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Spheroids

Decreasing concentration of 
drug, nutrients, and oxygen

Increased IC50 against DOX

the cells in monolayer and spheroid cultures most likely depended on
MDR1 protein, which was reported to export DOX in hepatic cancer
cells (5). Therefore, to confirm MDR1 protein expression, the cells in
monolayer and spheroid cultures were harvested and analyzed by
Western blot analysis.

Western blot analysis for MDR1 proteins of HepG2 cells
Western blot analysis of MDR1 proteins of human liver tumor tissue
and HepG2 cells in monolayer and spheroid cultures are shown in
Fig. 4. Immunoblotting with an antibody to !-actin was used to ensure
equal loading of proteins in each lane. The bands corresponding to
MDR1 protein were detected at approximately the 170 kDa position.
The color and thickness of the band detected in the spheroid sample
was darker and thicker than that of the monolayer sample, although
the loaded total amount of protein per lane was the same in both
samples. It was apparent that MDR1 expression in the cells in
spheroid culture was much higher than in monolayer culture.
Furthermore, the amount of MDR1 per cell in spheroid culture was
approximately equal to that of the human liver tumor tissue in vivo, as
shown in Fig. 4. Therefore, the high efflux activity of the cells in
spheroid culture appears to depend on the high expression of MDR1
protein, which was very similar to the expression in hepatic tumor
tissue. Recently, it was reported that expression of MDR1 protein
might be related to development of hypoxia in the three-dimensional
tissue architecture and the activation of hypoxia inducible factor-1
(HIF-1) (10,16–19). We also confirmed that MDR1 expression was
observed in the cells in sectioned spheroids including the central
area by the immunostaining of MDR1 protein (data not shown).
Consequently, it was suggested that the efflux activity of the cells in
spheroid culture reflected the activity of hepatic cancer cells, while

the activity of the cells in monolayer did not appear to reflect the
efflux activity of the cells in vivo.

Assessment of IC50 of drugs Generally, assessment of the 50%
inhibitory concentration (IC50) of drugs in cancer cells has been
performed in cells inmonolayer culture on the 96-well plate. The drug
efflux activity of the cancer cells seemed to affect the drug resistance
of the cells and the IC50 of the drug on the cell growth. The results
described above suggested that hepatic cancer cells in monolayer
culture did not provide an accurate measure of the high drug
resistance of the cells because their low efflux activity for the drugs
exported by MDR1 seemed to cause an increase in the intracellular
drug concentration. Therefore, we examined the effect of the spheroid
culture conditions on the IC50 of DOX for HepG2 cells and compared
this IC50 with that obtained in monolayer culture.

As shown in Fig. 5, the IC50 of DOX on the cells in monolayer and
spheroid cultures were 7.2 "M and 60.9 "M, respectively, indicating
that the drug resistance of the cells in spheroid culture was higher
than that in monolayer culture. In order to confirm these result with a
different drug, we also examined the IC50 of epirubicin (EPI), which
belongs to the same class of anthracycline antibiotics as DOX and is
also exported byMDR1 protein of hepatic cancer cells (1). As shown in
Fig. 6, the IC50 of EPI in the cells in spheroid culture was 23.5 "M,
which was much higher than the 7.8 "M in monolayer culture. As a
control on the specificity of MDR1 activity measurements, we
examined the IC50 of 5-fluorouracil (5-FU), which is not exported by
the MDR1 protein of the cells (20). The IC50 for the cells in monolayer
and spheroid cultures were 0.5 "M and 0.6 "M, respectively, which
were almost identical, as shown in Fig. 7.

The IC50 of DOX and EPI in HepG2 cells depends on the intracellular
concentration of DOX and EPI, which is regulated by drug export
proteins such as MDR1 as well as drug metabolism. The intracellular

3 06
3.5

4
monolayer

spheroid

n=4

3.

2

2.5

3
spheroid

0.98 0.82

1.02
0.44 

1.03 
1.63 

1

1.5
D

O
X

 u
pt

ak
e 

ac
ti

vi
ty

[n
 m

ol
/1

06 
ce

lls
]

0.35
0

0.5

0 30 60 90 120 150
time [min]

FIG. 2. Time courses of doxorubicin uptake by cells in monolayer and spheroid cultures.
Close squares, monolayer; open squares, spheroid. Error bars indicate ±SD.
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FIG. 3. Time courses of doxorubicin efflux from the cells in monolayer and spheroid
cultures. Close square, monolayer; open square, spheroid. Error bars indicate ±SD.

FIG. 4. Western blot analysis of MDR1 protein in human liver tumor tissue, HepG2 cells
in monolayer culture, and HepG2 cells in spheroid culture.
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FIG. 5. Fifty percent inhibitory concentration (IC50) of doxorubicin for HepG2 cells
grown in monolayer and spheroid cultures. Error bars indicate ±SD. *pb0.01 using the
Student's t-test.
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the cells in monolayer and spheroid cultures most likely depended on
MDR1 protein, which was reported to export DOX in hepatic cancer
cells (5). Therefore, to confirm MDR1 protein expression, the cells in
monolayer and spheroid cultures were harvested and analyzed by
Western blot analysis.

Western blot analysis for MDR1 proteins of HepG2 cells
Western blot analysis of MDR1 proteins of human liver tumor tissue
and HepG2 cells in monolayer and spheroid cultures are shown in
Fig. 4. Immunoblotting with an antibody to !-actin was used to ensure
equal loading of proteins in each lane. The bands corresponding to
MDR1 protein were detected at approximately the 170 kDa position.
The color and thickness of the band detected in the spheroid sample
was darker and thicker than that of the monolayer sample, although
the loaded total amount of protein per lane was the same in both
samples. It was apparent that MDR1 expression in the cells in
spheroid culture was much higher than in monolayer culture.
Furthermore, the amount of MDR1 per cell in spheroid culture was
approximately equal to that of the human liver tumor tissue in vivo, as
shown in Fig. 4. Therefore, the high efflux activity of the cells in
spheroid culture appears to depend on the high expression of MDR1
protein, which was very similar to the expression in hepatic tumor
tissue. Recently, it was reported that expression of MDR1 protein
might be related to development of hypoxia in the three-dimensional
tissue architecture and the activation of hypoxia inducible factor-1
(HIF-1) (10,16–19). We also confirmed that MDR1 expression was
observed in the cells in sectioned spheroids including the central
area by the immunostaining of MDR1 protein (data not shown).
Consequently, it was suggested that the efflux activity of the cells in
spheroid culture reflected the activity of hepatic cancer cells, while

the activity of the cells in monolayer did not appear to reflect the
efflux activity of the cells in vivo.

Assessment of IC50 of drugs Generally, assessment of the 50%
inhibitory concentration (IC50) of drugs in cancer cells has been
performed in cells inmonolayer culture on the 96-well plate. The drug
efflux activity of the cancer cells seemed to affect the drug resistance
of the cells and the IC50 of the drug on the cell growth. The results
described above suggested that hepatic cancer cells in monolayer
culture did not provide an accurate measure of the high drug
resistance of the cells because their low efflux activity for the drugs
exported by MDR1 seemed to cause an increase in the intracellular
drug concentration. Therefore, we examined the effect of the spheroid
culture conditions on the IC50 of DOX for HepG2 cells and compared
this IC50 with that obtained in monolayer culture.

As shown in Fig. 5, the IC50 of DOX on the cells in monolayer and
spheroid cultures were 7.2 "M and 60.9 "M, respectively, indicating
that the drug resistance of the cells in spheroid culture was higher
than that in monolayer culture. In order to confirm these result with a
different drug, we also examined the IC50 of epirubicin (EPI), which
belongs to the same class of anthracycline antibiotics as DOX and is
also exported byMDR1 protein of hepatic cancer cells (1). As shown in
Fig. 6, the IC50 of EPI in the cells in spheroid culture was 23.5 "M,
which was much higher than the 7.8 "M in monolayer culture. As a
control on the specificity of MDR1 activity measurements, we
examined the IC50 of 5-fluorouracil (5-FU), which is not exported by
the MDR1 protein of the cells (20). The IC50 for the cells in monolayer
and spheroid cultures were 0.5 "M and 0.6 "M, respectively, which
were almost identical, as shown in Fig. 7.

The IC50 of DOX and EPI in HepG2 cells depends on the intracellular
concentration of DOX and EPI, which is regulated by drug export
proteins such as MDR1 as well as drug metabolism. The intracellular

3 06
3.5

4
monolayer

spheroid

n=4

3.

2

2.5

3
spheroid

0.98 0.82

1.02
0.44 

1.03 
1.63 

1

1.5

D
O

X
 u

pt
ak

e 
ac

ti
vi

ty
[n

 m
ol

/1
06 

ce
lls

]

0.35
0

0.5

0 30 60 90 120 150
time [min]

FIG. 2. Time courses of doxorubicin uptake by cells in monolayer and spheroid cultures.
Close squares, monolayer; open squares, spheroid. Error bars indicate ±SD.
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FIG. 3. Time courses of doxorubicin efflux from the cells in monolayer and spheroid
cultures. Close square, monolayer; open square, spheroid. Error bars indicate ±SD.

FIG. 4. Western blot analysis of MDR1 protein in human liver tumor tissue, HepG2 cells
in monolayer culture, and HepG2 cells in spheroid culture.
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FIG. 5. Fifty percent inhibitory concentration (IC50) of doxorubicin for HepG2 cells
grown in monolayer and spheroid cultures. Error bars indicate ±SD. *pb0.01 using the
Student's t-test.
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Overexpression of transporter 
such as multidrug resistance 1

（MDR1）

HepG2 in monolayer vs in spheroids

Human hepatocellular carcinoma cells

The permeation of the
substances could be
influenced by cell-cell
junctions and ECM
deposition.

Cells in spheroids could gain the function to excrete drugs. 

Spheroids have been recognized as a mimicry of in vivo tumor microenvironment 
and showed us the importance of tumor-permeable drug delivery systems.

Inhibition of HSP90 by 
Tanespimycin (17AAG)

Tumor cell spheroid: as a mimicry of tumor 
microenvironment in the body

Cell-cell and/or cell-extracellular matrices interactions seen in spheroids allow cells to mimic in vivo cellular microenvironments, resulting in recapitulating in
vivo-like cell functions in culture. However, the microenvironments could also function as a barrier to deliver drugs to cells in spheroids. To tackle this
drawback, a sulfobetaine polymer was investigated as a drug delivery system for spheroids by conjugating with anticancer drugs.

P(SB-PEG) conjugation allows drugs to be
effectively delivered to cells in spheroids.
The anticancer activity of 17AAG in
spheroids was enhanced by the conjugation.

Conjugation with P(SB-PEG) allows drugs to be delivered into
mitochondria of A-172 cells even in spheroids

Enhanced cell death of 17AAG for A-172 spheroids by conjugating 
with P(SB-PEG)

Day 0 Day 1 Day 2 Day 3

10 µM

0 µM

10 nM

300 nM

600 µm

Matrigel invasion assay

0

1

2

3

4

5

6

1.0E-09 1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04

17AAG

17AAG-P(SB-PEG)

Concentration of 17AAG (mol)

R
el

at
iv

e 
Ar

ea
 o

f I
nv

as
io

n

Delivery of 17AAG by conjugation with P(SB-PEG) suppressed the 
invasion of A-172 cells from spheroids
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thaw cycles (see below). Next, the vial is tilted and gently
rotated to unpack the glass beads and release the liposomes.
Then, 1–2 mL of the vesicle-containing solution is transferred
into a poly(dimethylsiloxane) (PDMS) chamber mounted on
a microscope coverslip precoated with neutravidin for lip-
osome immobilization. At this stage, no expression is possible,
as the nutrients and tRNAs have not been supplemented yet.
Finally, the surface-tethered vesicles are diluted in—or the
external solution is exchanged with—the feeding solution,
such that outside protein synthesis is inhibited, and are
incubated at 37 8C.

In a first series of batch reactor measurements, we
mimicked the conditions applied during vesicle preparation
and examined the influence of the temperature and freeze-
thaw cycles, two potentially denaturating parameters, on
PURE system activity. Figure 2a shows the time courses of
emGFP synthesis at different temperatures applied for lip-
osome formation or protein synthesis. All curves resulting
from kinetic measurements exhibit three distinct regimes:
a lag phase, a linear increase, and a slow (almost saturated)
regime. An increase in temperature accelerates the rate of
emGFP production and reduces the expression period. The
total amount of synthesized proteins is not monotonic in
temperature, as at 45 8C the maximal fluorescence intensity is
substantially decreased. To investigate the effect of freeze-
thawing, reaction tubes containing the enzyme mix and DNA
templates underwent different numbers of freeze-thaw cycles
prior to incubation in the presence of the feeding solution,
and the yield of emGFP production was evaluated by
performing end-point fluorescence measurements (Fig-
ure 2b). The PURE system retains about 60 % of its activity
after applying four cycles; we found that this number offers
the best compromise between the amount of synthesized
proteins and the yield of immobilized unilamellar liposomes.

Using the protocol described in Figure 1, we prepared
liposomes with different lipid compositions, all comprising
0.1 mol% of DSPE–PEG–biotin for vesicle stabilization and
surface immobilization, and 0.5 mol % of DHPE–TRITC for
liposome localization: DMPC/DMPG 4:1 (termed DM lip-
osomes; phase transition temperature, Tm! 23 8C), DPPC/
DPPG 4:1 (DP liposomes; Tm! 41 8C), and DOPC (DO
liposomes; Tm!"20 8C). To determine if the presence of DH-
and DS-containing lipids affects the Tm value, we performed
calcein efflux measurements with DM and DP liposomes and
found a slight shift of about + 1 8C from that of pure DMPC or
DPPC vesicles (Figure S2 in the Supporting Information).
Liposomes were generated by lipid film swelling above the
Tm, at 30 8C for DM (unless indicated otherwise) and DO
liposomes, and at 45 8C for DP liposomes. As shown in
Figure 2 and 3, unilamellar and multilamellar vesicles with
sizes ranging from < 1 mm to about 20 mm could be formed
and immobilized at high density with all liposome composi-
tions tested. While large and giant unilamellar vesicles are
also observed, most liposomes have internal bilayer structures
that form subcompartments.

We firstly investigated gene expression in surface-teth-
ered DM liposomes. mRNA and protein syntheses can be
triggered inside individual vesicles by external supply of
nutrients and tRNAs as shown in Figure 2 c,e with two
different fluorescent proteins. How does internal resource
allocation take place? Two distinct effects are likely to
influence membrane permeability and enable liposome feed-
ing. First, diluting enzyme-loaded vesicles with the feeding
solution leads to an osmotic pressure because of the differ-
ence of osmolarity between the inside and outside of the
liposomes, which generates membrane defects (see the
Supporting Information). Secondly, when temperature is
close to the lipid bilayer Tm, molecular diffusion, including

Figure 1. a) 200 mm glass beads are mixed with lipid-containing organic solvent in a round-bottom flask; b) lipid-coated glass beads are
transferred into a reaction tube, the lipid film is rehydrated in the presence of a DNA template and the enzyme mix of the PURE system; c) the
liposome-containing solution is transferred into a PDMS chamber for surface immobilization on a microscope coverslip using biotin-neutravidin
recognition sites.
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thaw cycles (see below). Next, the vial is tilted and gently
rotated to unpack the glass beads and release the liposomes.
Then, 1–2 mL of the vesicle-containing solution is transferred
into a poly(dimethylsiloxane) (PDMS) chamber mounted on
a microscope coverslip precoated with neutravidin for lip-
osome immobilization. At this stage, no expression is possible,
as the nutrients and tRNAs have not been supplemented yet.
Finally, the surface-tethered vesicles are diluted in—or the
external solution is exchanged with—the feeding solution,
such that outside protein synthesis is inhibited, and are
incubated at 37 8C.

In a first series of batch reactor measurements, we
mimicked the conditions applied during vesicle preparation
and examined the influence of the temperature and freeze-
thaw cycles, two potentially denaturating parameters, on
PURE system activity. Figure 2a shows the time courses of
emGFP synthesis at different temperatures applied for lip-
osome formation or protein synthesis. All curves resulting
from kinetic measurements exhibit three distinct regimes:
a lag phase, a linear increase, and a slow (almost saturated)
regime. An increase in temperature accelerates the rate of
emGFP production and reduces the expression period. The
total amount of synthesized proteins is not monotonic in
temperature, as at 45 8C the maximal fluorescence intensity is
substantially decreased. To investigate the effect of freeze-
thawing, reaction tubes containing the enzyme mix and DNA
templates underwent different numbers of freeze-thaw cycles
prior to incubation in the presence of the feeding solution,
and the yield of emGFP production was evaluated by
performing end-point fluorescence measurements (Fig-
ure 2b). The PURE system retains about 60 % of its activity
after applying four cycles; we found that this number offers
the best compromise between the amount of synthesized
proteins and the yield of immobilized unilamellar liposomes.

Using the protocol described in Figure 1, we prepared
liposomes with different lipid compositions, all comprising
0.1 mol% of DSPE–PEG–biotin for vesicle stabilization and
surface immobilization, and 0.5 mol % of DHPE–TRITC for
liposome localization: DMPC/DMPG 4:1 (termed DM lip-
osomes; phase transition temperature, Tm! 23 8C), DPPC/
DPPG 4:1 (DP liposomes; Tm! 41 8C), and DOPC (DO
liposomes; Tm!"20 8C). To determine if the presence of DH-
and DS-containing lipids affects the Tm value, we performed
calcein efflux measurements with DM and DP liposomes and
found a slight shift of about + 1 8C from that of pure DMPC or
DPPC vesicles (Figure S2 in the Supporting Information).
Liposomes were generated by lipid film swelling above the
Tm, at 30 8C for DM (unless indicated otherwise) and DO
liposomes, and at 45 8C for DP liposomes. As shown in
Figure 2 and 3, unilamellar and multilamellar vesicles with
sizes ranging from < 1 mm to about 20 mm could be formed
and immobilized at high density with all liposome composi-
tions tested. While large and giant unilamellar vesicles are
also observed, most liposomes have internal bilayer structures
that form subcompartments.

We firstly investigated gene expression in surface-teth-
ered DM liposomes. mRNA and protein syntheses can be
triggered inside individual vesicles by external supply of
nutrients and tRNAs as shown in Figure 2 c,e with two
different fluorescent proteins. How does internal resource
allocation take place? Two distinct effects are likely to
influence membrane permeability and enable liposome feed-
ing. First, diluting enzyme-loaded vesicles with the feeding
solution leads to an osmotic pressure because of the differ-
ence of osmolarity between the inside and outside of the
liposomes, which generates membrane defects (see the
Supporting Information). Secondly, when temperature is
close to the lipid bilayer Tm, molecular diffusion, including

Figure 1. a) 200 mm glass beads are mixed with lipid-containing organic solvent in a round-bottom flask; b) lipid-coated glass beads are
transferred into a reaction tube, the lipid film is rehydrated in the presence of a DNA template and the enzyme mix of the PURE system; c) the
liposome-containing solution is transferred into a PDMS chamber for surface immobilization on a microscope coverslip using biotin-neutravidin
recognition sites.
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