment and apart into two

parts, as shown in Fig. 1. Before cells seed, the chip would be ster-

ilized by the autoclave. Place the chip upside down, and then 20

μL HUVEC suspension with density of 5× 105 cells/mL was added

on the bottom of the membrane in each well cultured for 24h af-

ter the adherence, then the chip was turned over. After that 1×
106 cells/mL HepG2 cell suspension was printed on the top of the

membrane which precoated with the mixture of collagen and ma-

trigel at the ratio of 1:1 in order to keep the printed cells flock

together. The setting of the printer is 100 times spraying, 10 times

repeat, 4 spray heads worked, and the print height is 5mm. The

printed droplet contains 600–800 cells, and its diameter is about

400μm, as shown in Figs. 2a and b. At last, HUVEC perfused by

the peristaltic pump with the speed of 99 μL/min as shown in Figs.

2c and d. The two kinds of cells were co-cultured in the chip for

at least 14 days, and the cell viability was tested with calcein-AM

(live cells) and ethidium homodimer-1 (dead cells) (live/dead via-

bility/cytotoxicity kit, Invitrogen, L3224) and also, the ATP of the

cells was tested by the CellTiter-Glo® Luminescent Cell Viability

Assays (Promega, G7570). The tight conjunction of HUVEC repre-

sented by the immunofluorescent staining of tight junction protein

VE-cadherin and ZO-1, and the quantitative results of cells cultured

in static condition and perfusion condition were compared. The

cell functions of HepG2 included albumin secretion, urea synthe-

sis, drug metabolism enzyme P450 expressed by the immunofluo-

rescent staining and the test kit (BCP Albumin Assay Kit, sigma),

and the results of HepG2 spheroids were compared to the 2D cul-

tured HepG2 cells. After the two types of cells seeded in the chip

and cultured for several days we verified the drug toxicity func-

tion of the liver chip by acetaminophen (APAP). After 14 days cul-

tured, the HepG2 spheroids were exposed in 0.0, 1.0, 2.0, 3.0, 4.0,

5.0mmol/L of APAP solution for 24h, and then the reactive oxy-

gen species (ROS) were tested by the MitoTrackerTM Red CMXRos

(Thermo Fisher), the albumin secretion and urea synthesis were as-

sayed by the test kit mentioned before. All the fluorescent quanti-

tation was assayed by the Image J.

In order to verify the function of the liver-on-chip model, first

of all we expressed the viability of the two cells after 14 days

culture. As shown in Fig. S1a (Supporting information), above 95%

area of the HUVECs maintained alive (green), and at least 85% area

of the HepG2 cells were alive. Since the cells inside spheroids were

difficult to be observed by the live/dead stain method, we detected

the ATP of them. As the result which showed in Fig. S1b (Sup-

porting information), the ATP levels of 14 days cultured spheroids

were higher than that of 3 days cultured spheroids because the

cell number was increased due to the cell proliferation and it also

means the cell viability maintained good. Perfusion offered HUVEC

the share force as same as in vivo, and moreover it would bring the

fresh media to the cells, at the same time it also took away the

wastes and the dead cells. This was thought to be the main rea-

son why HUVECs could keep good viability after 14 days cultured.

The HepG2 cells suspension droplets were printed on the mem-

brane of the transwells and then formed spheroid and the spheroid

morphological structure of the HepG2 was observed by the con-

focal microscope as shown in Fig. 2c which proved that the cells

were grown in a 3D condition as same as in vivo. The 3D cultured
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Fig. 2. The schematic diagram of cell culture in the chip. (a) Cells seeded in the topside of the chip by the bio-printer, (b) photo of spheroid 3D structure taken by the

confocal microscope, (c) perfusion of the HUVEC by peristaltic pump, (d) immunofluorescence image of VE-cadherin (green), F-actin(red) and DAPI (blue) which shown the

tight junction of HUVEC after perfusion.

Fig. 3. Tight junction of the HUVEC were characterized by immunofluorescence of tight junction protein: (a) ZO-1, (b) VE-cadherin, (c) F-actin, and (d) corresponding

fluorescent quantitation results of ZO-1, (e) corresponding fluorescent quantitation results of VE-cadherin, (f) corresponding fluorescent quantitation results of F-actin.

condition was thought to be the reason why the viability of the

spheroids was well maintained for a long term. It also indicated

that the long-term co-culture of the two types of cells, HepG2 and

HUVEC, had realized in the chip.

The most important factor for a vitro model is that if it could

maintain the cell functions as well as in vivo or not. Microenvi-

ronment, which includes extracellular matrix (ECM), intercellular

interaction, physical force and so on, plays an important role in

cell growth and function maintenance. We assayed the expression

of ZO-1, VE-cadherin and F-actin expression with 7 days perfusion

and them in static condition. The results showed that the expres-

sion of all three proteins was higher than them in the static con-

dition as shown in Fig. 3. That was because the perfusion offered

the shear force which could make HUVEC connect tightly and form

stress fiber, so the HUVEC could perform the barrier function to al-

low substances through selectively.

The verification of liver physiological function could be

characterized by albumin (ALB) secretion, urea synthesis, drug
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Fig. 4. Liver physiological function characterization of the HepG2 cells cultured in the chip. (a) Immunofluorescence photo of ALB, (b) immunofluorescence photo of P450

(Red), (c) corresponding fluorescent quantitative analysis of ALB, (d) corresponding fluorescent quantitative analysis of Urea.

Fig. 5. (a) ROS production in HepG2 cells after exposure to different concentrations of APAP, (b) corresponding fluorescent quantitation results of ROS. (c) Quantitative

analysis result of ALB, (d) Urea and (e) ATP before and after the treatment of 4mmol/L APAP using a microplate reader.

metabolism enzyme P450 expression. Albumin is secreted by liver,

and its function is to maintain the plasma colloid osmotic pressure

constant. Urea synthesis signified the metabolism of amino acid

which is another important function of liver. P450 enzyme expres-

sion means the drug metabolism function of liver. Therefore, we

indicated these characterized markers of liver expression of HepG2

spheroids and the results were compared with the cells culture in

2D condition as shown in Figs. 4a and b. Moreover, albumin and

urea were quantified by the assay kits. As shown in Figs. 4c and

d, both the secretion of the ALB and the synthesis of urea of the

HepG2 cells in chip were much higher than that of the cells in

2D cultured condition. That means the satiation and function of

the cells cultured in 3D condition were more similar to the in vivo

condition.

After confirming the successful construction of the liver phys-

iological model, we applied it to the study of liver injury with

drugs. Acute liver failure (ALF) caused by these factors can lead

to extensive necrosis or apoptosis of liver cells, inflammatory reac-
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tion of hepatocyte steatosis, oxidative stress, and even liver func-

tion impairment. It is a serious disease with high mortality. Ac-

etaminophen (APAP) is a commonly used antipyretic, drug abuse

or accidental overdose is the most common cause of acute liver

injury. APAP plays a dominant role in the acute liver injury caused

by drug poisoning. Researches showed that excessive APAP in the

liver through a series of reactions, will produce a large number

of reactive oxygen species (ROS) cause serious oxidative damage

of the liver, and eventually lead to acute liver injury. Therefore,

we treated the HepG2 spheroids with different concentrations of

APAP for 24h, after that, the ROS would be quantity assayed by

MitoTrackerTM Red CMXRos, and the ALB secrete, Urea synthesis

was also detected. Moreover, after the treatment of APAP we de-

tected the ATP, in order to get the cell viability.

We investigated the production of ROS in HepG2 cells after be-

ing exposed to APAP and the results were shown in Figs. 5a and

b, APAP significantly induced the generation of ROS in HepG2 cells

and this effect exhibited a dose-dependent manner. In addition, ac-

cording to the quantitative results using microplate reader assay,

4mmol/L of APAP would significantly reduce the albumin expres-

sion, while would not impact the synthesis of urea, as shown in

Figs. 5c and d. And the cell viability reduced after the treatment

of 4mmol/L APAP as shown in Fig. 5e. This was thought to be the

reason why the expression of albumin was descended.

In conclusion, we proposed a demountable liver on chip de-

vice for study of liver drug toxicity. The proportion and the spa-

tial structure of HepG2, HUVEC cells were integrated in an orderly

manner, which simulated the complex structure and microenviron-

ment of liver in vivo, and the process of liver injury caused by APAP

also reappeared through this device. The results showed that this

liver-device is able to recreate the damage process of hepatic cells

induced by APAP, while measuring multiple biomarkers of hepatic

cells to understand the intercellular communication between each

other. Thus, this in vitro liver-on-chip device could serve as a func-

tional platform for drug-induced hepatotoxicity, liver function and

disease. Moreover, this chip could also be used to rebuild other or-

gan in vitro such as brain blood barrier which is studied by our

team and so on. By culture different kinds of cells in the chip, sev-

eral organs on a chip would develop in this PMMA chip, and it

could be widely used in the drug toxicity test field.
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