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Abstract

Polymeric micelles are promising nanocarriers, which might enhance the efficacy of antitumor drugs. Herein, polymeric micelles incorporating
dichloro(1,2-diamino-cyclohexane)platinum(I) (DACHPY), the oxaliplatin parent complex, were prepared through the polymer-metal complex
formation of DACHPt with poly(ethylene glycol)-b-poly(glutamic acid) [PEG-b-P(Glu)] block copolymer having different lengths of the poly
(glutamic acid) block [p(Glu): 20, 40, and 70 U]. The resulting micelles were studied with the aim of optimizing the system’s biological
performance. DACHPt-loaded micelles (DACHPt/m) were approximately 40 nm in diameter and had a narrow size distribution. /n vivo
biodistribution and antitumor activity experiments (CDF; mice bearing the murine colon adenocarcinoma C-26 inoculated subcutaneously)
showed 20-fold greater accumulation of DACHPtm at the tumor site than free oxaliplatin to achieve substantially higher antitumor efficacy.
Moreover, the micelles prepared from PEG-6-P(Glu) with 20 U of P(Glu) exhibited the lowest non-specific accumulation in the liver and spleen to
critically reduce non-specific accumulation, resulting in higher specificity to solid tumors. The antitumor effect of DACHPt/m was also evaluated
on multiple metastases generated from intraperitoneally injected bioluminescent HeLa (HeLa-Luc) cells. The in vivo bioluminescent data
indicated that DACHPt/m decreased the signal 10-to 50-fold compared to the control indicating a very strong antitumor activity. These results
suggest that DACHPt/m could be an outstanding drug delivery system for oxaliplatin in the treatment of solid tumors.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Polymeric micelles; DACHPt; Oxaliplatin; Biodistribution; Antitumor activity

1. Introduction The synergistic effects between oxaliplatin and 5-FU/LV

significantly increased the response rates, improved the time-

Oxaliplatin, oxalato(trans-/-1,2-diaminocyclohexane)plati-
num(Il), is a third-generation platinum drug approved by the
United States Food and Drug Administration in 2004 for the
first-line treatment of advanced colorectal cancer in combina-
tion with 5-fluorouracil/folinic acid (5-FU/LV) [1]. The
incorporation of oxaliplatin into the colorectal cancer program
represents a major improvement in the treatment of the disease.
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sensitive response parameters, and contributed to the removal of
heretofore unresectable hepatic metastases, thereby changing
the natural history of the malignancy. Nevertheless, oxaliplatin
distributes rapidly to the whole body and, even though it shows
better tolerability relative to other platinum drugs, cumulative
peripheral distal neurotoxicity and acute dysesthesias restrain
the range of working doses [2,3]. Consequently, enormous
effort has been dedicated to develop drug delivery systems that
increase the blood residence time of oxaliplatin and other
platinum drugs, and target those drugs to solid tumors by taking
advantage of the enhanced permeability and retention (EPR)
effect [4]. Liposomes and macromolecular carriers (water
soluble polymer—drug conjugates) have been the first attempts



H. Cabral et al. / Journal of Controlled Release 121 (2007) 146-155 147
(e}
n m" NH, ~ 2/"‘zO
+ Pt
NH, / \ H,O Waier, 37°C o
HO [o]

PEG-b-P(Glu) DACHR aquoous complex WMD

n=272 Pt

m=20,40.70 N\ 007 ™\ wy,

ras

Fig. 1. Formation of DACHPt-loaded micelle (DACHPt/m).

to be considered [5-11]. However, successful formulations
have not been developed yet due to unfavorable properties of
platinum drugs. For example, the low water solubility of plati-
num drugs limits their loading efficacy into liposomal formu-
lations. (only” 1 to 7% of drug loading). Moreover, liposomes
incorporating the drug in the lipid bilayer showed rapid leakage
of the drugs during storage and in the bloodstream [6]. In the
case of macromolecular-drug formulations at high substitution
ratios, they show reduced solubility due to the enlarged cohe-
sive forces and to the cross-linking formation between polymer
chains [8].

A novel approach to the design of nanocarriers for platinum
drugs has been utilizing polymeric micelles [12-15]. Polymeric
micelles present unique advantages over other types of drug-
carrier systems: (i) prolonged blood circulation due to the
efficient stealthy behavior of the dense shell of poly(ethylene
glycol) (PEG), which hinders the adsorption of plasma proteins
on the surface of the nanostructure and avoids recognition by
the reticuloendothelial system (RES); (if) easiness in encapsu-
* lating different compounds by modulating the micelle-forming
block copolymers; (iii) reduced cumulative toxicity because of
the micellar self-dissociation into unimers with molecular
weight lower than that of the threshold of glomerular excretion;
(iv) simplicity in size control by changing the chemical
composition of block copolymers; (v) deeper tumor penetration
due to the sub-100 nm size; (vi) facile management of the drug
release in a controlled and environment-sensitive manner by
modification of the drug-polymer system; and (vii) improved
targeting capability by conjugating pilot molecules on the
surface of micelles.

The first generation of platinum-drug-loaded micelles was
prepared by the metal-complex formation between cis-dichlor-
odiammineplatinum(Il) (cisplatin, CDDP) and poly(ethylene
glycol)-b-poly(amino acid) block copolymers [16-21]. The
exceptional physicochemical and biological properties of the
CDDP-loaded micelle indicate them as an outstanding delivery
system for CDDP complexes and a phase I clinical trial is being
performed in United Kingdom (NC-6004, Nanocarrier, Japan).
More recently, new platinum-drug-loaded polymeric micelles
incorporating the oxaliplatin active complex were prepared by
the complexation of dichloro(1,2-diaminocyclohexane)plati-
num(Il) (DACHPt) with PEG-5-P(Glu) [22]. Previous studies

demonstrated that the DACHPt-loaded micelle (DACHPt/m)
might maintain its micellar structure for approximately 10 days
in 10 mM PBS plus 150 mM NaCl, considerably longer than the
stability of the CDDP-loaded micelles (ca 50 h) under the same
conditions, while the drug was released from the micelle core in
a sustained manner. Moreover, DACHPtm showed remarkably
prolonged blood circulation and more than 20-fold greater accu-
mulation in tumor tissue compared to free oxaliplatin. According
to these results, DACHPt/m seems to be an exceptionally prom-
ising carrier for the active complexes of oxaliplatin. ,

Herein, the in vitro and in vivo biological properties of
DACHPt/m prepared with poly(ethylene glycol)-b-poly(glutamic
acid) [PEG-b-P(Glu)] were studied with the aim of optimizing the
biological performance of the micelle. Thus, PEG--P(Glu) having
different P(Glu) block lengths (20, 40, and 70 U) were synthesized
and used for the micelle preparation. DACHPt/m was phisico-
chemically characterized to determine the size, size distribution,
zeta-potential, drug loading, and weight fraction of block
copolymer. The in vivo behavior of DACHPt/m was assessed by
the biodistribution and antitumor activity experiments using CDF,
mice bearing the murine colon adenocarcinoma 26 (C-26).
Although oxaliplatin had shown low efficacy against this tumor
model [23], we found that DACHPtm considerably increased the
antitumor activity of the drug, probably by maintaining high'drug
levels within the tumor for a prolonged period. Furthermore, since
chemotherapy is used in patients with metastatic disease and all the
established therapies reveal poor efficiency at the late stage of the
disease [24], new therapeutic strategies are urgently needed.
Moreover, given that the very low prognosis of late-stage cervical _
carcinoma [25] (5 years after treatment 15% or fewer of women
with stage IV cancer survive) is mainly due to metastasis to the
abdomen or the lungs, the antitumor activity of DACHPt/'m was
evaluated - against a bioluminescent intraperitoneal metastatic
tumor model of cervical cancer.

2. Experimental
2.1. Materials
v-benzyl L-glutamate was purchased from Sigma Chemical

(St. Louis, MO). Bis(trichloromethyl)carbonate (triphosgene)
was purchased from Tokyo Kasei Kogyo (Tokyo, Japan). N,N-
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Table 1 R Table 2

DACHPt-loaded micelles (DACHPY/m) size, zeta-potential and drug loading Accumulation ratios and area under the curve (AUC) ratios between tumor and

Micelle Size(nm) Zeta-potential(mV) Drug loading, nor:g}l{:urgax:s at :r:dh .?hﬁi;;rE(a;d;n;n lét;m]?; zg D:?rl;cl?t-!ozll.dt;,dﬁ micelles

formulation [DACHP[Gly] m)” prepared wi -b-P(Glu) 12-40 and free oxaliplatin

DACHPYm 12-20 37 _3 0317 Drug Accumulation ratio AUC ratio®

DACHPYm 12-40 40 -4 0.323 Tumor/ Tumor/ Tumor/ Tumor/ Tumor/ Tumor/

DACHPYm 12-70 41 -4 0.288 liver spleen kidney liver spleen -kidney
DACHPtYm 12-40 1.25 1.26 39 1.25 1.53 3.12
Oxaliplatin 0.9 0.18 0.42 1.1 0.32 0.9

dimethylformamide (DMF) and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were obtained from
Wako Pure Chemical (Osaka, Japan). Dichloro(1,2-diammino-
cyclohexane)platinum(Il) (DACHPt) and AgNO; were pur-
chased from Aldrich Chemical (Milwaukee, WI). a-methoxy-
o-aminopoly(ethylene glycol) (CH;0-PEG-NH,; Mw=
12,000) was purchased from Nippon OQil and Fats (Tokyo,
Japan).

2.2. Cell lines and animals

Murine colon adenocarcinoma 26 (C-26) cells were kindly
supplied by the National Cancer Center (Tokyo, Japan). C-26
cells were maintained in RPMI 1640 medium (Sigma Chemical)
containing 10% fetal bovine serum in a humidified atmosphere
containing 5% CO; at 37 °C. Bioluminescent HeLa (HeLa-Luc)
cells were purchased from Xenogen (Alameda, CA). Luciferase
stable-HeLa-Luc cells were maintained in Dulbecco’s Modified
Eagle Medium (Sigma Chemical Co., Inc.) containing 10% fetal

14

* Dose: 0.1 mg per mouse on Pt basis.
® AUC calculated by trapezoidal rule up to 48 h.

bovine serum in a humidified atmosphere containing 5% CO, at
37 °C for no more than two weeks to assure luciferase lumi-
nescence stability.

Severe Combined Immunodeficiency (SCID) and CDF,
mice (female; 18-20 g body weight; 6 weeks old) were pur-
chased from Charles River Japan (Kanagawa, Japan). All
animal experiments were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals as stated by
the NTH. Sterile procedures were followed to assure that SCID
mice were disease-free.

2.3. Preparation of PEG-b-P(Glu)

PEG-b4-P(Glu) block copolymers were synthesized in
accordance with the previously described synthetic method
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Fig. 2. Biodistribution of oxaliplatin ((J) and DACHPt-loaded micelle (DACHPt/m) prepared with PEG-b-P(Glu) 12-40 (l): A. Kidney; B. Liver; C. Spleen;

D. Tumor; E. Muscle. Data are expressed as averages+S.D.
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{20] with a minor modification. Briefly, the N-carboxy
anhydride of <y-benzyl L-glutamate was synthesized by the
Fuchs—Farthing method using triphosgene. Then, N-carboxy
anhydride of y-benzyl L-glutamate was polymerized in DMF,
initiated by the primary amino group of CH;0-PEG-NH,, to
obtain PEG-b-poly(y-benzyl L-glutamate). (PEG-5-PBLG)
block copolymer with different PBLG block lengths (20, 40,
and 70 U). The molecular weight distribution of PEG-5-PBLG
was determined by gel permeation chromatography [column:
TSK-gel G3000yur, G4000y4R . (Tosoh, Yamaguchi, Japan);
eluent: DMF containing 10 mM LiCl; flow rate: 0.8 ml/min;
detector: refractive index (RI); temperature: 25 °C]. The poly-
merization degree of PBLG was verified by comparing the
proton ratios of methylene units in PEG (-OCH,CH,-:
6=3.7 ppm) and phenyl groups of PBLG (-CH,C¢Hs:
8=17.3 ppm) in '"H-NMR measurement [JEOL EX270 (JEOL,
Tokyo, Japan); solvent: DMSO-dg; temperature: 80 °C). PEG-
b-PBLG was deprotected by mixing with 0.5 N NaOH at room
temperature to obtain PEG-5-P(Glu). Complete deprotection
was confirmed by 'H-NMR measurement (solvent: D,O;
temperature: 25 °C). The compositions of PEG-5-P(Glu) are
abbreviated as PEG-5-P(Glu) 12-20, PEG-4-P(Glu) 12-40 and
PEG-5-P(Glu) 12-70 for the different P(Glu) block lengths (20,
40, and 70 U, respectively).

2.4. Preparation of DACHPt-loaded micelles (DACHPt/m)

DACHPt/m were prepared according to a previously
described method [22]. Briefly, DACHPt (S mM) was suspended
in distilled water and mixed with silver nitrate ([AgNOs)/
[DACHPt]=1) to form an aqueous complex. The solution was
kept in the dark at 25 °C for 24 h. AgCl precipitates found after
the reaction were eliminated by centrifugation. Afterward, the
supernatant was purified by passage through a 0.22 pm filter.
Then, PEG-b-P(Glu) 12-20, 12-40, or 12-70 ([Glu]= 5 mmol/
liter) was added to DACHPt aqueous complex solution
([DACHPt)/[Glu]=1.0) and reacted for 120 h to prepare
DACHPt/m. The prepared micelles were purified by ultrafiltra-
tion [molecular weight cutoff size (MWCO): 100,000]. The size
distribution of DACHPt/m was evaluated by the dynamic light
scattering (DLS) measurement at 25 °C using a Photal DLS-
7000 dynamic laser scattering spectrometer (Otsuka Electronics,
Osaka, Japan). The zeta-potential of DACHPtYm was deter-
mined using a Zetasizer Nano ZS90 (Malvem Instruments,
Worcestershire, United Kingdom). The Pt content of the micelles
was determined by an ion coupled plasma-mass spectrometer
(4500 ICP-MS; Hewlett Packard, Palo Alto, CA).

2.5. Biodistribution

In order to analyze the fate of oxaliplatin and DACHPt/m in
vivo, CDF| mice (female, n=6) were injected subcutaneously
with C-26 cells (1x10° cells/ml). Fourteen days later,
oxaliplatin or DACHPtm prepared with PEG-5-P(Glu) 1240
were intravenously injected by the tail vein at a dose of 100 ug/
mouse on 2 platinum basis. Mice were sacrificed after defined
time periods (1, 4, 8, 24, 48, and 72 h).

To assess the effect of formulation on the tissue distribution,
CDF; mice (female, n=6) bearing s.c. C-26 tumors were
intravenously administered oxaliplatin or DACHPt/m prepared
with PEG-b-P(Glu) with different P(Glu) lengths (20, 40, and

A

% Injectad dosalg fissue

% injected doselg tissue

Relative Pt accumutation

Relative P1 accumulation
w

0

Fig. 3. Biodistribution of DACHPt-loaded micelle (DACHPYm) prepared with
PEG-b-P(Glu) 12-20(N), PEG-b-P(Glu) 12-40(2), PEG-b-P(Glu) 12-70(M)
and oxaliplatin ([3): A. 24 h; B.48 h; C. 24 h tumor/organ ratio; D. 48 h tumor/
organ ratio. Data are expressed as averages+S.D.
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70 U) at 100 pg/mouse on a platinum basis. Mice were
sacrificed at 24 and 48 h post-incubation.

Tumor, liver, kidney, spleen, and muscle were collected.
Blood was collected from the inferior vena cava, heparinized
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and centrifuged to obtain the plasma. Tissue samples were
washed in ice-cold saline and weighed after removing excess
fluid. All samples were dissolved in HNO; and evaporated to
dryness. The Pt concentration was measured by ICP-MS after
the samples were redissolved in 5 N HCL. The area under the
curve (AUC) was calculated by the trapezoidal rule.

2.6. Antitumor activity assay

CDF, mice (female, n=6) were inoculated subcutaneously
with C-26 cells (1 x 10° cells/ml). Tumors were allowed to grow
for 1 week (the size of tumor at this point was approximately
30 mm> or 100 mm?>). Subsequently, mice were treated i.v. 4
times at 2-day intervals at doses of 2, 4, 6 and 10 mg/kg of
oxaliplatin or 2, 4 and 6 mg/kg (on a platinum base) of
DACHPt/m prepared with PEG-b-P(Glu) 12-20 or PEG-b-P
(Glu) 12-40. The antitumor activity was evaluated in terms of
tumor size (¥), as estimated by the following equation:

V =axb*/2

where a and b are the major and minor axes of the tumor
measured by a caliper, respectively. The body weight was
measured simultaneously and was taken as a parameter of
systemic toxicity. The statistical analysis of animal data was
carried out by the unpaired s-test.

2.7. Antitumor activity in a bioluminescent intraperitoneal
metastasis model

SCID mice (female, n=5) were inoculated intraperitoneally
with Hela-Luc cells (5% 10° cells/ml). Tumors were allowed to
grow for 3 days. Subsequently, mice were treated i.v. 3 times at
2-day intervals at doses of 4 and 6 mg/kg (on a platinum base)
of oxaliplatin or DACHPt/m prepared with PEG-b-P(Glu) 12—
20. In vivo bioluminescent imaging (BLI) was performed with
an IVIS Imaging System (Xenogen) comprised of a highly
sensitive, cooled CCD camera mounted in a light-tight speci-
men box. Images and measurements of bioluminescent signals
were acquired and analyzed using Living Image software
(Xenogen). Ten minutes prior to in vivo imaging, animals re-
ceived the substrate D-luciferin (Biosynth) at 150 mg/kg in PBS
by intraperitoneal injection and were anesthetized using 1-3%
isoflurane (Abbott Laboratories, North Chicago, IL). Animals
were placed onto a warmed stage inside the camera box and
received continuous exposure to 1-2% isoflurane to sustain
sedation during imaging. Imaging times ranged from 10 to 60's,
depending on the bioluminescence of the metastatic lesions.
Five mice were imaged at a time. Tumor growth was monitored

Fig. 4. Antitumor activity of DACHPt-loaded micelle (DACHPt/m) prepared
with PEG-5-P(Glu) 12-40 against s.c. C-26 tumor model (n=5). Saline(x);
oxaliplatin at 6 mg/kg(A); 4 mg/kg(<O); 2 mg/kg(d). DACHPt-loaded micelle
(DACHPt/m) 12-40 at 6 mg/kg(A); 4 mg/kg(®); 2 mgkg(l). A. Tumor
volume (mm’) for oxaliplatin treatment; B. Relative body weight of mice for
oxaliplatin treatment; C. Tumor volume (mm®) for DACHPYm treatment;
D. Relative body weight of mice for DACHPt/m treatment. Data are expressed
as averages+S.D. *Toxic death. **p<0.001.
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by BLI every second day for 18 days. The light emitted from the
bioluminescent tumors was detected in vivo by the IVIS
Imaging System, was digitized and electronically displayed as a
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pseudocolor overlay onto a gray scale animal image. Regions of
interest (ROI) from displayed images were drawn around the
tumor sites and quantified as photons/second using the Living
Image software. The statistical analysis of animal data was
carried out by the unpaired z-test.

3. Results
3.1. Micelle characterization

The metal-polymer complex formation between DACHPt
and the carboxylic group of the p(Glu) in the PEG-5-P(Glu) led
to the formation of narrowly distributed micellar assemblies
(Fig. 1) with average diameters of approximately 40 nm
(Table 1). The increase in the length of the p(Glu) block slightly
enlarged the diameter of DACHPt/m (Table 1). The drug con-
tent in the micelles was determined to be remarkably high in all
the micelle formulations (Table 1). The [DACHPt)/[Glu] molar
ratios in DACHPt/m were found to be similar for all the
formulations.

3.2. Biodistribution

3.2.1. Biodistribution of free oxaliplatin and DACHPt/m

. prepared with PEG-b-P(Glu) 12-40

The biodistribution study was performed on CDF; mice
(n=6) bearing s.c. C-26 tumors. Oxaliplatin or DACHPt/m
prepared with PEG-b-P(Glu) 12-40 were i.v. injected. In
previous studies, DACHPt/m prepared with PEG-b-P(Glu) 12~
40 have shown remarkably prolonged blood circulation, where-
as free oxaliplatin was promptly removed from circulation. The
Pt in plasma was determined to be 15% of the injected dose at
24 h post-injection, and more than 8% even at 48 h after
injection for DACHPt/m [22]. This prolonged blood circulation
of DACHPt/m was reasonably associated with the high kinetic
stability of the micelles in phosphate buffered saline at 37 °C
[22].

The accumulations of oxaliplatin and DACHPt/m in normal
tissues (kidney, liver, spleen, and muscle) and solid tumor (C-26
cells) are shown in Fig. 2. Oxaliplatin was rapidly distributed to
each organ in agreement with its rapid plasma clearance. In
contrast, DACHPt/m showed cumulative accumulation in each
organ and solid tumor (p<0.001) due to its remarkably pro-
longed blood circulation time, and the Pt level in the liver,
spleen, and tumor continuously increased up to approximately
48 h after injection (Fig. 2). Consequently, the DACHPt/m
exhibited 20-, 4-, and 25-fold higher accumulation in the liver,
spleen, and tumor, respectively, than oxaliplatin at 48 h after
injection. To assess the selectivity to the solid tumor, the

Fig. 5. Antitumor activity of DACHPt-loaded micelle (DACHPt¢/m) prepared
with PEG-b-P(Glu) 12-20 against s.c. C-26 tumor model (n=6). Saline(x);
oxaliplatin at 10 mg/kg(O); 6 mg/kg(A); 4 mg/ke(<); 2 mg/kg((). DACHPt-
loaded micelle (DACHPt/m) 12-20 at 6 mg/kg(A); 4 mg/kg(®); 2 mg/kg(W).
A. Tumor volume (mm?’) for oxaliplatin treatment; B. Relative body weight of
mice for oxaliplatin treatment; C. Tumor volume (mm’) for DACHPYm
treatment; D. Relative body weight of mice for DACHPt/m treatment. Data are
expressed as averages+S.D. *Toxic death. **p<0.01. ***p<0.005.
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accumulation ratios and area under the Pt concentration-time
curve (AUC) ratios of the tumor to normal tissues at 48 h after
injection are summarized in Table 2. The area under the Pt
concentration-time curve was calculated based on the trapezoi-
dal rule up to 48 h. As shown in Table 2, the tumor to kidney,
liver and spleen ratios were lower than 1 for oxaliplatin,
suggesting no selectivity to the tumor. In contrast, the DACHPY/
m exhibited accumulation and AUC ratios higher than 1.0,
suggesting its selective accumulation in the tumor.

3.2.2. Effect of P(Glu) block length on the biodistribution of
micelles :

The biodistribution of the micelles prepared from PEG-b-P
(Glu) with different p(Glu) block units in tumor-bearing mice
was examined and is shown in Fig. 3. The Pt accumulation
levels were studied at 24 and 48 h. All the DACHPt/m for-
mulations showed elevated Pt levels at the tumor (Fig. 3A and
B). Importantly, the amount of Pt in liver was directly correlated
with the length of the p(Glu) block forming DACHPt/m. The
tumor targeting efficiency of the micelles was estimated by
calculating the ratio of the accumulated dose in the tumor site
against the accumulated dose in the organs (Fig. 3C and D).
From these results, DACHPt delivery to the tumor site by a
micellar carrier seems to be extremely efficient, since all the
micelles showed higher tumor/organ accumulation ratios. This
efficiency was maximized for the PEG-5-P(Glu) 12~20-micelle
formulation showing the lowest non-specific accumulation in

normal tissues, thus achieving the highest relative tumor
targeting. Such enhanced tumor targeting will permit expanding
the therapeutic window of the micelle.

3.3. Antitumor activity

To evaluate the antitumor activity of DACHPtY/m, CDF1
mice (n=6) bearing subcutaneous C-26 cells were treated i.v.
four times at 2-day intervals with oxaliplatin at doses of 2, 4, 6,
and 10 mg/kg or DACHPt/m (prepared with PEG-5-P(Glu) 12—
40 and 12-20) at doses of 2, 4, and 6 mg/kg on a Pt basis. Each
drug was intravenously injected on days 7, 9, 11, and 13 after
inoculation, and the tumor volume after the treatment by
oxaliplatin or DACHPt/m with PEG-6-P(Glu) 12-40 and 12-
20 is shown in Figs. 4 and 5 (A and C), respectively. The
relative body weight after the treatment was also monitored and
shown in Figs. 4 and 5 (B and D).

The mice treated with 10 mg/kg of oxaliplatin showed toxic
death after the fourth injection. Although animals treated with
lower oxaliplatin doses did not show significant body weight
loss, no inhibition of the tumor growth rate was observed
(p>0.05). In contrast, the mice treated with 2 mg/kg of
DACHPt/m prepared with PEG-b-P(Glu) 12-40 achieved
significant reduction in the tumor growth rate (p<0.001 at
day 14) without showing any body weight loss (Fig. 4C and D).
Even higher tumor growth inhibition was observed for the
mice treated with 4 mg/kg of PEG-56-P(Glu) 12—40 DACHPt/m
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Fig. 6. Antitumor activity of DACHPt-loaded micelle (DACHPt/m) prepared with PEG-b-P(Glu) 12-20 against i.p. HeLa-Luc metastases (n=5). A. Relative photon
flux from intraperitoneal metastatic sites of HeLa-luc in vivo treated with oxaliplatin or DACHPt-loaded micelle (DACHPt/m): Saline(x); oxaliplatin at 6 mg/kg(A);
4 mg/kg(#); DACHPt/m 12-20 at 6 mg/kg(A); 4 mg/kg(Q). Data are expressed as averages+S.D. In vivo bioluminescent images from HeLa-Luc i.p metastases at

day 15: B. Saline; C. oxaliplatin 6 mg/kg; D. DACHPt/m 12-20 at 6 mg/kg.
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(p<0.001 at day 14); however, the 20% body weight loss after
fourth injection suggests toxicity intensification. Increasing the
DACHPt¢/m dose to 6 mg/kg resulted in 4 toxic deaths at day 8.
The PEG-5-P(Glu) 12-20 micelle formulation reduced the
toxicity while retaining the antitumor activity of the micelle
(Fig. 5C and D). At 2 mg/kg or 4 mg/kg, this micelle for-
mulation showed improved antitumor effect (p<0.05 at day 15
for 2 mg/kg; p<0.01 at day 15 for 4 mg/kg) compared with
oxaliplatin without showing any body weight loss. At 6 mg/kg,
the best tumor growth rate reduction was achieved (p <0.005 at
day 15). The highest dose of this formulation in this experiment
did not reach the lethal dose. Thus, PEG-b-P(Glu) 12-20
formulation for DACHPtYm seems to radically reduce drug
toxicity with maintaining its potent antitumor effect, thus
enlarging the therapeutic window. In addition, toxic death with
DACHPt/m appeared at lower drug equivalent concentration
than with oxaliplatin mainly due to the extremely high plasma
AUC of DACHPt/m [22], but also because oxaliplatin is a
prodrug of DACHPt. Thus, even though the drug equivalent of
DACHPt/m to induce toxic death should be compared with
DACHPY, it is very difficult to administer DACHPt alone due to
its poor solubility.

Since DACHPt/m prepared with PEG-P(Glu) 12-70 showed
higher accumulation to the liver and spleen than DACHPt/m
prepared from PEG-P(Gh) 12-20 and 1240, it will probably
not increase the efficiency of the carrier. Therefore, its antitumor
activity was not tested.

3.4. Antitumor activity in a bioluminescent intraperitoneal
metastasis model

To evaluate the in vivo antitumor effect of DACHPt/m on
multiple metastases generated from i.p inoculated Hela-Luc cells,
SCID mice (n=5) were treated with free oxaliplatin or DACHPY/
m beginning on day 4 post-injection. Mice with images indicating
a successful i.p. inoculation on day 0 and showing in vivo
evidence of metastasis by day 4 were placed in the drug treatment
group. Free oxaliplatin or DACHPt/m were administered i.v a
total of three times on day 0, 2, and 4. To quantify the
bioluminescent data from metastasis, the photons emitted from
the ROI in the whole animal (ventral images) were measured. The
mean total photons/s were calculated from all mice. The in vivo
bioluminescent data indicated that there was a 10-to 50-fold drop
in the signal after DACHPt/m treatment (Fig. 6A). Images taken
on day 15 (Fig. 6B, C, and D) indicated that DACHPt/m reduced
tumor spreading in the peritoneal cavity, showing their strong
growth inhibitory effect against the metastatic tumors.

4. Discussion

DACHPt/m were designed to have an extended blood
circulation and a selective and high accumulation at the tumor
site by the EPR effect. The average diameter of 40 nm and the
hydrophilic PEG shell surrounding the micelle core are
determinant features of DACHPt/m to avoid the uptake by the
RES. Moreover, the sub-100 nm size of micellar nanocarriers
might be optimal to achieve a remarkably high tumor extra-

vasation efficiency and deep tumor penetration regardless of the
tumor type [26]. The pharmacokinetic parameters of polymeric
micelles are significantly modulated by the copolymer archi-
tecture. In this regard, the length of the micelle core-forming
block not only determines the drug loading capacity of the
micelle but also contributes largely to the physicochemical
properties of the micelles, whereas PEG length and PEG surface
density of micelles have been strongly associated with their
long-circulating properties {27,28]. In this study, we prepared
DACHPt/m using PEG-b-P(Glu) bearing different lengths of p
(Glu) chain. We found that this variation considerably
influences the biodistribution of micelles and thereby their
antitumor activity as well as the final therapeutic window.

Drug dosage in chemotherapy is decided in part based on the
competing goals of maximizing the death of malignant cells
while minimizing damage to healthy cells. In the case of
oxaliplatin, the major and most frequent dose-limiting toxicity
observed in clinical trials was neurotoxicity [1]. Toxicological
studies performed on rats with cisplatin and oxaliplatin demon-
strated that the main target of neurotoxicity was the dorsal root
ganglion (DRG) [29]. Although cisplatin accumulated in the
DRG at a higher extent than oxaliplatin, the latter displayed
more morphometric changes to the DRG after an 8-week
recovery period, and this was correlated with a greater retention
of oxaliplatin by the DRG in comparison with cisplatin. In
contrast, neurotoxic studies revealed that CDDP-loaded mi-
celles did not show any neurotoxicity or neuronal degeneration
in rats [21]. This result might be attributed to the marked
restriction of platinum accumulation into nervous tissue for the
CDDP-loaded micelle, owing to the micelle size and its hy-
drophilic surface. Since CDDP-loaded micelles and DACHPt/m
showed comparable prolonged blood circulation, preferential
tumor targeting, and low accumulation in organs (Fig. 2) [20],
similar reduction in the platinum accumulation at nervous tissue
should be expected for DACHPt/m. Moreover, it has also been
suggested that the oxalate group on oxaliplatin might immo-
bilize calcium ions, thereby altering the amplitude of voltage-
gated sodium channels of neurons [30]. The absence of an
oxalate group in the DACHPt/m formulations eliminates this
kind of neuronal damage.

The use of oxaliplatin is also associated with the development
of severe sinusoidal injury, an aspect that had not been considered
in the earlier clinical trials of oxaliplatin [31,32]. In this regard, the
CDDP-loaded micelle prepared with PEG-b-P(Glu) 12-40 has
shown transient hepatic dysfunction in rats directly related to
accumulation of the micelle in liver [21]. In the present study,
DACHPYm prepared with PEG-5-P(Glu) 12-40 showed biphasic
behavior in liver accumulation, and the Pt level in the liver
remarkably increased after 8 h post-injection (Fig. 2B). Thus, the
avoidance of liver uptake would be critical for the development of
a clinically effective DACHPt/m formulation. We previously
reported that the CDDP-loaded micelles also showed rapid
accumulation of the micelle in the liver due to the morphological
changes of the micelle accompanied by the release of CDDP
during circulation [20]. However, such liver accumulation of the
CDDP-loaded micelles was reduced for the micelle formulation
from PEG-b-P(Glu) with a longer PEG segment [20]. Thus, the
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coverage of the nanoparticles with PEG palisades is likely to be a
crucial factor in the reduced liver accumulation. In this study, we
evaluated the effects of the P(Glu) lengths of PEG-5-P(Glu) on the
accumulation of the micelles in normal tissues and tumors. As a
result, the micelles prepared with PEG-b-P(Glu) 12-20 showed
considerably reduced accumnulation in the liver (Fig. 3), resulting
in critically reduced toxicity and, in particular, permitted a dosage
increase (Fig. 5). Possibly, the use of PEG-5-P(Glu) with shorter P
(Glu) segments may allow the formation of DACHPt/m with
effective surface coverage by PEG probably due to reduced
micellar core size, leading to reduction of the liver accumulation
of the micelles.

DACHPt/m, prepared with PEG-b-P(Glu) 12-40 or 12-20,
presented a remarkable, statistically relevant in vivo antitumor
activity (Figs. 4 and 5), whereas free oxaliplatin failed to
suppress tumor growth. The improved performance of
DACHPt/m could be attributed to several aspects. The most
distinguishable one is the high and preferential accumulation of
DACHPt/m in the tumor due to the prolonged circulation of
micelles in the bloodstream as well as the aforementioned EPR
effect. In this study, DACHPt/m showed 10 times higher tumor
accumulation than free oxaliplatin after 24-h post-injection, and
such accumulation was maintained for an extended period
(Figs. 2 and 3). On the other hand, free oxaliplatin was rapidly
cleared from the bloodstream and the drug level at the tumor site
was particularly low (Fig. 2). This accumulation level may be
lower than the minimal amount needed to attain an efficient in
vivo antitumor activity.

The avoidance of permanent drug inactivation by protein
binding through the complexation of the platinum to the
carboxylic groups in the micelle core could also be responsible
for the improved biological performance of DACHPYm over
oxaliplatin. It was previously reported that, immediately after a
1 h infusion of oxaliplatin, approximately 5-30% of the drug is
unbound, 10-30% is protein-bound, and 40% form complexes
with hemoglobin and small molecular weight compounds in
erythrocytes. Three hours later, no oxaliplatin is detectable in the
plasma ultrafiltrate and only 10% is detectable in urine [33,34].
Furthermore, as many as 17 biotransformation products of
oxaliplatin have been described (conjugation with methionine,
cysteine, glutathione, and other low molecular weight species),
but only the minor complexes DACHP{CL,, [DACHPt(H,0)CI]*
and [DACHPt(H,0),}*" retain the ability to bind to DNA to exert
the cytotoxic activity [35,36]. Among them, the dihydroxy
product of oxaliplatin has been shown to have significantly
greater cellular uptake and cytotoxic properties than its parent
compound [37]. However, it represents a very small amount of the
total plasma platinum pool after oxaliplatin administration, and
therefore might not be a determinant for oxaliplatin cytotoxicity.
Moreover, the formation process of [DACHPt(H,0),]** involves
the formation of a reversible intermediate, oxalato monodentate
compound, and the dissociation constant for the ring-opening step
is below physiological pH (pKa=7.16). This implies that at
physiological pH, the reaction favors the deprotonation of the
open-ring form and the subsequent formation of the dihydroxy
complex, whereas under the acidic conditions of solid tumors,
ring-closure is favored and the rapid formation of oxaliplatin

would be expected [38]. For DACHPt/m, the biotransformation
products might be considerably different from those of
oxaliplatin, and probably affect the in vivo performance of the
drug. Since the discharge of DACHPt products from the micelle
core occurs only after cleavage of the polymer-metal complex by
chloride ions, and this release is enhanced at low pH, DACHPt/m
probably set up conditions that favor the formation of active
complexes of oxaliplatin, including the highly active [DACHPt
(H,0),)*", leading to an improved efficacy of the drug. Moreover,
selective intracellular release of DACHPt complexes might occur
after internalization of the micelles by endocytosis in cancer cells.
As a result, DACHPt complexes may avoid extracellular
inactivation and may readily induced intracellular damage.

Since systemic chemotherapy is not regarded as curative in
patients with metastatic tumors and all the established thera-
pies show low efficiency at the late stage of the disease, the
antitumor activity of DACHPt/m against an i.p. metastatic
tumor model was evaluated to test the potential use of micelles
as a therapeutic strategy. Monitoring the development of me-
tastatic disease is currently possible in vivo with the use of
small animal imaging technologies including bioluminescent
imaging. The results demonstrate that free oxaliplatin failed to
suppress HeLa-Luc metastatic growth at any dose, whereas
DACHPt/m showed a high antitumor activity while controlling
tumor dissemination in the peritoneal cavity. This marked
difference could be correlated to the extended blood circulation
and preferential tumor accumulation of DACHPtm, although
further experiments are necessary to determine the effect of the
metastatic disposition on the efficiency of the micelle. The
present results revealed that DACHPt/m has a high level of
antitumor activity not only on primary solid tumors but also
against metastatic tumors, suggesting that DACHPt/m could be
an outstanding drug delivery system for metastasis treatment.

In conclusion, we have demonstrated that decreasing the
length of the core-forming block of DACHPt/m augmented
their tumor specificity and drastically diminished their toxicity.
Moreover, the high and preferential accumulation of the
micelles at the tumor site resulted in considerable antitumor
activity of DACHPt/m against primary and metastatic tumor
models. Thus, DACHPt/m might be an exceptional drug
delivery system for oxaliplatin active complexes.
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Abstract

Polyplexes consisting of plasmid DNA and polycations have received much attention as promising vectors for gene transfer. For effective gene
therapy, polycations with different polyamine structures in the side chain were developed to ensure their buffering capacity for endosomal escape, and
their PEGylated block copolymers were developed to increase their stability and biocompatibility. The effects of the chemical structures of
polycations and their PEGylation on transfection and cytotoxicity were elucidated by use of a three-dimensional multicellular tumor spheroid of
human hepatoma HuH-7 cells. Various features of transfection with polyplex micelles, which have been hard to observe in conventional monolayer
cultures, were revealed by the multicellular tumor spheroid (MCTS) model in terms of cytotoxicity and time-dependent behaviors of transfected gene
expression under three-dimensional microenvironments. By using this system, the polyplex micelle from poly(ethylene glycol)-b-poly(N-substituted
asparagine) copolymers having the N-(2-aminoethyl)-2-aminoethyl group in the side chain (PEG-b-P[Asp(DET)] polyplex micelle) was proved to
achieve high transfection efficiencies as well as low cytotoxicity, both of which are critical properties for successful in vivo gene delivery.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Non-viral gene vector; Block copolymer; Polyplex micelle; Spheroid

1. Introduction protect pPDNA from rapid nucleolytic degradation, and facilitate its

cellular uptake in order to achieve effective gene delivery [4-6]. Itis

A variety of non-viral polymeric gene vectors have received
much attention in the past decade [1-3] for the delivery of genetic
materials to the targeted cells in an effective and safe manner.
Especially, the polyplexes formed by the electrostatic interaction
between plasmid DNA (pDNA) and polycations have been
designed to condense pDNA by shielding its negative charges,
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well known that the chemical structures of polycations in polyplex
systems play important roles in transfection efficiency. In this
regard, polyethylenimine (PEI)-based polyplexes have been shown
to be highly transfectable, presumably through the buffering of the
endosomal cavity (i.e., so-called proton sponge effect) [2]. One of
the advantages of polyplex systems is the possibility of various
structural modifications to improve the stability and transfection
efficiency of the polyplexes. Among such modifications, PEGyla-
tion [modification with poly(ethylene glycol)(PEG)] of polycations
is a promising way to realize systemic gene delivery due to the
improved stability of polyplexes in biological media [7-10].
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A typical PEGylated polyplex is a core-shell type polyplex
(polyplex micelle) formed through the electrostatic interaction
between pDNA and PEG-block-polycation copolymers. Poly-
plex micelles have been demonstrated to show high colloidal
stability under biological media and substantial transfection
activity against various cells even after preincubation with
serum proteins [11,12]. Moreover, polyplex micelles showed
prolonged blood circulation and in vivo gene transfer to liver
[5,13]. The chemical structures of polycations in block
copolymers substantially affect the capability of polyplexes as
efficient gene vectors. In this regard, we recently reported the
development of highly transfectable but remarkably low
cytotoxic PEG-block-polycation copolymers: PEG-b-poly(N-
substituted asparagine) copolymers having the N-(2-ami-
noethyl)-2-aminoethyl group in the side chain (PEG-b-P[Asp
(DET)]) [14]. Polyplex micelles from PEG-b-P[Asp(DET)]
showed efficient and non-toxic transfection to several primary
cells including endothelial and smooth muscle cells, which are
sensitive to the polyplex-induced cytotoxicity, and successful
gene transfection in vivo to vascular lesions [15]. Thus, the
PEG-b-P[Asp(DET)] polyplex micelle is expected to be a
potent non-viral vector for in vivo gene delivery.

The unique feature of the PEG-b-P[Asp(DET)] polyplex
micelle to achieve appreciably high transfection efficacy with
substantially lowered toxicity motivated us to further clarify the
effects of PEGylation and the chemical structures of poly-

asparagine-based polyplexes on their transfection and cytotoxic .

behaviors. For this purpose, we have compared here two types
of polyasparagine-based polycations having a subtle difference
in the number of methylene units in the side chain: N-(2-
aminoethyl)-2-aminoethyl group (P[Asp(DET)]) and N-(3-
aminopropyl)-3-aminopropyl group (P[Asp(DPT)]). Further-
more, to explore the effect of PEGylation on polyplex behavior,
two types of PEG-b-cationic polyasparagines, PEG-b-P[Asp
(DET)] and PEG-b-P[Asp(DPT)], were prepared for the
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Scheme 1. Chemical structures of polycations.

construction of polyplex micelles (Scheme 1). The transfection
activity and cytotoxicity of polyplexes and polyplex micelles
were evaluated with multicellular tumor spheroids (MCTS) as
well as conventional monolayer culture cells. We focus on
MCTS here because they are known to be very useful three-
dimensional in vitro tumor models, representing morphological
and functional features of in vivo avascular solid tumors, and
because they are characterized by prolonged viable spans with
actively proliferating outer cell layers [16]. Recently, Mellor et al.
applied the transfection of polyethylenimine-based polyplexes to
the MCTS with the relatively large size (~474 um) to assess the
penetration of the polyplexes inside the spheroids, approaching
the issue of polyplex percolation in actual in vivo tissues [17]. In
the present study, we focused on the MCTS with the relatively
small size due to our finding that the size of MCTS is highly
sensitive to polyplex-induced cytotoxicity; MCTS of approxi-
mately 100 um showed even higher sensitivity than monolayered
culture cells, probably due to their immature development of cell-
cell and cell-extracellular matrix (ECM) interactions. Worth
noting is that the prolonged viable span of MCTS allowed long-
term evaluation of more than 10 days of the expression of
transfected genes. These properties of MCTS models enabled us
to evaluate polyplex systems under conditions close to those of in
vivo solid tumors, revealing the excellent biocompatibility and
durable gene expression behaviors of PEG-b-P[Asp(DET)]
polyplex micelles.

2. Experimental
2.1. Materials

B-Benzyl-L-aspartate N-carboxyanhidride (BLA-NCA) and a-
methoxy-w-amino poly(ethylene glycol) (MeO-PEG-NH,)
(M;=12,000) were obtained from Nippon Oil and Fats Co., Ltd.
(Japan). Diethylenetriaimine (DET) and dipropylenetriamine
(DPT) were purchased from Tokyo Kasei Kogyo Co., Ltd.
(Japan) and distilled over CaH, under réeduced pressure. N,N-
Dimethylformamide (DMF), dichloromethane, and acetic anhy-
dride were purchased from Wako Pure Chemical Industries, Ltd.
(Japan) and purified by general methods before use. Linear
polyethylenimine (ExGen 500 in vitro transfection reagent,
22 KDa) and branched polyethylenimine (25 KDa) were purchased
from Fermentas (Canada) and Aldrich (USA), respectively.

2.2. Synthesis of poly(N-substituted asparagines) and their
block copolymers with poly(ethylene glycol) (PEG)

The PEG-block-poly(B-benzyl L-aspartate) (PEG-b-PBLA)
was prepared as previously reported [14]. Briefly, BLA-NCA
was polymerized in DMF at 40 °C from the terminal primary
amino group of MeO-PEG-NH,, followed by the acetylation of
the N-terminus of PBLA by acetic anhydride to obtain PEG-5-
PBLA-Ac. PEG-b-PBLA-Ac was confirmed to have a unimodal
molecular weight distribution (M,,/M,: 1.17) by gel-permeation
chromatography (GPC) measurement [columns: TSK-gel
G4000HHR +G3000HHR, eluent: DMF+10 mM LiCl,
T=40 °C, detector: Refractive Index (RI)] (data not shown).
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The degree of polymerization (DP) of PBLA was calculated to
be 101 based on 'H NMR spectroscopy (data not shown).

Lyophilized PEG-b-PBLA (300 mg, 11.6 pmol) was dissolved
in DMF (10 mL), followed by the reaction with DET (50 equiv to
benzyl group of PBLA segment, 4.0 g, 39.4 mmol) under mild
anhydrous conditions to obtain PEG-b-P[Asp(DET)]. After 24 h,
the reaction mixture was slowly added dropwise into a solution of
“acetic acid (10% v/v, 40 mL) and dialyzed against a solution of
0.01 N HCI and then distilled water (M, cutoff: 3500 Da). The
final solution was lyophilized to obtain the polymer as the chloride
salt form, and the yield was approximately 90%. Similarly, PEG-
b-P[Asp(DPT)] was synthesized by the aminolysis reaction of
PEG-b-PBLA-Ac with DPT. The structures of these block
catiomers were confirmed by 'H and '3C NMR measurements.

Cationic homopolymers, P[Asp(DET)] and P[Asp(DPT)],
were synthesized by the aminolysis reaction of PBLA
homopolymer [degree of polymerization (DP): 98], which
was obtained by the polymerization of BLA-NCA initiated by
n-butylamine. The unimodal distribution and the almost 100%
conversion of the BLA side chains of these homopolymers into
the desired amino groups were confirmed by GPC and 'H NMR
measurements, respectively.

2.3. Titration of polymers

Each homopolymer (68 mg of P[Asp(DET)] and 75 mg of P
[Asp(DPT)]) or block copolymer (98 mg of PEG-b-P[Asp
(DET)] and 104 mg of PEG-b-P[Asp(DPT)]) was dissolved in
40 mL of 0.005 N HCI with 150 mM NaCl, and titrated with
0.05 N NaOH with 150 mM NaCl at 37 °C. An automatic
titrator (TITSTATION TS-2000, Hiranuma Co., Ltd., Kyoto,
Japan) was used for the titration. In this experiment, the titrant
was added in 0.0315 mL quantities after the confirmation that
the pH values became stable (minimal interval: 30 s). The pH-a
curves were determined from the obtained titration curve. For
the estimation of the charge in the protonation affinity with
apparent pK(=pH+log[a/(1—a)]) was plotted against 1—q,
where K is the effective dissociation constant.

2.4. Plasmid DNA

The plasmid, pCAcc vector having CAG promoter [18], was
provided by RIKEN Bioresource Center (Japan). Also, a fragment
c¢DNA of SEYFP-F46L (Venus), which is a variant of yellow
fluorescent protein with the mutation F46L [19], was provided by
Dr. A. Miyawaki at the Brain Science Institute, RIKEN (Japan)
and inserted into the pCAcc vector (pCAcc+Venus). Each
plasmid DNA (pDNA) was amplified in competent DH5a
- Escherichia coli and purified using HiSpeed Plasmid MaxiKit
(QIAGEN Sciences Co., Inc., Germany). The pDNA concentra-
tion was determined by the absorption at 260 nm.

2.5. Preparation of the polyplexes
Poly(ethylene glycol)-block-polycation copolymer and pDNA

were first separately dissolved in 10 mM Tris—HCl buffer (pH 7.4).
Then, both solutions were mixed at various ratios of the number of

amino group (primary and secondary amino groups) units per
nucleotide (V/P ratios). The final pDNA concentration of the
mixture was adjusted to 100 pg/mL. Polyplex micelle was applied
to each well for transfection after overnight incubation at ambient
temperature. Polyplex was prepared similarly by mixing cationic
homopolymer and pDNA solution. Polyplex was applied to each
well for transfection after 30 min of incubation at ambient
temperature.

2.6. In vitro transfection to HuH-7 cells

For the monolayer culture study, human hepatoma HuH-7 cells
were seeded on 24-well culture plates and incubated overnight in
400 pL of Dulbecco’s modified eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) before transfection.
Then, 10 pL of each polyplex solution was applied to each well for
the transfection. The amount of pDNA was adjusted to 1 pg per
well. After 24 h of incubation, the medium was replaced with
400 pL of the medium containing 10% serum, followed by an
additional 24 h of incubation. The luciferase gene expression was
then evaluated using the Luciferase Assay System (Promega,
USA) and a Lumat LB9507 luminometer (Berthold Technologies,
Germany). The amount of protein in each well was concomitantly
determined using a Micro BCA Protein Assay Reagent Kit. To
prepare MCTS, 200 pL of cell suspension (2% 10 cell/ml) was
seeded into a 96-well culture plate designed for spheroid formation
(SUMILONCELLTIGHT, Sumitomo Bakelite Co., Ltd., Japan).
After 48 h of incubation, a multicellular spheroid with diameter of
ca 100 um was spontaneously formed in each well. Then, 10 pL of -
each polyplex solution was applied to each well for the
transfection. The amount of pDNA was adjusted to 1 pg per
well. After 24 h of incubation, the medium was replaced with
200 pL of the medium containing 10% serum, followed by an
additional 24 h of incubation. During the incubation period, the
medium was replaced by fresh medium containing 10% serum
every 3 days. The Venus gene expression was then evaluated using
an LSM 510 confocal microscope (Carl Zeiss, Germany,
excitation wavelength: 488 nm).

2.7. Live/dead assay

Live and Dead assay was accomplished with the Live/Dead kit
protocol (Molecular Probes, USA) against cultured spheroids.
Spheroids were rinsed with PBS (—) and then incubated with a
solution containing 0.8 uM calcein AM (excitation 495 nm, emis-
sion 515 nm) and 4 pM EthD-1 (excitation 495 nm, emission
635 nm) in PBS (-) for 3 h at 37 °C, followed by observation
through a Carl Zeiss LSM 510 confocal laser scanning micro-
scope. The concentration and incubation time were optimized to
allow the selective labeling of HuH-7 spheroids between live and
dead cells.

2.8. Fluorescence measurements

For observation of the gene expression of the fluorescent
protein Venus, MCTS samples were rinsed and mounted in PBS
(), and then observed by confocal microscope. The LSM 510
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laser scanning microscope was used for the optical sectioning of
the spheroids. An argon gas laser with an excitation wavelength
of 488 nm was used to emit the fluorescence of the YFP.

2.9. Cell viability assay

Cell viability assay was accomplished with a protocol
(CellTiter-Glo®Luminescent Cell Viability Assay, Promega,
USA) against cultured cells. After 24 h incubation of HuH-7
cells in opaque 24-well plates, the polyplex to be tested was added.
The cells were rinsed with PBS (-) after 24 h of incubation, then
200 pL of reagent to an equal volume of cell culture medium was
added to each well. After mixing for 2 min, the plate was incubated
at room temperature for 10 min. The luminescence was evaluated
using a Lumat LB9507 luminometer (Berthold Technologies,
Germany).

2.10. Quantification of gene expression in MCTS

The ‘total intensity was calculated from the piled up fluo-
rescence images of fluorescence of Venus from each optical slice
(at a depth of 1 um) by Imaris® software in combination with
Imaris MeasurementPro (Carl Zeiss, Germany), which enables the
measurement of the intensity value for groups of selected voxels.
The relative intensity was determined from the total intensity of
one spheroid divided by a volume of spheroid.

2.11. Dissociation of P[Asp(DET)] polyplex and
PEG-b-P[Asp(DET)] micelle

The release of pDNA from the complexes was evaluated

through the exchange reaction with an anionic lipid, 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine sodium salt (DOPS,
Sigma). Two mg/mL of DOPS solution was added to the P
[Asp(DET)] polyplex and to the PEG-b-P[Asp(DET)] polyplex
micelle solutions prepared at the N/P ratio of 20 to obtain mixed
solutions with varying unit molar ratios ([carboxyl groups in
DOPS]/[phosphate groups in pDNA]). The final pDNA
concentration was adjusted to 16.7 pg/mL. After overnight
incubation at 25 °C, the mixed solutions were electrophoresed
with 0.9 wt.% agarose gel in the buffer (3.3 mM Tris—acetic
acid (pH 7.4)+1.7 mM sodium acetate+1 mM EDTA2Na).
pDNAs in the gel were visualized by soaking the gel in an
ethidium bromide solution (0.5 mg/L) and analyzed using a
Luminous Imager V5 (AISIN SEIKI Co., Ltd., Japan).

3. Results

3.1. Protonation behaviors of polycations and their block
copolymers with PEG

TIn this study, sets of cationic poly(N-substituted asparagine)
homopolymers and PEG-b-poly(N-substituted asparagine)
copolymers having the N-(2-aminoethyl)-2-aminoethyl group
(P[Asp(DET)]) or the N-(3-aminopropyl)-3-aminopropyl group
(P[Asp(DPT)]) in the side chain (Scheme 1) were prepared to
study the effects of the chemical structures of polycations as

well as the PEGylation of polycations on the properties of
polyplex components. This synthetic method is based on our
finding that the flanking benzyl ester groups of PBLA undergo a
quantitative aminolysis reaction with various polyamine
compounds under careful anhydrous conditions, so that a series
of polymers has the same polymerization degree and distribu-
tion [14], allowing a direct comparison of subtle changes in
their chemical structures.

The pH-dependent protonation behaviors of the obtained
homopolymers, P[Asp(DET)] and P[Asp(DPT)}, in 150 mM
NaCl-containing media at 37°C seemed to be clearly distinct as
shown in Fig. 1A. Indeed, P[Asp(DET)] displayed two-step
protonation behavior and the protonation degree (o) of 0.53 at pH
7.4, whereas the protonation of P[Asp(DPT)] did not show clear
two-step protonation and showed a higher protonation degree
(2=0.88) at pH 7.4. From the pK-a curve (data not shawn), the
pK; (pK ata=0.25) and pK, (pK at a=0.75) of P[Asp(DET)] were
calculated as 9.1 and 6.3, respectively, and the pK; and pK, of P
[Asp(DPT)] were also calculated as 9.7 and 8.6, respectively. The
two distinct pX values (pK; and pK>) correspond to the first and
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Fig. 1. pH~a (protonation degree) curves of P[Asp(DET)] and P[Asp(DPT)] (A)
and PEG-b-P[Asp(DET)] and PEG-b-P{Asp(DPT)] (B) (37 °C, 150 mM NaCl,
0.05 M NaOH as titrant, 0.5 mmol amine concentration).
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Scheme 2. Two-step protonation of ethylenediamine side chain of P{Asp(DET)].

second protonation steps of diamine units, respectively, in the side
chain. Consequently, P[Asp(DET)] might exert a substantial buf-
fering capacity in the pH range from 7.4 to 5.0, leading presumably
to potent transfection activity based on the proton sponge effect. It
is noteworthy that P[Asp(DET)] has a two orders of magnitude
higher proton dissociation constant (or lower protonation constant)
for the second protonation than P[Asp(DPT)], indicating that the
former is less favorable than the latter to the double-protonated
state. This may be due to the strong electrostatic repulsion between
two protonated amines in ethylenediamine units of P[Asp(DET)]
to take only the anfi-conformation (Scheme 2). As seen in the case
of P[Asp(DPT)], an increase in one more unit of the methylene
group between two amino groups in the side chain effectively
reduces the electrostatic repulsion to facilitate the protonation.
pH-a curves of PEG-b-poly(N-substituted asparagine)
(PEG-b-P[Asp(DET)] and PEG-b-P[Asp(DPT)]) were also
shown in Fig. 1B, showing a tendency similar to those of the
homopolymers in Fig, 1A. From these results, the pX; and pK,
of PEG-b-P[Asp(DET)] were calculated as 8.5 and 6.2, whereas
the pK and pK, of PEG-b-P[Asp(DPT)] were calculated as 9.3
and 8.5, respectively. It is noted that PEGylation of the
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Fig. 2. The transfection of luciferase reporter gene against monolayer cultures of
HuH-7. A) Transfection results with L/BPEI polyplexes (V/P=6 for LPEI according
to the manufacturer’s recommendation and N/P=10 for BPEI by optimization), P
[{Asp(DET)] polyplexes (O) and P[Asp(DPT)] polyplexes (H). B) Transfection
results with PEG-5-P[Asp(DET)] polyplex micelles (O) and PEG-5-P[Asp(DPT))]
polyplex micelles (A).

polycations decreased the pK values, suggesting that PEGyla-
tion might prevent the protonation of polycations. Presumably,
this might be explained by the decrease in the local permittivity
of polycations caused by surrounding PEG chains.

3.2. Transfection efficiencies and cytotoxicity of polyplexes
against monolayer cultured cells

The transfection efficiencies of cationic homopolymers/
pDNA polyplexes against monolayer cultured HuH-7 cells were
evaluated. The results of transfection after 48 h incubation (24 h
incubation with the polyplexes followed by 24 h post-
incubation after medium replacement) are shown in Fig. 2A.
P[Asp(DET)] polyplexes showed high transfection efficiencies
over the range of N/P ratios tested in this study. Especially, they
displayed comparable or even higher transfection efficiencies at
N/P=20 and 40 compared with LPEI and BPEI polyplexes [N/
P=6 for LPEI according to the manufacturer’s recommendation
and N/P=10 for BPEI by optimization], which have been
widely used in experimental transfection. P[Asp(DPT)] poly-
plexes showed appreciable transfection efficiency at N/P=10;
however, the efficiency decreased at N/P=20 and 40, probably
due to the emergence of significant cytotoxicity (Fig. 3).

Regarding the cytotoxicity of the polyplexes from cationic
homopolymers (Fig. 3), both LPEI and BPEI polyplexes
induced significant decreases in cell viability even at the N/P
ratio appropriate for transfection. Polyplexes from P[Asp
(DET)] were significantly less cytotoxic than the other
polyplexes, whereas P[Asp(DPT)] polyplexes turned out to be
highly cytotoxic. Thus, a subtle change in the chemical structure
of the side chain of poly(N-substituted asparagine) unprece-
dentedly affected the cytotoxicity of the polyplexes.

In the cases of polyplex micelles from the block catiomers,
PEG-b-P[Asp(DET)] polyplex micelles showed much better
transfection efficiencies than PEG-b-P[Asp(DPT)] polyplex
micelles (Fig. 2B), as was the case with the polyplexes from the
corresponding homopolymers. With an increase in N/P ratio,
each polyplex micelle showed an increase in transfection acti-
vity. Regarding cytotoxicity (Fig. 3), the PEG-b-P[Asp(DET)]
polyplex micelles always displayed lower cytotoxicity than the
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Fig: 3. Cytotoxicity of L/BPEI polyplexes (N/P=6 for LPEI according to the
manufacturer’s recommendation and N/P=10 for BPEI by optimization), P[Asp
(DET)] polyplexes ([1), P[Asp(DPT)] polyplexes (M), PEG-b-P[Asp(DET)]
polyplex micelles (O), and PEG-5-P[Asp(DPT)] polyplex mlcelles (A) toward
HuH-7 cells after 48 h incubation.
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PEG-b-P[Asp(DPT)] polyplex micelles at the same N/P ratios,
and the difference in their cytotoxicity between these polyplex
micelles became progressively more significant with increases
in the NV/P ratios. The cell viability remained high, and at levels
similar between P[Asp(DET)] polyplexes and PEG-5-P[Asp
(DET)] polyplex micelles, even with increased N/P ratios. This
result suggests that the P[Asp(DET)] structure may have an
inherently low cytotoxicity, which was further confirmed by the
cytotoxicity assay of free polymers (Supporting Information 1).
Notably, PEGylation significantly decreased the cytotoxicity of
P[Asp(DPT)], resulting in improved transfection efficacy
particularly at higher N/P ratios. This result clearly indicates
that PEGylation is an efficient way to improve the compliance
of a polyplex system involving cytotoxic polycations as a
component [20]. Nevertheless, the PEGlyation of P[Asp(DET)]
did not show any significant effect on cytotoxicity, apparently
‘due to the minimally cytotoxic nature of the P[Asp(DET)]
structure.

3.3. Evaluation of characteristic properties of MCTS

Fig. 4 shows the growth of HuH-7 MCTS from the initial
diameter of 100 um. By using Live/Dead assay (live cells: green
fluorescence; dead cells: red fluorescence), necrosis of the inner
cells of MCTS was observed by a confocal laser scanning
microscope (CLSM) when the diameter reached around 400-
500 pm (6-8 days after incubation). The necrotic region
expanded along with the growth of MCTS. Thus, HuH-7 MCTS
clearly took a heterogeneous structure according to the distance
from the outer cell layers after they grew beyond the diffusion
limit of oxygen and nutrition. Such a growth property represents
a good in vitro model for the heterogeneity of solid tumors as a
result of the inefficient vascular function [21,22].

3.4. Transfection efficiencies and cytotoxicity of polyplexes and
polyplex micelles against MCTS

The gene expression of fluorescent protein Venus at defined
time periods after transfection with the polyplexes or polyplex
micelles was observed by CLSM as shown in Fig. 5. The
spheroid diameter at the time of transfection was adjusted to
100 pm to ensure the long-term observation of the transfected
gene expression within the optically observable depth range by
CLSM. Under this condition, gene expression continued for
over 10 days after the transfection and in some cases continued
for over 1 month (data not shown). Images of the localization of
transfected protein Venus in MCTS were taken from the upper
surface going towards the center of the MCTS by the z-axis at
1-2 pum intervals of optical slices. Fig. 5A shows typical images
of transfected Venus in MCTS at different z-axes (different
distances from the spheroid surface) at 8 days after transfection
with PEG-b-P[Asp(DET)] polyplex micelles (N/P=40). The
images clearly showed that Venus was expressed even at the
inner region of MCTS where necrosis was considered to be
developed at the corresponding size (Fig. 4).

Al the MCTS structures were destroyed after transfection
with LPEI or BPEI polyplexes due to their toxicity even at low
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Fig. 4. Growth curve of HuH-7 spheroids and Live/Dead assay of spheroid at each
time point of incubation (initial diameter is ca 100 um. Optical slice at the middle of
spheroid. Bar=100 pm. Green and red fluorescence from live and dead cells,
respectively). A) 2 days after the formation of MCTS. B) 7 days after the formation
of MCTS. C) 9 days after the formation of MCTS. In C, (a) optical slice of spheroid
at position 1 of (c); (b) optical slice of spheroid at position 2 of (c); (c) side view of
spheroid*; (d) retaken image of region of interest (ROI)**. (*This image was
constructed by piling up side views. **This image was taken by stimulating the
radiation of ROI by the amplification of laser.)

N/P ratios, and thus no systematic data on the spheroid
transfection were obtained. P[Asp(DPT)] polyplexes also
induced the destruction of MCTS in the whole range of N/P
ratios tested in this study (M/P=10, 20, and 40). By contrast, P
[Asp(DET)] polyplexes showed successful transfection without
destruction of the MCTS structure at N/P ratios of 10 and 20, as
seen in Fig. 5B, highlighting the lower cytotoxicity of P[Asp
(DET)] compared with P[Asp(DPT)], LPEIl, and BPEI. Here,
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Fig. 5. Expression of marker protein Venus in HuH-7 spheroids (initial diameter is ca 100 um. Bar=100 um). A) Localization of transfected Venus by PEG-b-P
[Asp(DET)] polyplex micelles according to the distance from the surface of the spheroid. (The images were the optical slices taken from the upper surface toward
the center of the MCTS by the z-axis at 0, 25, 50, and 100 um). B) Optical slices at the middle of spheroids with transfected protein Venus by P[Asp(DET)] and P
[Asp(DPT)] polyplexes. (Results were not obtained due to the destruction of spheroids after transfection in the cases of N/P=4,6,8, 10 for LPEL, N/P=10, 20, 40
for BPEIL, N/P=40 for P[Asp(DET)], N/P=10, 20, 40 for P[Asp(DPT)]). C) Optical slices at the middle of spheroids with transfected protein Venus by PEG-b-P
{Asp(DET)] and PEG-b-P[Asp(DPT)] polyplex micelles. (Results were not obtained due to the destruction of spheroids after transfection in the cases of N/P=20,

40 for PEG-5-P[Asp(DPT)].)

the MCTS images at the middle section by the z-axis are shown
for each day period. However, even P[Asp(DET)] polyplexes
showed the destruction of spheroid structures by increasing the
NJP ratio to 40.

Overall, PEG-b-P[Asp(DET) polyplex micelles showed
better transfection activity than PEG-5-P[Asp(DPT)] polyplex
micelles in MCTS, in agreement with the results of monolayer
culture (Fig. 2B). PEG-b-P[Asp(DET)] polyplex micelles
showed successful activity of the transfection without destruc-
tion of MCTS across the range of N/P ratios tested in this study
(N/P=10, 20, and 40) (Fig. 5C). Worth mentioning is that PEG-
b-P[Asp(DET)] polyplex micelles did not induce the destruction
of spheroids even at N/P=40, where the MCTS structures were
destroyed by the transfection with P[Asp(DET)] polyplexes
(Fig. 5B) at that N/P ratio. Such reduction of cytotoxicity by
PEGylation of polycations were not detected by the conven-
tional monolayer culture study (Fig. 3, Supporting Information
1), highlighting high sensitivity of MCTS against polyplex-
induced cytotoxicity. While the transfection efficiency of P[Asp
(DPT)] was not obtained due to the destruction of MCTS after
the transfection, the effect of PEGylation on reducing toxicity

was remarkable in this case. Eventually, PEG-b-P[Asp(DPT)]
polyplex micelles showed appreciable transfection efficiency at
the N/P ratio of 10. :

)i
3.5. Time-dependent gene expression in MCTS

The total fluorescence intensity by Venus expression in
MCTS was calculated by integrating the intensity image of each
optical slice taken from the upper surface going towards the
center of the MCTS by the z-axis at 1-2 pum intervals (Fig. 5A)
using Imaris® software (Fig. 6A). The gene expression by the P
[Asp(DET)] polyplexes (N/P=10 and 20) and PEG-b-P[Asp
(DET)] polyplex micelles (N/P=10, 20, and 40), which showed
successful transfection to MCTS, was quantified in this manner
at each day period, and the results are shown in Fig. 6B. For
both the polyplexes and polyplex micelles, increased the N/P
ratios led to- increased total intensities. Moreover P[Asp
(DET)] polyplexes apparently had higher total intensities than
PEG-b-P[Asp(DET)] polyplex micelles. The total intensity
peaked at 6 days after transfection for all the polyplexes and
polyplex micelles. It should be noted that such prolonged gene
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expression is difficult to detect by the conventional monolayer
culture study, because the monolayer cultured cells become
confluent until 4 days, beyond which cell viability decreases
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Fig. 6. Quantitative results of transfected fluorescent protein Venus in MCTS.
A) Piled up images of transfected protein Venus from each slice by Imaris® (Carl
Zeiss). B) Day-course of the change in total intensity by transfection with P[Asp
(DET)] polyplexes (J; N/P=10, O; N/P=20) and PEG-b-P[Asp(DET)] polyplex
micelles (l; N/P=10, ®; N/P=20, A; N/P=40). C) Relative intensity (=total
intensity / volume of spheroid) of fluorescence from transfected protein Venus with P
[Asp(DET)] polyplexes (J; MP=10, [J; N/P=20) and PEG-b-P[Asp(DET)]
polyplex micelles (M; N/P=10, @; N/P=20, A; N/P=40).

remarkably. We also evaluated the relative intensity (=total
intensity/volume of spheroid) of the expressed Venus in the
spheroids transfected with the polyplexes or polyplex micelles
(Fig. 6C) to normalize the differences in the growth rate and
eventually the volume of each spheroid. Although the relative
intensity of P[Asp(DET)] polyplexes decreased continuously
with time, PEG-b-P[Asp(DET)] polyplex micelles with N/P
ratios of 20 and 40 showed increased relative intensities until
4 days after transfection.

3.6. DOPS-induced destabilization of P[Asp(DET)] polyplex
and PEG-b-P[Asp(DET)] micelle

The differences in the time-dependency of the gene expression
evaluated from the relative fluorescent intensity between P[Asp
(DET)] polyplexes and PEG-b-P[Asp(DET)] micelles in Fig. 6C
may reflect the differences in their behaviors after the internali-
zation into the cell, because the transfection medium was replaced
with fresh medium without polyplexes or micelles after 24 h. We
therefore hypothesized that PEG-5-P[Asp(DET)] micelles may
have greater, stability or tolerability against pDNA unpacking,
which is preéumably induced through the exchange reaction with
anionic components in the intracellular compartments, than P[Asp
(DET)] polyplexes, thereby showing delayed gene expression.
Thus, we evaluated the stability of the polyplex and polyplex
micelle in the presence of anionic lipids (DOPS) as natural anionic
compounds. It is known that such anionic lipids including
phosphatidylserine exist appreciably in the intracellular compart-
ments. As shown in Fig. 7, P[Asp(DET)] polyplexes (NV/P=20)
released pDNA at the [carboxyl groups in DOPS]/[phosphate
groups in pDNA] (A/P) ratio of 12, whereas PEG-5-P[Asp(DET)]
micelles (N/P=20) showed no pDNA release even at the highest
A/P ratio (~ 17). Thus, PEG-5-P[Asp(DET)] micelles were judged
to have higher tolerability against DOPS-induced destabilization
than P[Asp(DET)] polyplexes.

4. Discussion

In this study, we prepared sets of cationic poly(N-substituted
aasparagine) homopolymers and PEG-b-poly(N-substituted aspar-
agine) copolymers having the N-(2-aminoethyl)-2-aminoethyl
group (P[Asp(DET)]) or N-(3-aminopropyl)-3-aminopropyl
group (P[Asp(DPT)]) in the side chain (Scheme 1) to form
polyplex-type non-viral gene vectors. To study the effects of the
chemical structures of polycations and the effects of PEGylation of
polycations on the properties as non-viral vectors, we carried out
gene transfection to HuH-7 cells in the forms of monolayer culture
and MCTS.

The in vitro evaluation of non-viral gene vectors relies mostly
on the transfection study against monolayer cultured cells. How-
ever, there appear to be significant discrepancies between the
environments of monolayer culture and in vivo tissues. One of
these discrepancies is the short observable terms of the conven-
tional monolayer cultures, which might prevent the study of the
time-dependent properties of the gene expression of non-viral
vectors. Especially for the polymeric gene delivery systems
(polyplexes), in which pDNA is substantially condensed by



