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Abstract We developed a poly(ethylene glycol) (PEG)

derivative with oleyl groups, so-called ‘‘cell adhesive’’, for

the promotion of human hepatocellular carcinoma HepG2

cell spheroids. Our approach was based on crosslinking of

the cell membrane with a cell adhesive via a hydrophobic

interaction. A cell adhesive, PEG derivative with hydro-

phobic oleyl groups at both ends was synthesized and

characterized. HepG2 spheroids formed when the adhesive

was added to cell suspensions. The size of the spheroids

increased with time in culture. In addition, Ammonia

elimination of HepG2 spheroid with cell adhesive was 3.4

times higher than that without cell adhesive. Furthermore,

albumin secretion from HeG2 spheroids grown with the

cell adhesive for 7 days was 3.3 times that from HepG2

spheroids grown without cell adhesive. Fluorescence

microscopy showed greater albumin staining in spheroids

grown with cell adhesive compared with spheroids grown

without adhesive. This cell adhesive may be useful not

only for single type of cells but also for multi types of cells

to form artificial organs. This cell adhesive will be a key

material for liver tissue engineering when it will apply to

primary hepatocytes.

1 Introduction

The regeneration of organs is considered the next step in the

field of tissue engineering. In vitro and in vivo tissue engi-

neering techniques have been used to construct connective

tissues containing large amounts of extracellular matrix

(ECM) [1–3], and regenerated tissues have been applied

clinically. However, the regeneration of organs such as the

liver and pancreas, which have complex cellular structures,

are highly vascularized, and have few ECM components,

presents many difficulties. One of the key factors in the

regeneration of organs is control of cell–cell interactions;

there are significant functional differences between a flat

layer of cells and 3-dimensional tissue [4–8]. In general, cell

functions in 3-dimensional culture result from enhanced

cell–cell interactions. Cellular spheroids, which are small,

3-dimensional aggregates of cells, are an attractive model for

organ regeneration. Materials and techniques, such as bio-

reactors [9–11], spheroid plates [12], and microfabricated

surface-controlled cell adhesion [13, 14], have been used to

study the formation of spheroids in vitro. However, these can

be time-consuming and expensive. The development of

convenient methods and inexpensive materials for the for-

mation of spheroids will be helpful with respect to clinical

applications of spheroids as well as cell transplantation.

We recently prepared a polymeric cell adhesive,

poly(ethylene glycol) (PEG) derivative with hydrophobic

oleyl groups at both ends [15]. This cell adhesive inter-

connects cells by anchoring to the cell membrane via a

hydrophobic interaction. We used this adhesive to induce

spheroid formation in the RIN pancreatic b-cell line. We

also showed enhanced insulin secretion and mRNA

expression of the cell adhesion protein E-cadherin in pan-

creatic b-cell spheroids grown with the adhesive compared

to those cultured without the adhesive. However, there are
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no researches on the hepatic cell spheroid formation by

addition of cell adhesive.

In the present study, we assessed the effect of the cell

adhesive on human hepatic cell. For the fundamental study

of spheroid formation of hepatic cells, we employed

HepG2 and performed biochemical characterization of

resulting HepG2 spheroids.

2 Materials and methods

2.1 Materials

Oleyl-O-PEG-succinyl N-hydroxy-succinimidyl ester

(SUNBRIGHT� OE-080CS; MW = 8,525 Da, purity

[95%, polydispersity 1.02) and PEG diamine (SUN-

BRIGHT� DE-350PA; MW = 33,652 Da) were purchased

from NOF Corporation (Tokyo, Japan). Other chemicals

were purchased from Wako Pure Chemical Industries, Ltd.

(Osaka, Japan) and were used without further purification.

2.2 Synthesis of cell adhesive

Synthesis of cell adhesive was performed by the method

previously reported [15]. Briefly, a mixture of oleyl-O-

PEG-succinyl N-hydroxy-succinimidyl ester (1.84 g,

216 lmol, 2.2 eq) and PEG diamine (3.30 g, 98.1 lmol,

1.0 eq) in N,N0-dimethylformamide (DMF)/tetrahydrofuran

(THF) (70 ml; 1/1 [v/v]) was stirred at room temperature

overnight. The solvent was then removed by evaporation

under reduced pressure, and the residue was purified via

dialysis against water. The resulting solution was lyophi-

lized by freeze-drying to give a product (4.93 g, 86% yield)

in the form of a white, fluffy material. The product was

characterized by gel permeation chromatography (GPC)

with an HLC-8220GPC system equipped with RI and TSK

gel G4000HHR and TSK gel G3000HHR columns (Tosoh

Corp., Tokyo, Japan) in DMF (with 10 mM LiCl additive)

and by Fourier-transform infrared spectroscopy (FTIR)

using an FTIR-8400S system (Shimadzu Corp., Kyoto,

Japan). For GPC, Mn = 55,880 and MW = 61,021. For

FTIR, KBr values (cm-1) were, 2889 (C–H for alkane),

1736 (C=O for ester), 1647 (C=O for amide), 1543 (N–H for

amide), 1470 (C–H for –CH2O–), 1342 (C–H for alkane),

1281 (C–H for alkane), 1099 (C–C for alkane, C–O for

ether). The critical micelle concentrations in phosphate-

buffered saline (PBS), measured by the pyrene method,

were 1.84 and 1.78 lM at 25 and 37�C, respectively.

2.3 Cell culture

The human HepG2 hepatocellular carcinoma cell line was

used for the evaluation of spheroid formation. Cells were

grown in Dulbecco modified Eagle medium (DMEM; plus

4500 mg glucose/l; Sigma-Aldrich, St. Louis, MO, USA)

containing 2% penicillin–streptomycin (Invitrogen, Carls-

bad, CA, USA) and 10% fetal bovine serum (FBS) (JRH

Biosciences, Lenexa, KS, USA). Spheroid formation was

induced as follows: 100 ll of HepG2 cells (1 9 106 cells/ml)

was suspended in medium without serum in a 1.5-ml

microtube. A volume of 100 ll of the cell adhesive

(0.1 mM; sterilized under ultraviolet light for 15 min)

dissolved in phosphate buffer was added to the microtube,

and the mixture was stirred with a micromixer for 2 min

and placed into a well of a 48-well culture dish. The

mixture was cultured in a humidified incubator (ESPEC

Corp., Osaka, Japan) at 37�C in a 5% CO2 atmosphere.

Half of the culture medium was replaced every 2 days with

DMEM containing 10% FBS. The number of cells cultured

with or without cell adhesive was determined by Cell

counting kit-8 (Dojindo, Kumamoto, Japan) according to

the manufacturer’s instructions.

2.4 Biochemical characterization

For the determination of ammonia elimination ability of

spheroid, HepG2 spheroids were first cultured with 1 mM

NH4Cl in buffer solution for 2 h at 37�C in a 5% CO2

atmosphere. Then, the ammonia concentration was mea-

sured with an ammonia test kit (BioVision, CA, USA)

according to the manufacturer’s instructions. In order to

determine albumin secretion from HepG2 spheroids, they

were cultured in DMEM without serum for 1 h, after which

albumin concentration was quantified using a Human

Albumin Enzyme-Linked Immunosorbent Assay (ELISA)

Quantitation Kit (Bethyl Laboratories, Inc., Montgomery,

TX, USA), according to the manufacturer’s instructions.

For fluorescence staining of albumin, HepG2 cells cultured

with or without cell adhesive were fixed in 4% parafor-

maldehyde for 5 min. Samples were then permeabilized

with 0.2% Triton X-100 in PBS for 1 h and washed 3 times

with 0.05% Tween 20 in PBS. Spheroids were subse-

quently treated with 10% pig serum for 1 h at 37�C to

block nonspecific adsorption and then subjected to immu-

nofluorescence staining with polyclonal rabbit anti-human

albumin antibody (DakoCytomation Denmark A/S, Glost-

rup, Denmark) dissolved in PBS containing 1% bovine

serum albumin (BSA) at 4�C for 16 h, followed by 3

washes with 0.05% Tween 20 in PBS. Samples were

incubated in fluorescein isothiocyanate (FITC)-labeled

polyclonal swine anti-rabbit immunoglobulin (DakoCyto-

mation Denmark A/S) at 4�C for 3 h and washed with PBS

3 times. Nuclei were stained by incubating spheroids with

300 ll of 20 lg/ml propidium iodide in PBS at room

temperature for 20 min, followed by 3 washes with PBS.

After sealing the spheroids with mounting medium, images
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were acquired with a fluorescence microscope (IX-71;

Olympus, Tokyo, Japan).

2.5 Statistical analysis

Results are expressed as mean ± standard deviation (SD).

Data were analyzed by Student’s t-test with the statistical

function of Microsoft Excel. All P values were compared

to a value of 0.05 to determine significance.

3 Results and discussion

The cell plasma membrane is composed of an amphiphilic

phospholipid bilayer. Our approach was based on physical

crosslinking of the cell membrane over time via a hydro-

phobic interaction using a cell adhesive. Hydrophobic

units, such as lipids, cholesterol, and oleyl groups, can

anchor to the phospholipid bilayer of membranes of lipo-

somes and cells [16–26]. Via a hydrophobic interaction,

cell membranes can be anchored without causing damage.

Our cell adhesive consists of 2 distinct units, a hydrophobic

unit that anchors to the phospholipid bilayer of the cell

membrane, and a hydrophilic polymer unit that promotes

solubility in aqueous media. An oleyl group was used as

the hydrophobic unit, and a PEG chain was used as the

hydrophilic unit (Fig. 1a). Oleyl group-bearing polymers

have been shown to anchor to the cell membrane without

causing damage [16]. As in our previous study [15], in

which we used the RIN pancreatic b-cell line, we

hypothesized that the adhesive induces physical cross-

linking among cells via a hydrophobic interaction

(Fig. 1b). The effect of addition of the cell adhesive

(0.05 mM) on the formation of hepatic cell spheroids is

shown in Fig. 2. We employed HepG2 cells for the

spheroid formation because there are no researches on the

spheroid formation by the addition of cell adhesive. Also, it

is reported that albumin secretion from HepG2 spheroid

significantly increased as compared with flat cultured cells.

In the absence of the cell adhesive, cells were distributed

over the surface of the tissue culture flask after 7 days

(Fig. 2a–d). In the presence of the cell adhesive, small

spheroids were observed after 1 day (Fig. 2e), increasing in

size over time (Fig. 2e–h). We also performed experiments

with other concentrations of the cell adhesive; however, no

spheroid formation was observed. This may be due to the

fact that the cell surface is covered with hydrophilic PEG

units at concentrations greater than 0.05 mM. Only a few

hepatic spheroids formed at concentrations less than

0.05 mM, which may be explained by a lower crosslinking

density. It is known that the cell membrane can flexibly

interact with molecules dissolved in culture medium, even

under static culture conditions. To enhance the anchoring

effect of the cell adhesive with the cell membrane, we

stirred the HepG2 cells in the presence of cell adhesive. We

obtained HepG2 spheroids in quite a short period of time

(less than 10 min; data not shown), indicating that spher-

oids may be useful in cell transplantation.

After different culture periods, we determined the

number of cells using Cell Counting Kit-8. No significant

differences between cells cultured with or without cell

adhesive. On the other hand, the number of cells cultured

with cell adhesive decreased compared with cells without

adhesive after the culture for 3 days. Similar behavior was

observed when the culture period was 7 days. Cell adhe-

sive used in this study is amphiphilic polymer. Critical

micelle concentration of employed cell adhesive was

1.78 lM at 37�C. While, the concentration of cell adhesive

added to HepG2 was 0.05 mM, therefore, cell adhesive

formed micelle in cell culture medium. At this condition, it

is supposed that cell adhesive will show some kinds of

toxicity to HepG2, however, significant decrease of cell

Fig. 1 Cell adhesive used for spheroid formation. (a) Schematic of

synthesis of cell adhesive. (b) Schematic of crosslinked HepG2 cells

in culture after the addition of cell adhesive
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number was not observed during the culture periods. This

may be due to the cytocompatibility of PEG chain Fig. 3

In order to determine the function of resulting HepG2

spheroid, we evaluated capability of ammonia elimination

because metabolism of ammonia by hepatocyte is one of

the typical functions. Figure 4 shows the ammonia elimi-

nation of HepG2 spheroids cultured for 7 days in the

presence or absence of cell adhesive. It is clear that HepG2

spheroid prepared using cell adhesive had significant

capability of ammonia elimination compared with spher-

oids without cell adhesive; Ammonia elimination of

HepG2 spheroid with cell adhesive was 3.4 times higher

than that without cell adhesive. Comparing this value with

the reported data [27], ammonia elimination of HepG2

cultured in the presence of cell adhesive was lower than

that of primary hepatocyte cultured in alginate/galactosy-

lated chitosan scaffold. This was due to the difference of

activity and seeding density of hepatocytes. We also ana-

lyzed albumin secretion from HepG2 spheroid in order to

clarify the efficiency of cell adhesive. Albumin is known as

one of markers of hepatocyte differentiation. Figure 5

shows the albumin secretion from spheroids over time. In

Fig. 2 HepG2 spheroid

formation in the absence

(a–d) or presence (e–h) of cell

adhesive. The culture time was

10 min (a, e), 1 day (b, f),
3 days (c, g), and 7 days (d, h).

Scale bar 500 lm
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the absence of the cell adhesive, albumin secretion

increased with increasing incubation time up to 3 days and

then reached a plateau. Albumin secretion in the presence

of the cell adhesive was initially slightly lower than that in

the absence of the cell adhesive. However, albumin

secretion was significantly enhanced after culture for

3 days, and even more so (3.3 times greater) after 7 days.

Hepatocyte spheroid formation has been done using sub-

strates or various techniques just like micro-patterned

surface [28], biodegradable scaffold [27, 29–31] and

ultrasound trap [32]. Albumin secretion from resulting

hepatocytes has been also reported. Comparing our data

with the values reported by these literatures, our obtained

value was about half of albumin secretion from spheroid

prepared using the reported methodology. This indicated

that the optimization of hydrophobicity was needed to

promote cell viability.

To confirm albumin secretion from HepG2 spheroids

with the cell adhesive, albumin was immunostained and

assessed by fluorescence microscopy. A low level of

albumin staining was observed in HepG2 spheroids cul-

tured in the absence of the cell adhesive (Fig. 6a). No

notable increase was observed even after 7 days (Fig. 6b).

In the presence of the cell adhesive, albumin staining was

observed after culture for 3 days, with increased staining

after culture for 7 days, along with an increase in spheroid

size. These results showed that the cell adhesive effectively

induced spheroid formation and enhanced albumin secre-

tion. We are currently investigating the mechanism

underlying this effect; however, we previously reported

insulin secretion and mRNA expression of the cell adhe-

sion protein E-cadherin in response to the addition of the

cell adhesive to pancreatic b cells [15], suggesting that the

cell adhesive interconnects cells until they form cell–cell

interactions of their own. Similar to pancreatic b-cells, the

cell adhesive may induce activation and expression of cell

adhesion proteins by HepG2 cells, resulting in the pro-

motion of adhesion and albumin secretion.

4 Conclusion

We reported phospholipid-anchorable hydrophobic groups

and water-soluble groups to form HepG2 spheroids.
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Spheroid formation, ammonia elimination and albumin

secretion were promoted when HepG2 was cultured in the

presence of the cell adhesive. This cell adhesive can anchor

to many cell types because it can interact with phospho-

lipids. This cell adhesive therefore provides a key material

for cell spheroid formation as well as a tool for the gen-

eration of organs composed of various cell types. We will

plan to apply this cell adhesive for primary hepatocytes for

the regeneration of liver.
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