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2.6. Animals

Male ddY mice (5 weeks old, 25-27 g) were purchased
from Shizuoka Agricultural Co-operative Association for
Laboratory Animals, Shizuoka, Japan. For preparation of the
tumor-bearing model, male CDF1 mice (4 weeks old) were
purchased from the company mentioned above, and 1% 108
cells of colon 26 were subcutaneously inoculated into the back
of CDF1 mice. Then the mice were kept until the tumor had
reached about 100 mm® in volume. Tumor volume is cal-
culated as follows: volume=1/2x LW? (L is the long diameter
and W is the short diameter of a tumor). Animals were
maintained under conventional housing conditions. All
experiments with animals were performed according to the
Guidelines for Animal Experimentation at Kyoto University.

2.7. Biodistribution experiments

The biodistribution experiments in both normal and tumor-
bearing mice were performed according to the following
method. ''In-labeled dendrimer was dissolved in saline, and
the concentration of dendrimer was adjusted by addition of non-
radiolabeled dendrimer to the solution. The *'!In-labeled den-
drimer solution was administrated intravenously via the tail at a
dose of 1 mg/kg. At an appropriate time after the intravenous
injection, blood was collected from the vena cava under ether
anesthesia and the mice were sacrificed. The liver, kidneys,
spleen, heart, and lungs were removed, rinsed with saline,
blotted dry, and weighed. The collected blood was centrifuged
for 5 min at 2000 xg to prepare a plasma sample. The collected
organs and 100 pl of plasma were transferred into a counting
tube, and the radioactivity of each sample was measured using a
gamma counter.

For the biodistribution experiments, in which the effect of
multiple injections of PEGylated KG6 on the biodistribution
characteristics of the second dose was investigated, the first
dose was injected 5 days before the second dose, because it has
been reported that the ABC phenomenon occurred most ef-
fectively at 5 days post-injection of the first dose [20]. In this
experiment, non-radiolabeled intact KG6 and PEG(76)-KG6
were used as the first dose at a concentration of 0.1 mg
dendrimer/kg and 1 mg dendrimer/kg. Then, | mg dendrimer/kg
of PEG(76)-KG6 including the radiolabeled one was adminis-
tered to mice via the tail vein at 5 days after the first dose. All
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Fig. 1. Structure of the sixth generation dendritic poly(L-lysine) (KG6).
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Scheme 1. Schematic presentation of the procedure used to synthesize
PEGylated KG6.

subsequent procedures were performed according to the method
described above.

2.8. Statistical analysis

Statistic analysis was performed using Student’s paired #-test
for two groups. Multiple comparisons among different genera-
tions were made with the Tukey—Kramer test. P<0.05 was
considered to be indicative of statistical significance.

3. Results
3.1. Synthesis of PEGylated KG6

The structure of the sixth generation lysine dendrimer (KG6)
is shown in Fig. 1. In accordance with a method described
previously, KG6 was synthesized using the hexamethylenedia-
mine as the initiator core. The coupling and de-protection steps
were performed with a yield of about 75-98%. In the next step,
KG6 was reacted with an equivalent molar ratio of DTPA
anhydride. Then, PEGylated KG6 was synthesized according to
Scheme 1. The PEGylation was performed at two different
molar ratios. As a result of quantification of the introduced PEG
chain by the barium—iodine method [17], two PEGylated KG6
derivatives having different modification rates have been
synthesized. The numbers of introduced PEG chains were 10
and 76.1 per KG6 molecule (Table 1). We call these derivatives
PEG(10)-KG6 and PEG(76)-KG6, respectively.

3.2. Physicochemical properties of PEGylated KG6 derivatives

The physicochemical properties of PEGylated KG6 deriva-~
tives were analyzed by Zetasizer Nano ZS (Table 1). The mean
diameter of PEG(10)-KG6 was slightly larger (about 7.75 nm)
than that of intact KG6 (about 5.85 nm), while the particle size

Table 1
Physicochemical properties of PEGylated KG6 in PBS
No. of No. of -NH,  Particle size ~ Zeta-potential
PEGspo”  groups® (nm) (mV)
XG6 0 128 5.85+£0.06 19.77+0.30
PEG(10)-KG6 10 118 7.75+£0.70 0.00+0.03
PEG(76)-KG6  76.2 51.8 16.92+£0.13  -6.51+0.18

Each value represents the mean=SD of three experiments.

® The number of PEGsgg0 was determined by the barjum—iodine method.

® The number of surface amino groups was determined by subtracting the
result of the barium—iodine method from the number of native KG6’s surface
amino groups.
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of PEG(76)-KG6 was much larger (about 16.9 nm). Although
the zeta-potential of intact KG6 was positive, both PEGylated
derivatives had an almost neutral zeta-potential.

3.3. Plasma concentration of " In-labeled PEGylated KG6
derivatives

Fig. 2 shows the short-term (A) and long-term (B) plasma
concentration profiles of '''In-labeled PEGylated KG6 deriva-
tives after infravenous injection into mice. Although the intact
KG6 was rapidly eliminated from the circulation within a
few minutes, the retention of PEGylated KG6 derivatives was
enhanced by modification with PEG chains (Fig. 2A). This
enhancing effect was acquired even by introducing ten PEG
chains. However, as the modification rate increased, so too did
the amount of PEGylated KG6 retained in the blood stream. In
the case of PEG(76)-KG6, about 20% of the injected dose was
still circulating in the blood stream (Fig. 2B).

3.4. Tissue distribution of "“In-labeled PEGylated KG6
derivatives

The biodistribution characteristics of PEGylated KG6
derivatives and intact KG6 were evaluated until 60 min post-
intravenous injection into mice by measuring the radioactivity
in the organs and urine. The dendrimers were almost unde-
tectable in the spleen, heart, lung, and urine (data not shown).

100
= - KGS A
£ wde PEG{10-KGS
3 -~ PEG(76)}-KGH
8 75}
kS
£
f o
-% S0} wk Ek bid
= £y
g
g 25 * ok
£ I i el
B * ‘i
g L&F A
lijutecy’ ® ]
0 10 20 30 4 50 60
Time {min}
160
| =k~ PEGUIG)-KGS B
g ~@- PEG(76)-KGS
8 75t
B
é
5
'5 50t
< -
o
3 -
o 'y
8 251 7
o
£ -
1723 -
h) A
a 0 i =
0 8 12 18 24
Tiros th)

Fig. 2. The short-term (A) and long-term (B) plasma concentration profiles of ' In-
labeled PEGylated KG6 after intravenous administration to mice at a dose of 1 mg/
kg. Each value represents the mean=SD of three experiments. The intact KG6 (O),
PEG(10)-KG6 (A), and PEG(76)-KG6 (@) were subjected to biodistribution
experiments. Statistically significant differences (*, P<0.05; **, P<0.01) between
PEGylated KG6 and intact KG6 at each time point.
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Fig. 3. Hepatic (A) and renal (B) accumulation of *!!In-labeled PEGylated KG6
after intravenous administration to mice ‘at a dose of 1 mg/kg. The intact KG6
(O), PEG(10)-KG6 (A), and PEG(76)-KG6 (@) were subjected to biodistribu-
tion experiments. Each value represents the mean=SD of three experiments.
Statistically significant differences (*, P<0.05; **, P<0.01) between
PEGylated KG6 and intact KG6 at each time point.

The amount of PEG(10)-KG6 accumulated in the liver was the
almost same as that of intact KG6 (Fig. 3A). In contrast, the
accumulation of PEG(76)-KG6 in liver was fairly suppressed
(Fig. 3A). On the other hand, the renal accumulation of intact
KG6 was observed, whereas no detectable levels of radioactiv-
ity derived from PEGylated KG6 derivatives were detected
from the kidneys (Fig. 3B).

3.5. Tumor accumulation of PEG(76)-KG6 in the tumor-bearing
model mice

In order to clarify whether the intravenously injected
PEGylated KG6 accumulated into the solid tumor tissue or
not, a biodistribution analysis of PEG(76)-KG6 which showed a
more advantageous blood retention was performed in tumor-
bearing mice (Fig. 4). In the case of intact KG6, no significant
accumulation was observed in the tumor at any time point. In
contrast, PEG(76)-KG6 gradually accumulated into the tumor.
The tumor accumulation rate of PEG(76)-KG6 reached 14.6%
of dose/g tumor, whereas that of intact KG6 was only 2.2% of
dose/g tumor even at 24 h post-injection.

3.6. Plasma concentration of *''In-labeled PEGylated KG6
after multiple injections

In order to confirm whether the first dose of dendrimers (intact
or PEGylated KG6) affect the biodistribution characteristics of the
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Fig. 4. Time-dependent tumor accumulation of ' In-labeled PEG(76)-KG6 after
intravenous administration to CT26 tumor-bearing CDF1 mice at a dose of
1 mg/kg. Each value represents the mean=SD of three experiments. Closed and
open bars represent tumor accumulation of PEG(76)-KG6 and intact KG6,
respectively. Statistically significant differences (¥, P<0.05; **, P<0.01)
between PEG(76)-KG6 and intact KG6 at each time point.

second dose of PEG(76)-KG6, pre-injection of the dendrimers
was performed at 5 days before the biodistribution analysis of the
second dose of PEG(76)-KG6. We used 0.1 mg/kg and 1 mg/kg of
intact KG6 or PEG(76)-KG6 as the first dose of dendrimers. In
addition, we used saline treatment as a control. The blood
concentration profiles of the second dose of intravenously
administered PEG(76)-KG6 are shown in Fig. 5. As shown in
Fig. 5A and B, no significant changes in blood concentration
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Fig. 5. Plasma concentration profiles of '''In-labeled PEG(76)-KG6 after
intravenous administration in intact KG6 (A) or PEG(76)-KG6 (B) pretreated
mice. Each value represents the mean=SD of three experiments. The mice were
pretreated with intact KG6 or PEG(76)-KG6 at a concentration of 0.1 mg/kg (@)
and 1 mgkg (O). The saline pretreatment was used as a control (A).
Subsequently, !!'In-labeled PEG(76)-KG6 was intravenously administered at
day 5 post-first injection.
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Fig. 6. Hepatic (A) and splenic (B) accumulation of '!In-labeled PEG(76)-KG6
in intact KG6 or PEG(76)-KG6 pretreated mice at 24 h post-injection. The saline
pretreatment was used as a control. Each value represents the mean=:SD of three
experiments.

profiles of the second dose of PEG(76)-KG6 were observed even
if the concentration and formulation of the first dose were
different.

3.7. Hepatic and splenic accumulation of ‘*In-labeled
PEGylated KG6

Since the organs of the reticuloendothelial system (RES),
such as the liver and spleen, play an important role in the
metabolism and excretion of foreign substance, we evaluated
the hepatic and splenic accumulation of the second dose of PEG
(76)-KG6 at 24 h post-injection (Fig. 6). Both the hepatic and
splenic accumulation rate were almost the same under all
conditions used, though we administered two types of den-
drimers at two different concentrations as the first dose.

4. Discussion

It is expected that a more functional and safer drug carrier
system will be developed. We have previously reported that KG6
showed no significant toxicity to cultured cells compared with the
PAMAM dendrimer [12]. More recently, we have also reported
that KG6 has no acute hepatic toxicity and the PEGylation of KG6
caused a sustained retention of KG6 in the blood stream [14].
Therefore, in this study, we employed KG6 as a candidate base
molecule for a tumor-targeting drug carrier that is highly safe, and
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evaluated the physicochemical properties and biodistribution
characteristics of intact and PEGylated KG6.

The synthesis of lysine dendrimers up to the sixth generation
could be achieved with good yields, and then, the PEGylation of
KG6 was performed in accordance with the method described in
Scheme 1. As a result of the quantification of the PEGylation
rate, two PEGylated KG6 derivatives the modification rate of
which is about 7.8% (PEG(10)-KG6) and 59.4% (PEG(76)-
KG6), respectively, were synthesized (Table 1). The particle
size of intact KG6 was about 5.85 nm, whereas that of PEG(10)-
KG and PEG(76)-KG6 was about 7.75 nm and 16.92 nm,
respectively (Table 1). Both PEG(10)-KG6 and PEG(76)-KG6
showed almost a neutral zeta-potential, while the zeta-potential
of intact KG6 was positive (Table 1). These increments in size
and changes of zeta-potential from positive to neutral suggest
that PEGylation of KG6 was certainly achieved. Since the
polymeric micelles and ‘liposomes are assemblies of many
molecules, the reproducibility may be low. The hyperbranched
polymers that have many branches like dendrimers are not
assemblies, but they are usually a mixture of many polymer
molecules with irregular structure and size. Hence, the
reproducibility of this type of polymer may be also not good.
The linear poly-L-lysines also consist of lysines. However,
almost of all commercially available linear poly-L-lysine is a
mixture of molecules with various molecular weight due to their
synthetic procedure. Though linear poly-L-lysine can be syn-
thesized as uniform molecules by solid phase synthesis, mass
production is very difficult. In contrast to these compounds, the
lysine dendrimer can be mass-produced as a monodispersed
molecule not an assembly; accordingly its reproducibility
would be better than that of polymeric micelles, liposomes
and hyperbranched polymers. In addition, dendrimers are
smaller in size than polymeric micelles and liposomes. There-
fore the use of dendrimers as drug carriers probably enables one
to achieve a more precise and effective drug targeting.

In order to evaluate biodistribution of the characteristics of
intact and PEGylated KG6, these dendrimers were radiolabeled
with [*!'In] and injected into mice. Intravenously administered
intact KG6 was rapidly eliminated from the circulation within
few minutes (Fig. 2A). This rapid elimination is probably due to
accumulation in the liver and kidney in the early phase (Fig. 3).
However, PEGylation of KG6 enhances the retention in blood,
and this effect is boosted as the PEGylation rate is increased
(Fig. 2A). However, PEG(10)-KG6 accumulated in the liver at
almost the same level as intact KG6, whereas the hepatic
accumulation of PEG(76)-KG6 was slightly suppressed
(Fig. 3A). In addition, PEGylation of KG6 resulted in no
renal accumulation (Fig. 3B). As these results show, the non-
specific interaction with biomolecules and non-specific accu-
mulation in organs via electrostatic interaction is suppressed by
modification with PEG chains. Consequently, the retention of
PEGylated KG6 derivatives in the blood stream was enhanced.

To investigate whether the PEGylated KG6 shows tumor
tissue accumulativeness, PEG(76)-KG6, which showed a better
blood retention, was radiolabeled and was also subjected to
tumor-bearing mice. As shown in Fig. 4, although the intact
KG6 hardly showed tumor accumulativeness, PEG(76)-KG6
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gradually and effectively accumulated in tumor tissue. Maeda
and Matsumura reported that macromolecules ~200 nm in size
and with a prolonged retention in blood extravasate into the
interstitial space of solid tumors through the poorly constructed
tumoral vascular wall and stay there because tumors usually
lack effective lymphatic drainage; consequently, they accumu-
late in tumor tissue effectively by the EPR effect [21]. Since
PEG(76)-KG6 fulfills the requirement of blood retention and
size for causing the EPR effect (Table 1 and Fig. 2), PEG(76)-
KG6 probably accumulated in the tumor tissue via this effect.
This result is well consistent with that of polymeric micelles
having a PEG moiety and PEGylated liposomes [22-26]. These
results suggest that PEGylation is applicable to dendrimeric
molecules like lysine dendrimers for tumor targeting.

As far as the actual clinical use of drug formulations is
concerned, multiple administrations are frequently performed. It
has been reported that multiple injections of PEGylated lipo-
somes induce an accelerated blood clearance (ABC) phenom-
enon on the second injection [27]. Therefore, the induction of
the ABC phenomenon may be an obstacle to therapy. Hence,
we evaluated the effect of multiple administrations on the
biodistribution characteristics of the second dose of PEGylated
KG6. As shown in Fig. 5, the blood concentration profile of the
second dose of PEG(76)-KG6 was unchanged regardless of the
composition and concentration of pre-injected dendrimers.
Moreover, in the case of PEGylated liposomes, it has been
reported that the ABC phenomenon was probably due to uptake
by the reticuloendothelial system (RES) particularly in the liver
[28]. However, no significant increase in hepatic or splenic
accumulation was observed under any conditions we tested
(Fig. 6). These results suggest that PEGylated KG6 would
become a multi-administrable drug carrier molecule.

The following two methods would be available for drug
loading to PEGylated lysine dendrimer: 1) covalent bonding via
surface primary amine groups, 2) non-covalent drug incorpo-
ration into the inner space of lysine dendrimer taking advantage
of the physicochemical interaction such as hydrophobic
interaction. In the case of covalent bonding, the drugs would
be stably bonded to the dendrimer, but the drugs must have
functional group to form a covalent bond with primary amino
groups of lysine dendrimer and the appropriate device to release
the drugs at target site may be needed. Furthermore, it is
necessary to consider the loss of amino groups by conjugation
of PEG chains and the steric hindrance of introduced PEG
chains. In contrast, in the case of non-covalent incorporation of
drugs, no peculiar functional groups or devices are required. In
this case, however, the alteration of inner structure of dendrimer
may be needed to hold the drugs stably. Moreover, the size and
structural feature would be restricted because the inner space
of lysine dendrimer is limited. Probably, about up to 1000 in
molecular weight is acceptable and the planar structure such as
anti-cancer drugs is suitable. Although the appropriate drug
loading method should be selected, the non-covalent incorpo-
ration would be more suitable as a drug loading method for
PEGylated lysine dendrimer.

In conclusion, we synthesized KG6 and two PEGylated deri-
vatives thereof and evaluated their biodistribution characteristics
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in mice and tumor accumulativeness in tumor-bearing mice. In
addition, we confirmed that multiple injections affect the
biodistribution characteristics of the second dose of PEGylated
KG6. The unfavorable biodistribution properties of intact KG6,
such as rapid elimination from the blood and non-specific uptake
by the liver and kidney, could be improved by modification with
PEG chains. In addition, PEG(76)-KG6 was sigunificantly
accumulated in tumor via the EPR effect, whereas the intact
KG6 showed no significant accumulation. Moreover, compared
with a single administration, the biodistribution characteristics of
the second dose of PEGylated KG6 showed no change on
multiple injections. These results suggest the PEGylated lysine
dendrimers to be useful as a base material for a clinically
applicable tumor-targeting drug carrier.
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The purpose of the present study was to gain insight into the major factors affecting transfection efficiency
with galactosylated lipoplex in HepG2 cells. In this study, lipoplex and galactosylated lipoplex were examined at
different charge ratios (—:+): 1.0:1.2,1.0:2.3,1.0: 3.1, 1.0: 4.7, and 1.0 : 7.0. The particle size and zeta poten-
tial of the both lipoplexes was dependent on the charge ratio. Cellular uptake was evaluated by using [**P]-
Iabeled pCMV-Luc and this showed that the cellular uptake of galactosylated lipoplex was significantly higher
than that of lipoplex at a charge ratio ranging from 1.0:2.3 to 1.0:7.0. As the charge ratio increased in both
lipoplexes, the apparent cellular uptake increased. Transfection activity by galactosylated lipoplex was signifi-
cantly higher than that by lipoplex except at a charge ratio of 1.0: 7.0. The optimal charge ratio for transfection
efficacy was 1.0:2.3 and transfection was reduced at higher charge ratios. Both lipoplexes exhibited no signifi-
cant cytotoxicity at any charge ratio. In conclusion, it is suggested that intracellular trafficking, rather than the
degree of uptake and cytotoxicity, is the important process that determines the optimal charge ratio of galactosy-

lated lipoplex in HepG?2 cells.
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Non-viral vectors have advantages in terms of their sim-
plicity of use and ability to be produced on a large scale if
necessary. Among various types of non-viral vectors,
cationic liposome-mediated gene transfection is one of the
most promising approaches due to the high transfection effi-
ciency.' ™ Gene delivery to hepatocytes is of great therapeu-
tic potential, since the cells are responsible for the synthesis
of a wide variety of proteins that play important biological
roles both inside and outside the liver. To achieve targeted
gene delivery to hepatocytes, galactose has been shown to be
a promising targeting ligand because these cells possess a
large number of asialoglycoprotein receptors that recognize
the galactose units on the synthetic galactosylated carriers.>™
Recently, we have developed galactosylated cationic lipo-
somes containing cholesten-5-yloxy-N-(4-((1-imino-2-p-
thiogalactosylethyl)amino)butyl)formamide  (Gal-C4-Chol)
for hepatocyte-selective gene transfection via asialoglycopro-
tein receptor-mediated endocytosis after intraportal adminis-
tration into mice.® ¥ In this approach, plasmid DNA is
mixed with preformed galactosylated cationic liposomes to
form galactosylated lipoplex, based on electrostatic interac-
tion, which can then interact with hepatocytes and be taken
up by them. Since Gal-C4-Chol possesses an imino group for
binding to plasmid DNA via electrostatic interaction, many
galactose units can be introduced on the liposomal surface
without loss of binding affinity to plasmid DNA. These
promising properties of our galactosylated lipoplex enable
hepatocyte-selective gene transfer to be achieved under in
vivo conditions. The overall ratio of the positive charge on a
cationic lipid to the negative charge on a plasmid DNA
seems to be a critical determinant of this phenomenon. It is
generally accepted that the physicochemical characteristics
of the galactosylated lipoplex prepared at different mixing
ratios are so different that their cellular uptake, subsequent
intracellular trafficking and resultant transfection efficiency
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would be significantly affected. However, there is little pub-
lished information on the relationship between these physico-
chemical and biological factors in the lipoplex and/or galac-
tosylated lipoplex.

Previously, we have investigated the effect of the pDNA-
N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium
chloride (DOTMA)/dioleoylphosphatidylethanolamine
(DOPE) liposomes mixing {charge) ratio on the particle size,
zeta potential and structure of the lipoplex, which directly af-
fects cellular uptake, intracellular distribution of the com-
plex, and the subsequent gene expression efficiency. And we
have demonstrated that the mixing (charge) ratio of plasmid
DNA complexed with DOTMA/DOPE liposomes signifi-
cantly affects the intracellular trafficking, which is an impor-
tant determinant of the optimal charge ratio in cationic lipo-
some-mediated transfection.!” The in vivo gene transfection
efficacy by lipoplex was markedly affected by the type of
neutral lipid. Previously, we have demonstrated that the
transfection efficacy of cholesterol containing galactosylated
cationic liposomes (DOTMA/cholesterol/Gal-C4-Chol) in
hepatocytes was markedly higher than that of DOPE, which
is a pH-sensitive lipid,'® containing galactosylated cationic
liposomes (DOPE/Gal-C4-Chol) after intraportal administra-
tion.¥ In order to achieve a more efficient gene carrier sys-
tem, the limiting processes for gene expression needed to be
investigated. However, the relationships involved in choles-
terol-containing galactosylated cationic liposome-mediated
gene transfer, cellular binding and uptake and intracellular
trafficking are not yet fully understood.

In the present study, transfection efficiencies of galactosy-
lated lipoplex were evaluated using cultured cells in relation
to their physicochemical properties. Then, the cellular up-
take, intracellular trafficking and cytotoxicity of galactosy-
lated lipoplex were also examined in human hepatoma
HepG2 cells, which are known to express asialoglycoprotein
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receptors. It is suggested that intracellular trafficking, rather
than the degree of uptake and cytotoxicity, is the important
process that determines the optimal charge ratio of galactosy-
lated lipoplex in HepG2 cells. pCMV-Luc was selected as a
model plasmid DNA for evaluating the gene expression by
luciferase. DOTMA/cholesterol liposomes and DOTMA/
cholesterol/Gal-C4-Chol liposomes were selected as control
cationic liposomes and galactosylated cationic liposomes, re-
spectively.

MATERIALS AND METHODS

Materials N-(4-Aminobutyl) carbamic acid tert-butyl
ester and DOTMA were obtained from Tokyo Kasei Kogyo
Co., Ltd. (Tokyo, Japan). Cholesterol was obtained from
Nacalai Tesque, Inc. (Kyoto, Japan). Cholesterol test-E Wako
was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Cholesteryl chloroformate was obtained
from Sigma Chemicals, Inc. (St. Louis, MO, U.S.A.). Dul-
becco’s modified Eagle’s minimum essential medium
(DMEM). Fetal bovine serum (FBS) was obtained from
Biowhittaker (Walkersville, MD, U.S.A.). Opti-MEM I® and
other culture reagents were obtained from Gibco BRL
(Grand Island, NY, U.S.A.). All other chemicals were of the
highest purity available.

Construction and Preparation of Plasmid DNA
(pCMV-Luc) pCMV-Luc was constructed by subcloning
the Hindlll/Xbal firefly luciferase ¢cDNA fragment from
pGL3-control vector (Promega Co., Madison, WI, US.A.)
into the polylinker of pcDNA3 vector (Invitrogen, Carlsbad,
CA, US.A.). Plasmid DNA was amplified in the Escherichia
coli strain DHS5a, isolated, and purified using a QIAGEN
Endofree Plasmid Giga Kit (QIAGEN GmbH, Hilden, Ger-
many). Purity was confirmed by 1% agarose gel elec-
trophoresis followed by ethidium bromide staining and the
plasmid DNA concentration was measured by UV absorption
at 260 nm.

Synthesis of Gal-C4-Chol Gal-C4-Chol was synthe-
sized as reported previously.'® Briefly, cholesteryl chlorofor-
mate and N-(4-aminobutyl)carbamic acid rfert-butyl ester
were reacted in chloroform for 24h at room temperature. A
solution of trifluoroacetic acid and chloroform was added
dropwise and the mixture was stirred for 4h at 4 °C. The sol-
vent was evaporated to obtain N-(4-aminobutyl)-(cholesten-
5-yloxyl)formamide which was then combined with 2-imino-
2-methoxyethyl-1-thiogalactoside and the mixture was stirred
for 24h at 37°C. After evaporation, the resultant material
was suspended in water, dialyzed against distilled water for
48 h (12 kDa cut-off dialysis tubing), and then lyophilized.

Preparation of Galactosylated Cationic Liposomes
Galactosylated cationic liposomes were prepared as reported
previously.*!” The mixtures of DOTMA, cholesterol, and
Gal-C4-Chol were dissolved in chloroform at a molar ratio of
2:1:1 for galactosylated cationic liposomes, vacuum-desic-
cated, and resuspended in sterile 5% dextrose solution at a
concentration of 1 mg total lipids per ml. The suspension was
sonicated for 3min and the resulting liposomes were ex-
truded 5-times through 0.45 ym polycarbonate membrane fil-
ters. The concentration of liposomes was adjusted by meas-
uring the cholesterol concentration using the cholesterol test-
E Wako.
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Preparation of Lipoplex and Galactosylated Lipoplex
The lipoplex and galactosylated lipoplex were prepared as re-
ported previously.®'® Briefly, pDNA in sterile 5% dextrose
solution was mixed with an equal volume of (galactosylated)
cationic liposomes and incubated for 30 min. The mixing
ratio of liposomes and pDNA was expressed as a charge
ratio, which is the molar ratio of cationic lipids to pDNA
phosphate residues.'¥)

Evaluation of Physicochemical Properties The lipo-
plex and galactosylated lipoplex were dissolved at a plasmid
DNA concentration of up to 1 fig/ml, and then their particle
size and zeta-potential were measured by Zetasizer Nano
ZS (Malvern Instruments Ltd., UX.).

Uptake Experiment HepG2 cells were obtained from
American Type Culture Collection (Manassas, VA, US.A.)
and maintained in DMEM supplement with 10% FBS at
37°C under an atmosphere of 5% CO, in air. The cells were
plated on a 6-well cluster dish at a density of 2X10°
cells/10.5cm? and cultivated in 2ml DMEM supplement
with 10% FBS. Twenty-four hours later, the culture medium
was replaced with an equivalent volume of HBSS containing -
1 kBg/ml [*?P] plasmid DNA, 1 gg/ml cold plasmid DNA
and cationic liposomes. After incubation for 3h at 4 or 37°C
for given time periods, the solution was immediately re-
moved by aspiration, the cells were washed 5-times with ice-
cold HBSS buffer and solubilized in 1 ml 0.3 5 NaOH solu-
tion with 10% Triton X-100. The radioactivity was measured
by liquid scintillation counting (LSC-500, Beckman, Tokyo,
Japan). The radioactivity data were normalized with respect
to the protein contents of the cells. The protein content was
determined by a modification of the Lowry method using
Protein Quantification Kit (Dojindo Molecular Technologies,
Inc., Gaithersburg, MD, U.S.A.).

Transfection Experiment The HepG2 cells were plated
on a 6-well cluster dish at a density of 2X10° cells/10.5 cm?
and cultivated in 2 ml DMEM supplemented with 10% FBS.
After 24 h, the culture medium was replaced with Opti-MEM
I® containing 1 ig/ml plasmid DNA and cationic liposomes.
Six hours later, the incubation medium was replaced again
with DMEM supplement with 10% FBS and incubated for an
additional 42h. Then, the cells were scraped off and sus-
pended in 200 ul pH 7.4 phosphate-buffered saline (PBS).
One hundred microliters cell suspension was subjected to
three cycles of freezing (liquid N, for 3min) and thawing
(37°C for 3 min), followed by centrifugation at 10000 g for
3 min. The supernatants were stored at —20°C until the lu-
ciferase assays were performed. Ten microliters supernatant
was mixed with 100 il luciferase assay buffer (Picagene,
Toyo Ink, Tokyo, Japan) and the light produced was immedi-
ately measured using a luminometer (Lumat LB 9507, EG &
G Berthold, Bad Wildbad, Germany). The activity is indi-
cated as the relative light units per mg protein. The radioac-
tivity data were normalized with respect to the protein con-
tent of the cells. The protein content of the cell suspension in
PBS was determined by a modified Lowry method using Pro-
tein Quantification Kit (Dojindo Molecular Technologies,
Inc., Gaithersburg, MD, U.S.A.).

Cytotoxicity Experiment Cytotoxicity was evaluated by
MTT assay. The cells, plated on a 24-well plate at a density
of 0.38%10° cells/2.0 cm?, were incubated in 500 ul Opti-
MEM I® containing 1 p1g/ml plasmid DNA and cationic lipo-
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somes. Six hours later, the incubation medium was replaced
with DMEM supplement with 10% FBS and incubated for an
additional 42h. After addition of 0.5mg/ml MTT solution,
the solution was incubated overnight at 37 °C with 10% SDS
solution. The absorbance was measured at test and reference
wavelengths of 570 and 660 nm, respectively, in a two-wave-
length microplate photometer (Bio-Rad Model 450, Her-
cules, CA, U.S.A)).

Statistical Analysis Statistical analysis was performed
using Student’s paired #-test for two groups and the Tukey—
Kramer test for multiple comparisons between groups.
p<<0.05 was considered to be indicative of statistical signifi-
cance.

RESULTS

Physicochemical Properties of Galactosylated Lipoplex
The particle size and the zeta potential of the both lipoplex
and galactosylated lipoplex were examined at different
charge ratios. The particle size and zeta potential of both
lipoplexes depended on the charge ratio (Figs. 1, 2). The par-
ticle size was about 200 nm at a charge ratio of 1.0:1.2 and
the particle size increased in parallel with the ratio and then
decreased at higher charge ratios. The zeta potential of both
the lipoplex and galactosylated lipoplex also depended on the
charge ratio (Fig. 2). The zeta potential was —4mV at a
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Fig. 1. The Mean Particle Size of the Lipoplex (Open Circle) and Galacto-
sylated Lipoplex (Closed Circle) at Different Charge Ratios

The mean particle size was plotted as a function of the charge ratio. Error bars repre-
sent standard deviations.
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Fig. 2. The Zeta Potential of the Lipoplex (Open Circle) and Galactosy-

lated Lipoplex (Closed Circle) at Different Charge Ratios

The zeta potential was plotted as a function of the charge ratio. Error bars represent
standard deviations.
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charge ratio of 1.0:1.2 and became positive at a charge ratio
of 1.0:1.6 (about+40mV). At a charge ratio of 1.0:7.5,
both the lipoplex and galactosylated lipoplex exhibited a pos-
itive zeta potential (about+60 mV).

Uptake Characteristics of Galactosylated Lipoplex In
order to investigate a possible correlation between the cellu-
lar uptake of lipoplex and subsequent gene expression, the
cellular association of the lipoplex containing 32P-labeled
plasmid DNA was evaluated at 4 and 37°C at different
charge ratios (Fig. 3). Cellular uptake of galactosylated
lipoplex was significantly higher than that of lipoplex at a
charge ratio (—:+) from 1.0:2.3 to 1.0:7.0. As the charge
ratio increased in both lipoplexes, the apparent cellular asso-
ciation at both temperatures increased. At a charge ratio
(—:+) of 1.0:1.2, on the other hand, the apparent cellular
uptake by galactosylated lipoplex was similar to that by
lipoplex.

Transfection Characteristics of Galactosylated Lipo-
plex HepG2 cells were selected for transfection with the
lipoplex or galactosylated lipoplex prepared at different
charge ratios (Fig. 4). Extremely large differences in the gene
expression level were observed at different charge ratios.
Transfection activity by galactosylated lipoplex was signifi-
cantly higher than that by lipoplex at a charge ratio (—: +) of
1.0:1.2 to 1.0:4.7. The optimal charge ratio (—:+) for
transfection efficacy in both lipoplexes was 1.0:2.3 and
transfection was reduced at higher charge ratios. In contrast,
transfection efficacy of both lipoplexes was almost identical
when they were prepared at a charge ratio (—: +) 0of 1.0:7.0.

Internalization and Transfection Efficacy per Internal-
ization amount of Galactosylated Lipoplex We roughly
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Fig. 3. Cellular Association at 37 °C (Filled Bar) and 4 °C (Open Bar) of
[*?P]-Labeled-Plasmid DNA Lipoplex and Galactosylated Lipoplex at Dif-
ferent Charge Ratios after 3 h incubation in HepG2 cells

Error bars represent standard deviations. Statistically significant differences from
lipoplex at 37 °C (# p<0.01).
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Fig. 4. Transfection Activity after Transfection by Lipoplex (Open Bar)

and Galactosylated Lipoplex (Closed Bar) at Different Charge Ratio in

HepG2 Cells

¢ Error bars represent standard deviations. Statistically significant differences from
lipoplex (# p<<0.01).
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Fig. 5. Cellular Internalization (A) and Luciferase Activity/Cellular Inter-
nalization (B) after Transfection by Lipoplex (Open Bar) and Galactosylated
Lipoplex (Closed Bar) at Different Charge Ratio in HepG2 Cells

Cellular internalization was calculated by the difference in the amount of [*P]-
labeled-plasmid DNA cellular association between 37 °C and 4 °C.

estimated the amount of internalized plasmid DNA by sub-
tracting the amount of adsorbed plasmid DNA on the cell
surface at 4°C from the amount of cell-associated plasmid
DNA at 37°C, assuming that the amounts adsorbed at both
temperatures were the same. The calculated amount of plas-
mid DNA taken up by the cells also increased as the charge
ratio (— : +) of both lipoplexes increased (Fig. 5A). Then, lu-
ciferase activity was dividing by internalization amount. The
transfection efficacy per internalization amount of galactosy-
lated lipoplex and lipoplex was the highest at the charge ratio
(—:+)of1.0:2.3 and 1.0:3.1, respectively (Fig. 5B).
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Fig. 6. Cytotoxic Effect after Transfection by Lipoplex (Open Bar) and
Galactosylated Lipoplex (Closed Bar) at Different Charge Ratio in HepG2
Cells

Cell growth was measured by MTT assay. Data represent the % of cell growth com-
pared with untreated cells. Error bars represent standard deviations.

Cytotoxicity of Galactosylated Lipoplex To assess the
relationship between cytotoxicity and gene expression effi-
ciency, the cytotoxic effects of both lipoplexes were exam-
ined by MTT assay. Although there was a slight reduction in
the amounts of formazan crystals in the cells, both lipoplexes
exhibited no significant toxicity at any charge ratio (Fig. 6).
There were no significant differences in the protein level and
cell viability between these charge ratios after a 48 h incuba-
tion (data not shown).

DISCUSSION

The purpose of the present study was to investigate the
major factors affecting transfection efficiency with galactosy-
lated lipoplex in HepG2 cells. The particle size and zeta po-
tential of both lipoplexes depended on the charge ratio (Figs.
1, 2). Since the particle size and zeta potential of both
lipoplexes were almost identical at the same charge ratio, the
effect of galactosylation of the lipoplex on cellular uptake,
gene expression, and cytotoxicity could also be compared.

The uptake of galactosylated lipoplex was significantly
higher than that of lipoplex, suggesting that the asialoglyco-
protein receptor-mediated uptake was efficient by HepG2
cells. To investigate the gene expression characteristics of
galactosylated lipoplex in HepG2 cells, the effect of the
charge ratio (— : +) on gene expression was measured. Gene
expression by galactosylated lipoplex was significantly
higher than.that by lipoplex at a charge ratio (—:+) of
1.0:1.2 to 1.0:4.7. These observations supported partially
our previous report describing that galactosylated lipoplex
was more efficiently taken up by HepG2 cells and/or hepato-
cytes via asialoglycoprotein receptors at a charge ratio
(—:+) of 1.0:2.3.31 In both lipoplexes, the highest gene
expression was observed at a charge ratio (—: +) of 1.0:2.3
and transfection efficacy was reduced at higher charge ratios.
This observation agrees with the previous reports about con-
ventional lipoplex in various types of cells,'®'? sterylgluco-
side-containing lipoplex in HepG2 cells,'® and mannosylated
lipog)lex in macrophages by the uptake of mannose recep-
tor.!

As shown in Fig. 4, the optimal charge ratio for gene ex-
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pression was 1.0:2.3. However, the cellular association of
plasmid DNA at 4 and 37 °C increased in parallel with the
charge ratio of both lipoplexes (Fig. 3). Both lipoplexes bind
to the cell surface due to an electrostatic interaction between
the positive charges of the cationic liposomes and the nega-
tive charges on the cell surface.'? Therefore, it is likely that
the increased zeta potential of the complex at higher charge
ratios will result in enhanced DNA cellular association. Tak-
ing these factors into consideration, the intracellular traffick-
ing, rather than the degree of uptake of galactosylated
lipoplex, is the key process for gene expression.

The cellular association and gene expression of galactosy-
lated lipoplex at a charge ratio of 1.0:1.2 were relatively
lower than those of other charge ratios and of the lipoplex
(Figs. 3, 4). We previously reported that the galactose density
of galactosylated liposomes is important for both effective
recognition by asialoglycoprotein receptors and cell internal-
ization in vivo.2® Therefore, more galactose might be re-
quired on the surface of the lipoplex for efficient recognition
by asialoglycoprotein receptors on HepG2 cells. At a charge
ratio of 1.0:1.2, the transfection activity of galactosylated
lipoplex was significantly higher than that of lipoplex al-
though the cellular association was similar. Mammalian cells
express several types of lectins involved in intracellular traf-
ficking, including endocytosis, interorganelle routing and pu-
tative nuclear transport.”? Recently, Klink ez al. reported that
lactosylated poly-L-lysine/plasmid DNA complex could lo-
calized in the nucleus by targeting a potential lectin-like pro-
tein with galactose/lactose specificity.?? More recently, Wada
et al. suggested a similar mechanism to explain the high
transfection obtained using a galactosylated dendrimer/c-cy-
clodextrin conjugate.?® These observations suggest that the
transfection activity of galactosylated lipoplex is efficiently
transported to the nucleus for efficient gene expression. Fur-
ther studies are needed to clarify the mechanism governing
the efficient nuclear localization by galactosylated lipoplex.

It has been suggested that the inhibition of transfection ef-
ficiency at higher charge ratios is most likely due to cytotoxi-
city in a series of in vitro transfection experiments.'?® Al-
though there was a slight reduction in the amounts of for-
mazan crystals in the other cells, the lipoplex exhibited no
significant toxicity at any charge ratio (Fig. 6). Therefore, cy-
totoxicity does not play a major role in determining the opti-
mal charge ratio in both forms of lipoplex-mediated transfec-
tion performed under our experimental conditions in HepG2
cells.

In conclusion, it is suggested that intracellular trafficking,
rather than the degree of uptake and cytotoxicity, is the im-
portant process that determines the optimal charge ratio of
galactosylated lipoplex in HepG2 cells. The information in
this study will be valuable for the future use, design, and de-
velopment of more efficient galactosylated lipoplexes for he-
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patocyte-selective gene transfer via asialoglycoprotein recep-
tor-mediated endocytosis.
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Basic fibroblast growth factor-binding peptide as a novel targeting
ligand of drug carrier to tumor cells

TAKESHI TERADA, MIKI MIZOBATA, SHIGERU KAWAKAMI, YOSHIYUKI YABE,
FUMIYOSHI YAMASHITA, & MITSURU HASHIDA

Department of Drug Delivery Research, Graduate School of Pharmaceutical Sciences, Kyoto University, Kyoto 606-8501,
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Abstract

Drug systems targeting tumor cells using basic fibroblast growth factor (bFGF) have been widely reported. In this study, the
peptide KRTGQYKILC (bFGFp), containing cysteine at the carboxyl termination of the bFGF-derived peptide, was applied
as a novel ligand targeting tumor cells. bFGFp was conjugated with bovine serum albumin (BSA) and liposomes. The peptide
was ‘'shown to inhibit the binding of bFGF to FGF receptor-1 (FGFR1). Interestingly, the binding study using surface
plasmon resonance (SPR) assay revealed that the bFGFp—-BSA was not bound to FGFR1, but was selectively bound to bFGE.
Furthermore, the SPR assay showed that bFGFp-BSA is capable of binding to FGFR1 following the pretreatment with
bFGF. The confocal microscopy study indicated that the uptake of bEGFp-BSA by NIH3T3 cells, which highly express
FGFRs, was significantly enhanced by pretreatment with bFGE. Then, PEGylated liposomes containing bFGFp (bFGFp-
liposome) were prepared by conjugating maleimide-PEG-PE with bFGFp. Following the pretreatment of bFGF, the uptake of
bFGFp-liposomes by NIH3T3 cells was significantly enhanced. These results suggest that bFGFp~BSA and bFGFp-
liposomes are taken by NIH3T3 cells via binding with bEGF. In addition, both bEFGFp-BSA and bFGFp—liposomes had no
effect on the proliferation of NIH3T3 cells. This strategy can be used as a novel system for targeting tumors highly expressing
FGFRs without a proliferation effect.

Keywords: Basic fibroblast growth factor, targeting, liposome, surface plasmon resonance assay

Introduction (Beitz et al. 1992; Ying et al. 1994; Davol and
Basic fibroblast growth factor (bFGF) is a multi- Frackel.ton 1999). In addition, bFGF retargeted
functional tein which has mit . chemotactic adenovirus (Hoganson et al. 2001; Kleeff et al.

dcnor%a protein whic L:S . ;909g§m(§, ¢ tac X 2002; Qin et al. 2005) and the conjugated polylysine
and angiogenic activities (Lappi ; Lompagni et al. with bFGF (Sosnowski et al. 1996; Hoganson et al.

2000). Several recent reports have demonstrated an 1998) have exhibited high expression in tumor cells
autocrine role for bFGF in tumor cells (Halaban etal. . up-regulated FGFRs.

1987; Halaban et al. 1988; Dow and deVerre White However, bFGF itself is potent inducer of
2000). Therefore, bFGF and their receptors (FGFRs) angiogenesis. Although the cell-surface receptors on
are especially produced by a variety of tumor cells and tumor cells possess intrinsic tyrosine kinase activity
lead to tumor angiogenesis and progression (Klags- and are phosphorylated upon binding of bFGF
brun et al. 1986; Takanami et al. 1996; Volm et al. (Burgess and Maciag 1989; Klagsbrun 1989), bFGF
1997). It has recently been reported that the s able to stimulate tumor proliferation, migration and
overexpression of FGFRs in tumor cells can be used differentiation and/or to induce angiogenesis.
to achieve successful drug targeting. Targeting of Recently, it was reported that bFGF infusion resulted
FGFRs by toxin-conjugated or fused bFGF-saporin  in significant increases in tumor vascularity, blood
(a ribosome-inactivating protein) could control the  flow and growth (Gross et al. 1993; Davies et al.
proliferation of tumor cells that highly express FGFRs 2002). Therefore, since a drug delivery system using
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bFGF as the targeting ligand can induce proliferation
of tumor cells that up-regulate FGFR, a targeting
ligand without any proliferation effect is needed.

Recently, Yayon et al. (1993) identified bFGF-
derived peptide KRTGQYKL (residues 119-126 of
bFGF) as inhibitor of the binding between bFGF and
its receptor following examination of a random phage-
epitope library. Furthermore, this peptide itself had no
tumor proliferation effects and inhibited the prolifer-
ation of bovine aortic endothelial cells in complete
growth medium.

In this study, bFGF-derived peptide KRTGQYKL
was conjugated with bovine serum albumin (BSA)
and its cellular binding characteristics were investi-
gated.  Sulfo-succinimidyl-4-(N-maleidomethyl)
cyclohexane-1-carboxylate (sulfo-SMCC), which is a
general reagent for connection via surface amino
residues to the other molecules with thiolated
moieties, was used as a linker between the peptide
and BSA. To obtain the conjugate with BSA, we
prepared KRTGQYKI.C (bFGFp) containing
cysteine at the carboxyl terminal and conjugated
bFGFp with BSA via the surface amino residues.
Surface plasmon resonance (SPR) spectroscopy,
which allows real-time detection of macromolecular
interactions without using radioactive or fluorescent
labeled ligands, was used for this study to confirm the
binding of bFGFp-BSA. In addition, we prepared
bFGFp-liposomes containing conjugated maleimide-
PEG-PE with the peptide and evaluated this strategy,
since liposomes have been widely investigated as drug
delivery systems (Hashida et al. 2005).

Here, we demonstrate the characteristics of
bFGFp-BSA and bFGFp-liposomes as a drug
delivery system by an in wvitro study using NIH3T3
and FGFRs-deficient Chinese hamster ovary (CHO-
K1) cells (Rusnati et al. 2002). Interestingly, bFGFp—
BSA exhibited high binding to bFGF, but not
FGFR1. As far as the uptake characteristics are
concerned, bFGFp-BSA exhibited a higher uptake
via bFGF in NIH3T3 cells, which express a
considerable amount of FGFRs. Based on these
findings, we developed novel bFGFp-modified lipo-
somes for tumor-selective drug delivery. In the

presence of bFGF, bFGFp-modified liposomes

exhibit a higher uptake via bFGF in NIH3T3 cells.
Since bFGFp itself has no tumor proliferation effects,
bFGFp is an effective potential targeting ligand for
targeted delivery to tumor cells.

Materials and methods
Mazerials

Sulfo-SMCC was purchased from Pierce Biotechnol-
ogy Inc. (Rockford,‘IL, USA). Recombinant human
bFGF was obtained from PeproTech EC. (London,
UK). Recombinant human FGFR1a(1Ilc)/Fc chimera
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was purchased from Techne Co. (Minneapolis, MN,
USA). Distearoyl phosphatidylcholine (DSPC), cho-
lesteryl chioroformate and 3-(4,5-dimethylthiazol-2-
yD-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich Co. (St Louis, MO,
USA). Cholesterol (Chol) and Clear-Sol 1 were
obtained from Nacalai Tesque Inc. (Kyoto, Japan)
and Soluene 350 was purchased from Packard
Bioscience Co. (Groningen, Netherlands). [?’H] CHE
was purchased from NEN Life Science Products Inc.
(Boston, MA, USA). The peptide KRTGQYKILC
(bFGFp) was custom-made by Toray Research Center
Inc. (Tokyo, Japan). mPEG3400-DSPE was purchased
from Avanti Polar Lipids Inc. (Alabama, AL, USA) and
Maleimide-PEGy000-DSPE was purchased from NOF
Co. Inc. (Tokyo, Japan). Dulbecco’s-modified Eagle’s
minimum essential medium (DMEM) and Hank’s
buffered salt solution (HBSS) were obtained
from Nissui Pharmaceutical Co. Ltd. (Tokyo, Japan).
Fetal bovine serum (FBS) was obtained from
Biowhittaker Co. (Walkersville, MD). All other
chemicals were reagent grade products obtained
commercially.

Synthesis of bBFGFp—BSA

bFGFp-BSA was synthesized according to the
method reported previously (Backstrom and Sander-
Bush 1997). bFGFp containing cysteine at the
carboxyl terminal of bFGF-derived peptide KRT-
GQYKL was prepared for this synthesis. The SMCC
derivatives of BSA were obtained by simultaneous
addition of 20mg BSA and 2.5 mg sulfo-SMCC to
2.0ml 0.05M carbonate buffer at pH 8.5 while
stirring. After 1h at room temperature, the mixture
was centrifuged by VIVA SPIN 10kDa cut-off
(VIVASCIENCE, Hannover, Germany) to remove
any unreacted sulfo-SMCC and then the buffer was
changed to distilled water and the solution was
lyophilized. Subsequently, 10mg of the synthetic
SMCC-BSA was incubated with 2.0mg bFGFp in
PBS (1.0ml). After 3h at 4°C, the mixture was
centrifuged by VIVA SPIN to remove unreacted
peptide, followed by dialysis and lyophilization. The
number of conjugated SMCC and peptide groups was
calculated from the number of free amino acid groups
determined by trinitrobenzene sulfonic acid using
BSA as a standard (Habeeb 1966). Furthermore, the
10mM 1~cysteine solution and the product were
mixed at room temperature for 1 h to remove the free
maleimide, followed by dialysis and lyophilization.

Synthesis of bFGFp—PEG-DSPE

bFGFp (28mg, 26 pmol) was dissolved in 0.1 M
HEPES buffer (pH 7.0, 2ml). Maleimide-PEGygq0-
DSPE (50mg, 17 pmol) and methanol (0.2 ml) were
added to the bFGFp solution at 4°C while stirring.
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The reaction was continued at 4°C for 2 days. The
mixed solution was dialyzed against distilled water and
lyophilized. TLC analysis and ninhydrin assay showed
the disappearance of free maleimide-PEG;060-DSPE
and the appearance of bFGFp-PEG-DSPE, which
indicates that the reaction had gone to completion.
The purity of the synthetic bFGFp-PEG-DSPE was
determined by fluorescamine assay (Bohlen et al.
1973) and found to be over 90% on the basis of the
amino acid content of bFGFp. Furthermore, 10 mM
L~cysteine solution and the product were mixed at
room temperature for 1h to remove the free
maleimide-PEG,q00-DSPE, followed by dialysis and
lyophilization,

Preparation of liposomes

Liposomes were prepared by our previously
reported method (Kawakami et al. 2000; Kawakami
et al. 2001; Managit et al. 2005a). Each lipid
mixture (DSPC, Chol, and mPEG340p-DSPE) and
[’H] CHE were dissolved in chloroform and
evaporated to dryness. bFGFp-PEG-DSPE was
solved in mixed organic solvent (chloroform:
methanol = 1:1) beforehand. The dried lipid films
were hydrated in HBSS, sonicated at 65°C for 3 min
and then extruded through polycarbonate filters
with a pore size of 0.2 pm. Mean particle diameters
were determined by laser light scattering using
a Zetasizer Nano ZS (Malvern Instruments,
‘Malvern, UK). All liposomes were similar in size
(an average diameter of approximately 100nm) as
shown in Table L

SPR spectroscopy assay

SPR measurements were performed using a BIAcore
X (BIAcore, Uppsala, Sweden). bFGFp—-BSA or
FGFR1 was immobilized on the surface of a CM5
sensor chip using the standard amine coupling
procedure of the manufacturer. Briefly, the surface
of the chip consisting of flow cells 1 and 2 was
activated by exposing them to a mixture of 0.05M
N-hydroxysuccinimide (NHS) and 0.2M N-ethyl-

Table]. Lipid composition and mean particle size of liposomes
investigated.

Lipid composition Particle size

(molar ratio) (nm)

DSPE/Chol/bFGFp—-PEG-DSPE (60:30:10) 93 £2.21
DSPE/Chol/bFGFp—~-PEG-DSPE (60:35:5) 115 = 7.61
DSPE/Chol/bFGFp-PEG-DSPE (60:37.5:2.5) 100 = 1.76
DSPE/Chol/bFGFp-PEG-DSPE (60:39:1) 114 £ 1.99
DSPE/Chol/mPEG-DSPE (60:39:1) 101 &= 1.71

Results are expressed as the means & SD of three experiments.
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N'-dimethyl aminopropy! carbodiimide (EDC) for
7min. Flow cell 1 was immobilized with bFGFp-—-
BSA or FGFRI in acetate buffer (pH 4.0). The
immobilized amount of bFGFp-~BSA and FGFRI1
were approximately 8000 and 5000 resonance units
(RU), respectively. Flow cell 2 was immobilized
using the same amount as for flow cell 1 by BSA to
be used as a blank sensorgram for subtraction of the
bulk refractive index background. Finally, the
unreacted sites of both immobilized flow cell were
blocked with 0.1 M ethanolamine (pH 8.5). All
reagents were injected at a flow rate of 5.0 pl/min.

Each sample was adjusted to an appropriate
concentration using a running buffer (150mM
NaCl, 10mM HEPES, pH 7.4). The mixed solution
of bFGF and bFGFp or bFGF and bFGFp-BSA was
prepared 30 min before the SPR study. In all studies,
each sample was allowed to flow at a rate of 10 pl/min
at 25°C for 2min and dissociated for 2min. The
regeneration of the sensor chip was carried out by
injection of 10 p! 50 mM HCL

The sensorgram was analyzed by a global fitting
procedure using a 1:1 (Langmuir-type) binding
model-derived equation that is available in the
BIAevaluation 3.0 software. The dissociation constant
(Ky) was determined from kg/k,.

Cellular a&sociatz'on and visualization of FITC labeled
bFGFp—BSA and BSA

SMCC-BSA and bFGFp-Cys-SMCC-BSA were
labeled with FITC as previously described (Monsigny
et al. 1984). Briefly, BSA before the modification of
SMCC was incubated with three equivalents of FITC
in 0.1 M sodium carbonate buffer, pH 9.5 solution by
stirring for 5h at room temperature. The mixture was
centrifuged by VIVA SPIN to remove the unreacted
FITC and then purified by dialysis with distilled water
and lyophilized. The FITC-BSA was used for the
modification of bFGFp as described above.

NIH3T3 cells were seeded on glass coverslips in
12-well plates at a density of 1 X 10° cells/well. After
complete adhesion, the cells were washed 3-times with
HBSS and incubated at 37°C for 2 h with each FITC-
labeled protein (50 pg/ml) dissolved in HBSS. After
incubation, the protein solution was removed and the
cells were washed 3-times with HBSS, then fixed with
4% paraformaldehyde in PBS and incubated at room
temperature for over 20 min. After washing twice with
PBS, they were treated with 0.2% Triton X-100-PBS,
5 wg/ml RNase A and 0.5 pg/ml propidium iodide in
0.1 M Tris—HCI (pH 7.4) containing 0.1 M NaCl for
nuclei staining. Then, they were mounted in
glycerol:PBS (1:1) containing 2.5% 1,4-diazobicyclo
(2,2,2) octane. Images were then obtained by confocal
laser scanning microscopy (MRC-1024, Bio-Rad,
Hercules, CA, USA).



Cellular association experiments with [PH] CHE labeled
bFGFp—liposomes '

A cellular association study was performed using our
previously reported method (Opanasopit et al. 2001;
Managit et al. 2005b). Briefly, NTH3T3 and CHO-K1
cells were plated on 12-well culture plates at a density
of 1 X 10° cells/well. After 24h cultivation, the cells
were washed 3-times with HBSS and incubated with
each lot of treated [PH] CHE labeled liposomes
(100 p.M) in HBSS at 37°C. The pretreatment of each
ot of liposomes by bFGF was carried out 30 min
before the uptake study. After 2h of incubation, the
medium was removed and the cells were washed
5-times with HBSS. The cells were then solubilized
with 0.5 ml 1.0 N NaOH solution overnight and then
neutralized with 0.1ml 5.0N HCI solution. The
radioactivity was measured in a scintillation counter
(LLSA-500, Beckman, Tokyo, Japan). The amount of
cellular protein in each cell lysate was estimated using
a protein quantification kit (Dojindo Molecular
Technologies, Inc. Gaithersburg, MD, USA).

Cell proliferation assay

The effect on cell proliferation produced by bFGFp—
BSA and —liposomes in presence or absence of bFGF
was assessed by MT T assay (Mosmann 1983). Briefly,
NIH3T3 cells were counted and seeded in 96-well
plates at a density of 4 X 10> celis/well. After 24 h of
incubation, the cells were exposed to samples diluted
in DMEM without FBS. After 72h of incubation,
MTT assay was performed in triplicate.

Statistical analysis

Statistical comparisons were performed by Student’s
t-test for two groups. P < 0.05 was considered to be
indicative of statistical significance.

Results

The interaction analysis of bFGFp—BSA with FGFRI
and bFGF

To clarify the characterization of the binding of bFGF-
derived peptide KRTGQYKIL with FGFR1 and
bFGF, bFGFp containing cysteine at the carboxyl
terminal of the peptide sequence was conjugated with
BSA using sulfo-SMCC and the interaction was
evaluated by SPR spectroscopy. The amount of
incorporated bFGFp calculated from the amino acid
groups was about 12 peptides per molecule of BSA.
The conjugated bFGFp-BSA was immobilized on
the surface of a sensor chip CM5 by amine coupling.
Non-specific binding of an analyte and any change
in bulk refractive index were ruled out by immobiliz-
ing BSA as a control. Although the bFGFp-containing
peptide sequence was reported to inhibit the
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interaction between bFGF and FGFR1 (Yayon et al.
1993), no response signal was observed in FGFRI1
(Figure 1(A)). However, bFGF exhibited a signifi-
cantly high response signal and this response of bFGF
was reduced in the presence of bFGFp. The binding of
bFGF to bFGFp-BSA was completely regenerated by
the injection of 50 mM HCI (Figure 1(B)), suggesting
that the interaction does not involve chemical binding
via any active groups. These results suggest that
bFGFp-BSA does not bind to FGFR1, but binds to
bFGPF. The injected bFGF bound to bFGFp-BSA in
a concentration-dependent manner and the dis-
sociation was very slow, indicating that the binding
affinity was high (Figure 1(C)). The association and
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Figure 1. SPR sensorgrams of bEGF binding to bFGFp—~BSA. (A)

10 pg/ml bFGF, the mixture of 10 pg/ml bFGF and 100 pg/ml
bFGFp, 100 pg/mi bFGFp and 10 pg/ml FGFR1 were injected over
immobilized bFGFp-BSA. (B) 10 pg/ml bFGF was injected onto
the sensor chip. Subsequently, the sensor chip was completely
regenerated by the injection 50mM HCIL (C) Different
concentrations of bFGF were injected over immobilized bFGFp—
BSA. Each sensorgram was overlaid and zeroed on the y-axis to the
average baseline. The start injection time for each sample was set to
zero on the x-axis.
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Table II. Rate constants and dissociation constants for the
interaction between immobilized bFGFp-BSA and bFGF.

Rate constants Dissociation constant

kg % 10%

kX107 Kyx10®
M™'s™h ™ )
bFGF 4.09 = 0.727 4.83 £ 0.857 12.2 £ 3.52

Results are expressed as the means = SD of three replicates.

.dissociation rate constants were estimated by global
fitting to sensorgrams using a 1:1 (Langmuir-type)
binding model-derived equation. The calculated
dissociation constant was 12.2 +3.52 X 107*M
(Table II).

The binding of bFGFp—~BSA to FGFR1 via bFGF

FGFRI1 and BSA as a control were immobilized on the
surface of a sensor chip CM5 by amine coupling as
described above. Although bFGF showed a signifi-
cantly high response signal (Figure 2), no response
signal was observed with bFGFp-BSA, suggesting
that bFGFp-BSA does not bind to FGFRI. In
addition, the response signal of bFGFp-BSA pre-
incubated with bFGF was much higher than that of
bEFGF itself, suggesting that bFGFp-BSA pre-
incubated with bFGF is capable of binding to
FGFRI1 via bFGF. .

The effect of bEGF on the uptake of bFGFp —BSA
by NIH3T3 cells

The uptake of bFGFp—BSA by NIH3T3 cells,
overexpressing FGFRs, was evaluated by confocal
microscopy. FITC-labeled BSA or bFGFp~BSA was
incubated with the cells in presence of bFGF or the
mixture of bFGF with an excess of bFGFp. The
uptake of bFGFp-BSA pre-incubated with bFGF was
significantly higher than that of bFGF-BSA alone
(Figure 3). However, in the case of BSA, there was no
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Figure 2. SPR sensorgram of binding of bFGFp—BSA to FGFR1
via bEGF. About 100 pg/ml bFGFp-BSA, 5 pg/ml bFGF and the
mixture of 100pg/ml bFGFp-BSA and 5pg/ml bFGF were
injected over the immobilized FGFR1.
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difference when bFGF was present or not. The higher
uptake was significantly reduced by the mixture of
bFGF with an excess of bFGFp, suggesting that the
increase in fluorescence in the cells of bFGFp-BSA
pre-incubated with bFGF was due to the FGFR-
mediated endocytosis.

The effect of bFGF on the uptake of bFGFp—liposomes
by NIH3T3 cells

To further evaluate this strategy using bFGFp-
conjugated delivery systems, we prepared liposomes
containing different amounts of bFGFp-PEG,o0-
DSPE conjugated maleimide-PEG-DSPE with
bFGFp as a novel tumor-selective liposome. Table I
summarizes the lipid composition and particle size of
the liposomes prepared. All filtered liposomes were
similar in size (average diameter approximately
100nm). All pretreated bFGFp-liposomes with
bFGF exhibited a higher uptake than the untreated
group (Figure 4). In particular, in the condition with
1 pg/ml bFGF, 2.5 and 5.0% bFGFp-liposomes
exhibited a high effect of bFGF in comparison with
1.0 and 10%. Furthermore, similar to bFGEFp-BSA,
bFGFp-liposomes tended to exhibit a high uptake
even without the addition of bFGF, though the uptake
was less than that of bFGFp—liposome with bFGF,
and this was dependent on the amount of bFGFp—
PEGog00-DSPE. It suggests that bFGFp-liposome
might indicate the cellular uptake not only by the
interaction with FGFRs via binding to bFGF but also
by the other cause.

The effect of bBFGF on the uptake of bBFGFp—liposomes
by CHO-K1 cells

To determine whether the high uptake in NIH3T3
cells by the addition of bFGF is via FGFRs, the uptake
study was also conducted using FGFRs-deficient
CHO-K1 cells. The addition of bFGF did not
enhance the uptake of 5.0 and 10% bFGFp-
liposomes, but inhibited it (Figure 5(A)). In addition,
the inhibition was dependent on the concentration of
the added bFGF (Figure 5(B)). These results support
the hypothesis that bFGFp-liposomes are capable of
binding to bFGF and the effect of bFGF in NIH3T'3
cells may be due to the uptake via FGFRs.

The effect of bFGFp-conjugated delivery systems
on the viability and proliferation of NIH3T3 cells

bFGF is known to exhibit a strong proliferative effect
on most tumor cells, To determine the effect of
bFGFEp-conjugated delivery systems on the viability
and proliferation of tumor cells, NIH3T3 cells were
incubated with bFGFp, bFGFp-BSA, and bFGFp-
liposomes in the absence or presence of 1nM
bFGF (Figure 6(A),(B)). In this study, 0.72 and



Basic fibroblast growth factor-binding peptide 541

Figure 3.

Confocal microscopy of FITC-BSA and FITC-bFGFp-BSA preincubated with bFGF in NIH3T3 cells. NIH3T3 cells were

incubated with FITC-BSA (A), a mixture of FITC-BSA and bFGF (B), FITC-bFGFp-BSA (C), a mixture of FITC-bFGFp-BSA and

bFGF (D), and a mixture of FITC-bFGFp-BSA, bFGF and bFGFp (E) at

propidium jodide.

7.2 ng/ml bFGFp-BSA and 4.0 and 40 pM bFGFp-
liposomes contained 0.1 and 1.0 uM of conjugated
bFGFp, respectively. The incubation with an excess
of bFGFp, bFGFp~BSA and bFGFp-liposomes had
no cell proliferation of cells in the absence of bFGFE.
Furthermore, in the presence of bFGF, the incu-
bation had no influence on the proliferation by
bFGF, although bFGFp is capable of binding to
bFGF.

Discussion

The bFGF-derived peptide KRTGQYKL (residues
119-126 of bFGF) has been reported to inhibit the
binding of bFGF to FGFR1 (Yayon et al. 1993) and to
have no cell proliferation effect. Since FGFRs are
overexpressed on the surface of many tumor cells, we
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37°C for 2h. Red signals indicate the nuclei stained with

hypothesized that the conjugated peptide carrier
would be capable of delivering antitumor drugs to
tumor cells via direct binding to FGFRs, without
inducing any tumor growth.

To examine the binding ability, we firstly prepared
bFGFp-BSA-conjugated BSA to the peptide using
sulfo-SMCC and evaluated this compound using SPR
spectroscopy, which has been widely used as a tool to
study biomolecular interactions including those
between receptors and ligands (Wu and Chaiken
2004), DNA—protein (Wegner et al. 2003; Schubert
et al. 2003) and protein—protein interactions
(Stenlund et al. 2003). Although FGFR1 exhibited
no binding to the immobilized bFGFp—-BSA, bFGF
showed a specific interaction via the presence of
bFGFp on the surface of BSA (Figure 1). Although
these results were different from our hypothesis, the
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(100 M) with (B) and without 1pg/ml bFGF (00) for 2h by
NIH3T3 cells.  Results are expressed as the mean ® SD
values (n = 3). Statistical analysis was performed by Student’s
rtest (¥*, P < 0.01; *, P < 0.05; NS, not significant).

interaction between bFGF-derived peptide and bFGF
could be explained by the oligomeric self-association
of bFGF (Venkataraman et al. 1996; Davis et al.
1999). Safran et al. (2000) showed that the essential
residues of bFGF allow inter-monomer interactions
that stabilize the bFGF dimer. The used peptide
(KRTGQYKL) in this study is included in the
sequence contributing to the construction of the
bFGF dimer or oligomer. Taking these facts into
consideration, the peptide may bind to bFGF via the
sequence involved in bFGF self-association.

As shown in Figure 2, we found that bFGFp-BSA
binds to FGFRI via bFGF and this result suggests
that the binding site of bFGF to bFGFp-BSA is
different from that of FGFR1. This observation agrees
with the report by Davis et al. (1999) who found that
there are separate sites for bFGF self-association and
receptor binding on the surface of bFGF. Therefore, it
suggests that the binding bFGF to bFGFp-BSA
would inhibit the intact interaction between the bFGF
and FGFR1. Tumor cells, such as melanoma, breast
cancer and prostate cancer, are reported to exhibit
overexpression of bFGF and FGFRs (Penault-Llorca
et al. 1995; Danielsen and Rofstad 1998; Kwabi-Addo
et al. 2004). Furthermore, such tumor tissues possess
high concentrations of bFGF (Giri et al 1999).
Furthermore, the low dissociation constant of the
interaction between bFGFp—BSA and bFGF suggests
the possibility of a novel targeting strategy (Table II).
Therefore, our observations suggest that the con-
jugated peptide carrier would be capable of delivering
antitumor drugs to tumor cells with FGFRs via
binding to bFGF.

55

3 No treatment
BB  preincubation with bFGF

A 1204

* %k

3
{

=) 0
[} o
1 1

Cellular association
-
3
1

(% of dose / mg protein)

foe)
(=]
{

0 —
1 5 10

Content of bFGFp-PEG-DSPE (mol%)
30

»N
L
L

[\
<
]

ey
(¥
{

104

Cellular association
(% of dose / mg protein)

0
Concentration of bFGF (pg/ml)

0.5 1 5

Figure 5. The uptake of [PH]bFGFp-liposomes with (B) and
without 1 pg/ml bFGF ([J) for 2h by CHO-K1 cells. (A) The effect
of the amount of bFGFp-PEG-DSPE contained in bFGFp-
liposomes was investigated. (B) The effect of the concentration of

bFGF preincubated with 2.5% bFGFp-liposome was investigated.

Results are expressed as the mean = SD values (n = 3). Statistical
analysis was performed by Student’s s-test (**, P < 0.01).

The receptor-mediated internalization allows the
liposomes to avoid the action of multi drug resistant
(MDR) transporters like P-glycoprotein (Sapra and
Allen 2003). Therefore, the internalization of drug
carrier in the tumor cells allows an enhancement of the
pharmacological effects of the antitumor drug. Some
groups have reported that bFGF binding to FGFRs
is internalized and translated to the nucleus, sub-
sequently inducing cell proliferation (Baldin et al.
1990; Olsnes et al, 2003; Soulet et al. 2005). Our
confocal microscopy study revealed that bFGF
enhances the internalization of bFGFp-BSA
(Figure 3). In contrast, this effect was not observed
in the case of BSA, Furthermore, pretreatment by the
mixture of bFGFp and bFGF did not enhance the
internalization via exogenous bFGEF. These results
provide evidence that the increase in the internaliz-
ation by bFGF is due to the binding of bFGFp-BSA
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Figure 6. Effects of bFGFp and the drug delivery system using
bFGFp on the cell viability of NIH3T3 cells without (A) and with
(B) 1 nM bFGF. Each bFGFp and drug delivery system, following
adjustment to the appropriate concentration, were added to
NIH3T3 cells. After 72h, the cell viability was investigated by
MTT assay. Each value represents the mean * SD values (r = 3).

to FGFRs expressed by NIH3T?3 cells via bFGF and
not due to the physiological effect of bFGF itself.
Liposomes have been widely investigated as drug
delivery carriers. The modification by targeting ligand
to the PEG terminal results in PEG-liposomes
exhibiting both prolonged circulation and effective
target binding. Therefore, bFGFp-liposomes with
bFGFp on the PEG terminus were prepared and
evaluated as a novel ligand to target tumor cells.
Following the addition of bFGF, the uptake of
liposomes containing different amounts of bFGFp--
PEG-DSPE by NIH3T3 cells was enhanced similar to
bFGFp-BSA *(Figure 4). In particular, bFGFp—
liposomes containing 2.5 and 5.0% bFGFp-PEG-
DSPE exhibited and increased uptake following
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the addition of bFGF. However, the increase in the
uptake of PEG-liposomes following the addition of
bFGF was barely detectable, indicating that the
binding of the peptide in bFGFp-liposomes to bFGF
is essential for enhanced uptake.

In order to investigate whether bFGFp-liposomes
bound to bFGF are taken up via FGFRs in NIH3T?3
cells, the uptake using CHO-K1 cells, deficient in
FGFRs (Rusnati et al. 2002), was examined. Unlike
the case of NIH3T3 cells, pretreatment by bFGF
resulted in no increase in uptake, rather a reduction in
CHO-K1 cells (Figure 5). Furthermore, the uptake
decreased according to the concentration of bFGF
used for pretreatment. These results suggest that
the unexpected uptake of bFGFp-liposomes in
CHO-K1 cells is inhibited by binding to bFGE.
These observations suggest that the increased uptake
by NIH3T?3 cells is due to uptake via FGFRs.

Although bFGF enhanced the proliferation effect of
NIH3T3 cells overexpressing FGFRs, incubation
with an excess of bFGFp—BSA, bFGFp-liposome
and bFGFp alone produced no proliferation effect
(Figure 6(A)). Therefore, it is expected that bFGFp—
liposomes do not induce tumor cell proliferation. In
addition, regardless of the binding of bFGF to
conjugated carriers by bFGFp, bFGF in the presence
of an excess of conjugated carriers exhibits the same
proliferation effect as bFGF alone (Figure 6(B)). The
result shows that the binding to bFGFp-liposomes
has no effect on the proliferation produced by bFGF
and supports the view that bFGFp-liposome binding
to bFGF might be recognized by FGFRs.

In all studies, an unexpected uptake without the
addition of bFGF was observed. bFGFp-liposomes
exhibited unexpected uptake in NIH3T3 and CHO-
K1 cells and the effect increased according to the
amount of bFGFp-PEG-DSPE. One possible expla-
nation of this is that the cationic nature of bFGFp
might induce unexpected binding to the cells. Another
explanation is that bFGFp might bind to any receptor
on the surface of the cells. The screening of functional
peptides without unexpected binding may allow the
successful application of this strategy. Alternatively,
the incorporation into bFGFp—liposomes of PE-PEG
with a short enough length to reduce the unexpected
binding may enhance the targeting efficiency to
FGFRs via bFGE. Immunoliposomes incorporating
PE-PEG have been reported to prolong blood
circulation in the body (Maruyama 2002).

In summary, the current studies demonstrated that
bFGFp is capable of binding to bFGF and the
bFGFp/bFGF is able to bind to FGFR. Furthermore,
the drug delivery system using bFGFp was taken up in
the cells overexpressing FGFRs via binding to bFGF.
Although some problems still need to be overcome,
this finding provides new information to help in the
development of safe and effective drug delivery system
targeting tumor cells.
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