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Abstract

The liver is a critical organ in xenobiotic toxicity which has its unique metabolism with a 

variety of metabolic enzymes. Since hepatotoxicity is one of the major causes of drug 

withdrawal, predicting whether a certain compound has a hepatotoxic potential in the early

stage of drug development is highly significant. Among in vitro system, three-dimensional 

(3D) culture shows improved hepatic functions and maintains its originalities longer has 

been widely investigated. We attempted to culture human bipotent liver progenitor cells-

derived liver organoid with on a microfluidic device with minimal fabrication procedures.

The organoid culture was performed in two different conditions static condition for at least 

11 days of differentiation and microfluidic culture for 5 days. Secreted albumin level was 

higher in the fluidic condition only after 5 days of differentiation. In the differentiation

period, mRNA expression level of Lgr5 decreased in a similar degree in both conditions, 

while that of albumin increased in a higher level in the microfluidic system. Activities of 

cytochrome P450 1A2 and 3A4 were higher in the microfluidic system both in natural and 

induced condition. In conclusion, the microfluidic condition could make organoids 

differentiate in a shorter time with higher hepatic functions.

Keywords: 3D Organoids, human, bipotent liver stem cells, microfluidic culture, 

characterization
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Introduction

The liver is a critical organ in xenobiotic toxicity which has its unique metabolism with a 

variety of metabolic enzymes including cytochrome P450 (CYP450) [1, 2]. Hepatocytes are 

often susceptible to certain toxic metabolites from parent drugs so that drug-induced liver 

injury could occur [3]. In fact, hepatotoxicity is one of the major causes of drug withdrawal 

[4]. Thus, predicting whether a certain compound has a hepatotoxic potential in the early

stage of drug development is highly significant. 

Preclinical toxicity studies, most of which are animal studies have about 70 % of 

concordance with human toxicities. Above all, hepatotoxicity is less predictable in animal 

studies [5]. Therefore, available are various in vitro systems to test hepatotoxicity using liver

tissues, primary hepatocytes, established immortal cell lines and stem cells as well [6].     

Since hepatocyte culture in a traditional 2D system proved to lose its hepatic function in a 

relatively short term, 3D culture that shows improved hepatic functions and maintains its 

originalities longer has been widely investigated [7, 8]. Primary human hepatocytes (PHH) 

or liver cancer cell lines such as hepG2, or hepaRG have been gone through a lot of attempts 

to culture in 3D and showed better characteristics as a liver model than in 2D culture [9, 10].  

Among all these cell sources, PHH is conventionally the gold standard for liver function [11]. 

However, instead of primary hepatocytes which had proved not appropriate in long-term 

culture, organoids using stem cells including human embryonic stem cell, induced 

pluripotent stem cells, and adult bipotent progenitor cells from liver have been studied in 

recent years [12]. Also, usage of liver organoid has been demonstrated to predict clinical 

drug-induced liver injury [13].

The bipotent stem cell-derived liver organoid in human, which initiates from Lgr5 positive 

biliary stem cells was established in previous studies as well as intestinal organoids [12, 14].

In differentiation period after clonal expansion in vitro, the stem cells gradually lose their 

stemness and express hepatic markers such as albumin. They were developed for 
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transplantation in regenerative medicine at first, but it can be applied to drug testing such as 

toxicology studies.

Organoid culture in a static condition is simple using extracellular matrix such as hydrogel,

however, it takes over 2 weeks to fully differentiate into hepatocytes as established in a 

previous study [15]. To develop the organoid culture method for better expression of hepatic 

function and more efficient culture, there have been a lot of attempts to develop and use 

state-of-the-art devices and scaffolds [16, 17]. Especially, using culture platform with a 

variety of chips are now developed for not only 2D culture but also 3D, and expected to be 

applied within many phases of drug development [18]. Microfluidic system using device can 

provide continuous oxygen and nutrients supply and remove waste from cells showed the 

improved hepatic function of liver organoids and prolonged lifespan, which makes it 

possible to conduct reproducible studies such as chronic toxicity testing [17, 19]. A simple 

microfluidic chip without active pumping system but which the media can flow through 

using cotton yarn was developed in a previous study [20, 21]. Microfluidics were used to 

introduce flow to facilitate nutrient supply to cells and waste removal from in vitro culture 

systems.

In this study, we approached to culture human liver organoid with bipotent liver progenitor 

cells previously established [15], on a microfluidic device with minimal fabrication 

procedures using cotton yarn. The aims of this study are 1) to characterize liver organoids we 

obtained using the microfluidic device, and 2) to compare this culture system to existing 

static culture so that this organoid culture has potential to be a new model for drug testing. 
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Materials and Methods

1. Preparation of tissue sample 

The marginal parts of surgically removed liver biopsy tissue were obtained from the 

department of pathology, Asan Medical Center under Institutional Review Board (IRB) 

approval. Each sample was stored in Hank's 1X Balanced Salt Solutions (HBSS, HyClone™, 

Utah, USA) at 4 ℃ up to 12 hours until transferred to the laboratory. A part of each tissue 

was taken to be stored as frozen, paraffin and frozen blocks, and formalin-fixed as well.

2. 3D Organoid culture

The organoid culture was performed in two different conditions; static and microfluidic 

culture, both based on a protocol previously established [15], with a little modification. A 

microfluidic chip was made of polydimethylsiloxane (PDMS) and has 29 wells connected by

a microchannel from fresh media reservoir (inlet) to waste reservoir (outlet). To isolate 

ductal stem cells, liver tissue samples were chopped with sterile scissors, followed by 

digestion with collagenase D. In one method, pellets of collagenase-treated ductal cells 

(approximately 1.5x103 cells /well) were seeded in ice-cold basement membrane extracts, 

type 2 (BME2, Cultrex®, Abingdon, UK) and placed at 24-well plate. After BME solidified 

in a room temperature, 500 μl of isolation media (IM) was added to each well. The media 

were refreshed every other or third day throughout the whole culture period. In the other 

method using a microfluidic device, ductal cells were suspended in a mixture of Matrigel and 

the same medium of an equal volume, based on the published protocol as well.

After expansion of 7-10 days, organoids were treated with TrypLE Express (Gibco™, 

Invitrogen) enzyme to dissociate into single cells, then cultured both in static and fluidic 

condition. In the static condition, cells were cultured for 5 days in expansion media (EM), 5 

days in EM including bmp7, then at least 11 days in differentiation media (DM). In fluidic 

condition, cells were cultured for 5 days in EM, 5 days in EM including bmp7, then 5 days in 
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DM.

3. Hepatic function of differentiated organoids

Hepatic function of the organoids was evaluated by quantification of albumin release. The 

concentration of albumin in supernatants was measured using human albumin ELISA 

(enzyme-linked immunosorbent assay) kit (ab108788, Abcam). Standard albumin solution 

supplied in the kit was loaded on the 96-well plate in serial dilution according to the product 

protocol. 1 ml of culture media accumulated in the waste dish was collected every day from 

the last day of the expansion period to day 5 of the differentiation period. They were stored 

at -80 ℃ immediately after collection until used. After thawing at room temperature, the 

sample media were centrifuged at 700 g for 10 minutes. Then 50 μl of the supernatant was 

collected and loaded on the plate. The absorbance of 450 nm wavelength was detected by a 

microplate reader (Sunrise ELISA reader, Tecan, Germany).

4. H&E staining and Immunofluorescence

For morphology, hematoxylin & eosin (H&E) staining was performed. For identifying 

hepatic markers by immunostaining, antibodies against a variety of markers were used 

(Table 1). Organoids of day 5 of differentiation period in fluidic condition were collected and 

used to make a formalin-fixed paraffin-embedded block. To minimize destruction of the

structure, they were pulled out from each well with a sharpened micro tip, then fixed in 10% 

neutral buffered formaldehyde (NBF) for 1h. They were embedded in Histogel (Thermo 

Scientific) first. After solidified on the ice, they were fixed in 10%. Following fixation and 

processing, the Histogel was re-embedded in paraffin. The paraffin block was sectioned in 3

µm thick. Each section was incubated in sodium citrate at 97℃, the sub-boiling temperature 

for 15 min for antigen retrieval, then with 10% normal goat serum to block unspecific 

reaction. Slides were incubated with primary antibodies in 1% normal goat serum for 2 h, 

and secondary antibodies in 1% normal goat serum for 1 h 30 m at room temperature. Nuclei 
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were counterstained with DAPI.

5. Real-time reverse transcriptional polymerase chain reaction (Real-time RT-PCR)

To evaluate transcript levels of mature hepatic markers in organoids, human mRNA primers 

confirmed in previous studies were used [22, 23]. Primers against mRNA of human lgr5, 

albumin, and GAPDH were used. All primers were synthesized by CosmoGentech, Korea. 

Organoids formed in a total of three chips were harvested and RNA extraction was 

performed with RNA kit (GeneAll, Korea). The purity of extracted total RNA was examined 

with Nanodrop. Each cDNA was synthesized with cDNA kit (K1622, Thermo Fisher). then 

quantitative RT-PCR was performed using GoTaq qPCR Master Mix (A6001, Promega) and 

HT7900 Fast Real-Time PCR (Applied Biosystems).

6. Metabolic activity of CYP1A2 and CYP3A4

To evaluate CYP450 activity, phenacetin (CYP1A2) and testosterone (CYP3A4) were 

treated to the organoids in both methods. To examine the biotransformation of the substrates, 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed. 100 μM of 

phenacetin and or 100 μM of testosterone was treated to organoids in static culture and 

incubated for 4 h. Also, organoids cultured in a chip were transferred to 96-well plate and 

incubated with the compounds for 4 h. The media was collected for further assay, and the 

remaining cells were counted with trypan blue staining. An equal volume of acetonitrile was 

added to each medium to quench enzyme activity. After mixing shortly, the media was 

centrifuged in 16000 rpm for 5 min at 4 ℃. The supernatants were collected and stored 

frozen at – 80 ℃ until sent to International Scientific Standard (ISS, Chuncheon, Korea) for 

LC-MS/MS analysis. The metabolites of phenacetin and testosterone, acetaminophen and

6β-hydroxytestosterone, respectively, as well as the parent molecules, were detected by their 

peak in the mass spectrometry results.
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Results

1. Organoid formation

After organoids were treated with trypLE express and dissociated into single cells, they were

reseeded as 3 x 103 cells/50μl or 1 x 104 cells/50 μl in BME2 or Matrigel to form organoids 

again within 24 to 48 hours. In the fluidic system, the proportion of Matrigel was optimized

to 70% (v/v). When seeded with 70% (v/v) of Matrigel on a chip, liver organoids were 

formed in spheroid with increased stability compared to when seeded with 50% (v/v) of 

Matrigel. Each organoid occupied a single well, out of total twenty-nine wells. The maximal

diameter was 200 μm. An organoid started to form (budding) within 2-3 days of expansion 

period, ranging from a day to a week, depending on samples and their passage.
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Figure 1. Organoids expansion and subsequent subculture until assays performed. (A) 

Experimental scheme adapted from Huch et al. 2015 [12]. (B) Once organoids expanded to 

subculture, they were dissociated into single cells with trypLE and reseeded in 24-well plates 

or a microfluidic chip. The cells expanded to form organoids again for 4-5 days in both static 

and fluidic condition. (C) In fluidic condition, organoids were cultured in EM with bmp7 

added for 5 days, then only 5 days with differentiation media. The bar is 200 μm in length.

(D) In the static condition, organoids were also cultured in EM with bmp7 added for 5 days, 

and in DM for more than 11 days.  The bar is 100 μm in length.  (E) Organoids were cultured 

in a static condition using BME2 on a 24-well plate (left), or in a fluidic condition using the 

microfluidic device (right, adapted from Lee et al. 2018 [21]).
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Table 1. List of antibodies used in immunostaining 

Markers Supplier Catalog number Host Dilution ratio
ZO-1 Invitrogen 40-2200 Rabbit 1:200
HNF4α Abcam ab41898 Mouse 1:100
BSEP Santa Cruz SC-74500 Mouse 1:50
MRP2 Abcam ab3373 Mouse 1:200
MRP4 Abcam ab15602 Rat 1:15
CYP1A2 Abcam ab22717 Mouse 1:250
CYA2D6 Abcam ab185625 Rabbit 1:500
CYP2C9 Abcam ab4236 Rabbit 1:500
CYP3A4 Abcam ab3572 Rabbit 1:500
CK18 Abcam ab133263 Rabbit 1:250
CK7 Abcam ab90083 Rabbit 1:200
Hep Par 1 Novus 

Biologicals
NBP2-45272 Mouse 1:200

Rabbit IgG 488 Invitrogen a11008 Goat 1:2000
Mouse IgG 488 Abcam ab150117 Goat 1:500
Mouse IgG 594 Invitrogen a11032 Goat 1:500
Rat IgG 594 Abcam ab150168 Goat 1:500
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2. Increased albumin secretion in fluidic condition

All the measurement was adjusted by subtracting the measured value in complete culture 

medium from each measurement. In the static condition, albumin concentration was detected 

as 2.742 ± 6.084 (ng/μl) on the last day of expansion period with bmp7 added and -0.882 ± 

4.546 on day 11 of differentiation period. Expressed as fold changes, albumin concentration 

in differentiation period was lower than in the expansion period with bmp7 added, even 

lower than the measured value of differentiation media (Fig. 2A). In contrast, in fluidic 

culture, albumin level was detected as 1.748 ± 1.222 on the last day of the expansion period 

with bmp7 added, -5.134 ± 3.004, 0.381 ± 3.784, -1.048 ± 6.661, 9.562 ± 6.694, and 10.24 ± 

9.249 from day 1 to 5 of differentiation period (Fig. 2B). Albumin level was as almost six 

times higher in differentiation than in the expansion period.
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Figure 2. Albumin concentration in static and fluidic condition. (A) Albumin concentration 

in static and fluidic condition presented as fold changes in DM and EM with bmp7 added. 

(B) Albumin concentration (ng/mL) in fluidic condition. The baseline (y=0) is based on 

measurement value from complete culture media.
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3. Hepatic markers and apoptosis detected by staining

In immunofluorescence staining, transcription factor HNF4α (hepatocyte nuclear factor 4α) 

was readily stained in organoids cultured in both conditions, showing a nuclear pattern (Fig. 

3). CYP1A2 was stained in a cytoplasmic pattern, although they have zonal distribution in 

normal liver tissue. However, CYP3A4 was expressed only in organoids cultured in fluidic 

condition. Transporter MRP2 (multidrug resistance protein 2), was not expressed in the 

organoids. Hep Par 1, a hepatic marker on hepatocyte mitochondria, MRP4, BSEP, CYP2C9 

and CYP2D6 were not detected in differentiated organoids cultured in both conditions unlike 

the original liver tissue sections (data is not shown). A bile duct epithelial marker CK7 and 

CK18 were not stained within the cells as well. 

4. Changes in stemness and hepatic markers

In both static and fluidic conditions, mRNA expression of lgr5, a stemness marker, decreased 

in the differentiation period (Fig 4). In static culture, as control was set as expression value in 

expansion period, the average expression value of expansion period was 1.0046 ± 0.1351, 

and the average expression value of differentiation period was 0.0694 ± 0.0172. In fluidic 

condition, as control was set as expression value in expansion period, the average expression 

value of expansion period was 1.0000 ± 0.0128, and the average expression value of 

differentiation period was 0.06165 ± 0.00723. In both static and fluidic condition, mRNA 

expression of albumin, a hepatic marker, showed increases in differentiation period. The 

mRNA level was much higher in the differentiation period under fluidic condition than a 

static condition. In the static condition, the average expression value of the expansion period 

was 1.0049 ± 0.1402, and the average expression value of the differentiation period was 

25.6164 ± 2.4414. In the fluidic condition, the average expression value of the expansion

period was 1.09145 ± 0.6185, and the average expression value of the differentiation period 

was 619.958 ± 184.92. 
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Figure 3. Immunostaining of organoids. Organoids cultured in static condition expressed (A) 

HNF4α in a nuclear pattern, (B) CYP1A2 in a cytoplasmic pattern. However, (C) CYP3A4 

and (D) MRP2 were not expressed. Organoids cultured in fluidic condition expressed (E)
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HNF4α, (F) CYP1A2, and (F) CYP3A4, but not (H) MRP2. 

Table 2. Primers used in real-time RT-PCR for detection of stemness and hepatic markers

Gene Primer sequence Reference

GAPDH Forward AGAAGGCTGGGGCTCATTTG http://www.synthesisgene.com/

Reverse AGGGGCCATCCACAGTCTTC

Lgr5 Forward CTCCCAGGTCTGGTGTGTTG [23]
Reverse GAGGTCTAGGTAGGAGGTGAAG

Albumin Forward ATGCCCCGGAACTCCTTTTC [22]
Reverse CAACAGGCAGGCAGCTTTAT
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Figure 4. mRNA expression level of Lgr5 and albumin in static and fluidic condition. (A, B) 

In static and fluidic condition, level of Lgr5 mRNA expression showed decreases in similar 

degree in the differentiation period than in the expansion period. (C, D) Albumin mRNA 

expression increased in the differentiation period, in a significantly higher degree in fluidic 

condition than in static condition.
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5. Metabolism of phenacetin and testosterone- CYP1A2/3A4 activity

CYP1A2 activity was expressed as a ratio of acetaminophen relative concentration to its 

parent compound, phenacetin. In the static condition, the relative concentration of 

acetaminophen and phenacetin was 10 and 0.01, respectively. In fluidic condition, it was 

13.22 and 0.03. Fluidic condition (0.002269) showed about two times higher level of 

CYP1A2 metabolism than in static culture (0.001). CYP3A4 activity was expressed as a 

ratio of 6β-hydroxytestosterone relative concentration to testosterone. In the static condition, 

the relative concentration of 6β-hydroxytestosterone and testosterone was 12.68 and 0.04, 

respectively. In fluidic condition, it was 31.43 and 0.45. Fluidic condition (0.014318) 

showed about four times higher level of CYP1A2 metabolism than in static culture 

(0.003155).
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Figure 5. The relative concentration of metabolites to their parent compounds. CYP450 

activities were expressed as the relative ratio of the parent compound (phenacetin and 6β-

hydroxytestosteron) CYP1A2 activity was higher in organoids cultured for 5 days of 

differentiation in fluidic condition than in those cultured for 12 days in a static condition. 

CYP3A4 activity was also higher in organoids in fluidic condition.
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Discussion

In this study, we showed several advantages of using the microfluidic system to culture the 

liver bipotent stem cells. First, this microfluidic system proved to make a human liver 

organoid in a short-term compared to the existing static culture. In microfluidic culture, the 

bipotent liver stem cells were shown to differentiate in a shorter period of time than in the 

static culture (less than a half). Also, in a pilot study conducted in advance, an overall of 

expansion period could be shortened in this microfluidic culture (even 10 days including EM

+ bmp7 period, data not shown) as the period could be controlled depending on how rapid 

each organoid expands. The expansion speed is variable depending on samples and their 

passages, and to minimalize this variability, organoids within passage 5 to 10 were used in 

this study. Additionally, the liver organoids formed in the microfluidic system in this study 

were stable more than 10 days in a pilot study.

Secondly, organoids cultured on a microfluidic chip presented more hepatocyte-like 

characteristics than those in the static condition, although they were under differentiation 

condition only 5 days. From albumin secretion and CYP450 activity, organoids in fluidic 

condition showed improved hepatic function consistently in most assays performed. Also, 

CYP3A4 was strongly stained in the fluidic culture unlike in the static culture. A continuous 

supply of nutrient and oxygen with a discharge of metabolic wastes of the cells could have 

stimulated the cells more efficiently and make them differentiate as well.

Also, size and morphology of the organoids in the microfluidic culture could be readily

controlled compared to the static culture. The organoids in dome-shaped BME2 in static 

culture, receive nutrients and oxygen unevenly depending on the distance from media. Since 

the existing static culture method we used was originally developed for cell therapy 

transplantation [12], each size of organoids differs from each other which makes it hard to 

quantify the number of cells or organoids. Meanwhile, in this microfluidic culture, mostly a 

single well was occupied by a single organoid when the cells were seeded in an appropriate 
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volume, which would make this method more applicable to drug toxicity testing which 

requires quantification of cells. Also, measurement of the diameters of each organoid was 

also easy as well. For having a single or two organoids in a well, it is easy to distinguish each 

organoid.

However, a few limitations of this system have been found. First, an excessive volume of the 

media was used to culture organoids in a chip. Liver development is a procedure which 

requires a large amount of oxygen and nutrients. Approximately 2mL of fresh media was 

used every day by a single chip, so studies to reduce the volume of the media or reuse the 

waste media that has already passed through a chip should be conducted for more efficient 

application of this method.

Hep Par 1, CYP2C9, CYP2D6 and transporters such as MRP2, MRP4 and BSEP (data not 

shown) were not expressed on the liver organoids. The organoids did not attain complete 

maturity in either culture condition. Expression of metabolic enzymes could be variable 

depending on samples, but fully maturated organoids have not been established yet [24]. To 

develop more delicate and reliable in vitro system, a lot of attempts are reported these days 

to utilize new techniques such as 3D printing, not just printing chips but bioprinting using 

mixed types of cells as bio-ink [25].

In conclusion, organoid culture in this fluidic condition showed improved hepatocyte 

function so that it can be applied to various in vitro assays using hepatocytes. Nevertheless, 

since high-throughput screening (HTS) is not applicable in this method with a chip yet, 

which is unfavorable for drug screening or toxicity study, it needs to be developed further 

and optimized to use for drug testing.
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Summary in Korean

간은다양한대사효소에의한외부물질의대사가활발히일어나는기관으로, 간독성

은 약물을철수하게되는주요원인중하나이다. 개발단계에서진행하는사람으로부

터유래한간세포를이용하는 in vitro실험은, 기존의 2차원적배양이아닌 3차원적배

양을통해세포가더생체와가까운구조를갖게함으로써더실제와유사한정보를얻

을 수 있도록 개발되고 있다. 한편, 정적인 환경의 세포 배양보다 배지가 흐르게 하는

유체환경에서의배양이더생체를모방하는것으로 알려져있다. 본연구에서는사람

의간조직의담관줄기세포에서유래한 3차원오가노이드를두가지방법으로배양하

여, 각각의 방법에서 자란 오가노이드의 특성을 확인함으로써 기존의 정적 배양과 유

체배양을비교하고자하였다.

간절제술로부터일부얻은환자또는공여자의간조직을처리하여기존배양법및유

체 환경에서의 배양을 시도하였다. 오가노이드가 형성되면 일정한 기간 동안 증식한

후, 기존의정적배양과유체배양에서각각 11-13일및 5일의분화기간을거쳤다. 정

적 배양의경우 2일에한번씩, 유체배양의경우매일 수집한배양배지에서효소면역

법(enzyme-linked immunosorbent assay, ELISA)를 이용하여 알부민의 농도를 측정하였

고, 파라핀블록을제작하여 HNF4α, CYP1A2, CYP3A4, MRP2등간세포에서확인할

수있는마커에대한면역형광염색(immunofluorescence)을실시하였다. 증식및분화단

계에서 lgr5, albumin 에 대한 mRNA 발현 정도를 확인하였고, 대사효소 CYP1A2 및

CYP3A4의 활성화 정도를 liquid chromatograph tandem-mass spectrometer (LC-MS/MS)

를이용한대사체분석으로확인하였다.

연구결과, 정적배양의경우에비해유체배양에서분화일수에따른알부민의증가양

상이 두드러지게 나타났다. 알부민의 mRNA 발현량 또한 유체 환경에서 월등히 높게

나타났다. CYP1A2 및 CYP3A4 효소의대사활성은유체배양에서각각 2배및 4배가

량 높게나타났다. 결론적으로더짧은기간동안분화과정을거쳤음에도불구하고유

체 환경에서 배양한 오가노이드가 기존 방식으로배양한 것보다 더 간과유사한 기능

을보였다.
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