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a  b  s  t  r  a  c  t

Polyaspartamide  (PASPAM)  derivatives  grafted  with  1-(3-aminopropyl)imidazole  (API),  O-(2-
aminoethyl)-O′-methylpolyethylene  glycol  (MPEG),  and  octadecylamine  (C18)  groups  were  synthesized
and their  pH-sensitive  structure  and  Paclitaxel  (PTX)  load/release  properties  were  investigated.
C18/MPEG/API-g-PASPAMs  systems  synthesized  showed  a  strong  pH-dependent  phase  transition
behavior  near  pH  6.7.  Large  amount  of  PTX  up  to  60–75%,  depending  on  polymer  composition,  was
eywords:
ano-aggregates
H sensitive
raft copolymers

possibly  loaded  into  the  C18/MPEG/API-g-PASPAMs  nano-aggregates  using  a  solvent-free  protocol.  Its
pH dependent  release  pattern  was  affected  correspondingly  by the  phase  transition  behavior  associated
with  the  composition  of  graft  substituents.  The  pure  C18/MPEG/API-g-PASPAMs  systems  did  not  show
cell  toxicity  but  the  PTX-loaded  copolymer  systems  showed  a  similar  cell  toxicity  to a  Taxol-type  PTX.
From  the  in  vivo  animal  study,  PTX-loaded  nano-aggregates  showed  the  much  improved  inhibition

ompa
elease
aclitaxel

effect  on  tumor  growth  c

. Introduction

Polymeric micelles or aggregates have been attracting great
nterest in their application as nano- to microscaled carriers for
ioactive materials, including drugs, genes, cells, peptides, and
nzymes since nanotechnology was embodied into biomedical
diagnotherapic) technology. While a variety of amphiphilic block
opolymer systems have been employed towards formation of
icelles or aggregates by self-assembly in aqueous media (Bae

t al., 2005; Cho et al., 2010; Nishiyama and Kataoka, 2006;
avic et al., 2006; Zhang and Zhang, 2005), the graft copolymer
ystems have become more emphasized in their synthesis, func-
ionalization, and phase transition behavior. In the application
f an anticancer drug delivery, the pH sensitive sol–gel transi-
ion or swelling/de-swelling behaviors of polymeric micelles or
elf-assembled aggregates are of importance, as the drug delivery
arriers are specifically located at cancer cells by the enhanced per-
eability and retention (EPR) effect (Campbell, 2006), along with

 triggered release allowed at the relatively low pH environment
f cancer (Borisov and Zhulina, 2005; Rodriguez-Hermandez and
ecommandoux, 2005; Shim et al., 2006, 2007). The pH sensitivity

f the polymer micelles or aggregates also plays an important role
n endosomal lysis for effective intracellular delivery (Park et al.,
006c). Recently, several cationic or anionic polymeric systems

∗ Corresponding author. Tel.: +82 31 290 7250; fax: +82 31 290 7270.
E-mail address: djkim@skku.edu (D. Kim).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.12.047
red  to  the  conventional  PTX  formulation.
© 2011 Elsevier B.V. All rights reserved.

such as poly(ethyleneimine) (PEI), cationic peptide, polyhistidine,
modified chitosan, polyamidoamine, polyamidoamine dendrimer,
and poly(propylacrylic acid) have focused on this objective (Berna
et al., 2006; Lavignac et al., 2005; Park et al., 2006a,b; Swami  et al.,
2007; Wu  et al., 2005). Although each system shows promising
results in part, it still needs development of a new polymeric system
that satisfies a simpler synthetic process, lower material toxicity,
and more utilizable pH range and strength.

Polypeptides and their related synthetic poly(amino acid)s have
attracted a great deal of attention as they are biocompatible and
biodegradable with less toxicity (Kricheldorf, 2006; Kulkarni et al.,
2005). Polyamino acids with refined molecular weights can be syn-
thesized via a well-known N-carboxylanhydride (NCA) method, but
its synthetic route is quite complex. Poly(l-aspartic acid) has gar-
nered much attention since its simple synthetic route via thermal
condensation was first reported. Poly(succinimide) (PSI), an inter-
mediate in the synthesis of poly(amino acid), has an advantageous
molecular structure, enabling easy chemical modification through
alkylation, hydrolysis, and aminolysis. This produces biodegrad-
able derivatives such as poly(aspartic acid), poly(asparagine), and
poly(hydroxyethylaspartamide). Moreover, it can be easily func-
tionalized by linkage of hydrophilic/hydrophobic ligands, peptides,
and even drug (Caliceti et al., 2001; Cavallaro et al., 2003; Chen Xu
et al., 2005; Licciardi et al., 2006; Jeong et al., 2005; Moon et al.,

2006; Takeuchi et al., 2006).

Paclitaxel (PTX) is one of the most effective and commonly
used drugs for ovarian, esophageal, breast, and lung cancer treat-
ment. However, its poor water-solubility (<0.1 �L mL−1) is a serious

dx.doi.org/10.1016/j.ijpharm.2011.12.047
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:djkim@skku.edu
dx.doi.org/10.1016/j.ijpharm.2011.12.047
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roblem in drug formulation. In clinics, it is usually injected into
he human body as a Cremophor EL (polyethoxylated castor oil)
nd ethanol (1:1) solution. It is sometimes reported to bring about
ypersensitivity reactions such as breathing difficulty, rash, flush-

ng, and nephrotoxicity. Solutions to those problems require new
ypes of drug release methods or structures, and one of them is
he nano- to microscaled micelle or aggregate structures prepared
rom amphiphilic graft copolymers (Elkharraz et al., 2006; Hu et al.,
006; He et al., 2007; Liu et al., 2005; Seow et al., 2007).

In this lab’s previous report (Seo et al., 2009, 2010; Seo and
im, 2010), the synthesis and pH-sensitive properties of a new
lass of polyaspartamide (PASPAM) derivatives, C18/MPEG/API-
-PASPAMs, possessing 1-(3-aminopropyl)imidazole (API), O-(2-
minoethyl)-O′-methylpolyethylene glycol (MPEG), and octadecy-
amine (C18) groups, were discussed. As they showed a strong
H-dependent phase transition and aggregation behavior near pH
.7, it was noted that they possess high potential in the application
s pH-sensitive anti-cancer drug carriers. In this study, the PTX was
oaded into the polyaspartamide derivatives using a solvent-free
rotocol, and their reversible aggregation behavior and inhibi-
ion effect on tumor growth was investigated both in vitro and in
ivo.

. Materials and methods

.1. Materials

l-Aspartic acid (>98%) was purchased from Aldrich (Mil-
aukee, WI,  USA) and used as a monomer; octadecylamine

Aldrich), 1-(3-aminopropyl)imidazole and O-(2-aminoethyl)-O′-
ethylpolyethylene glycol (Mw: 5000, Fluka, Buchs, Switzerland)
ere used as graft reagents. O-phosphoric acid (98%) and phos-
horic acid (85%) were used as catalysts. Phosphate buffered
aline (PBS 7.4), N,N-dimethylformamide (DMF), mesitylene,
ulforane, dimethyl sulfoxide-d6 (DMSO-d6), octadecylamine,
-(3-aminopropyl)imidazole, N,N-diethylnicotinamide, ethanol,
cetonitrile, and Cremophor EL were used as solvents. All
hemicals were purchased from Sigma–Aldrich except for O-

2-aminoethyl)-O′-methylpolyethylene glycol. Paclitaxel (99%,
enexol®; Samyang Genex, Korea) was used as received. All other
hemicals purchased were of sufficient quality for use without
urification.

Fig. 1. Synthetic pathway of C1
harmaceutics 424 (2012) 26– 32 27

2.2. Methods

2.2.1. Synthesis of C18/MPEG/API-g-PASPAMs
The PSI was first synthesized from l-aspartic acid. Octade-

cylamine (C18) (0.27–1.08 g, 0.001–0.004 mol) was  added to a
solution of PSI (1.0 g, 0.01 mol) in dry DMF  (50 mL) under a N2
atmosphere. After stirring for 24 h at 60 ◦C, the reaction mixture
was  poured into methanol for purification. The MPEG and API
were grafted onto the prepared C18-g-PSI, sequentially. The MPEG
and C18-g-PSI were each dissolved in DMF. The MPEG solution
was  then added dropwise into the C18-g-PSI solution for its graft
reaction at 70 ◦C for 48 h. After the MPEG graft reaction, the API
was  added for its graft reaction for 24 h. Finally, the prepared
C18-conjugated MPEG/API-g-PASPAM was dialyzed using a dialysis
membrane (molecular weight cut-off = 10,000–12,000 g/mol) for 3
days and then freeze-dried for storage. The schematic synthetic
procedure is illustrated in Fig. 1.

Chemical structure was confirmed using Fourier transform
nuclear magnetic resonance spectroscopy (Varian Unity Inova
500 MHz  HMR, Agilent Technologies, Santa Clara, CA, USA). Sam-
ples were dissolved in DMSO-d6. The degree of substitution of the
MPEG, C18, and API was  determined from comparison of the NMR
characteristic peak intensities associated with each component.
The average molecular weights of the synthesized copolymers were
measured using a gel permeation chromatography (GPC, model
410, Waters, USA) system equipped with KF-803L and KF-802.5
columns (Shodex, Showa Denko KK, Japan) in series. For GPC mea-
surements, samples were dissolved in N,N-dimethylformamide
(DMF) containing lithium bromide (50 mM),  and the solution was
injected into the column at the rate of 1.0 mL  min−1 at 50 ◦C. The
data was analyzed by means of an RI detector (RI-101, Shodex).
Polystyrene standards (Waters) were used to determine the molec-
ular weight (Mw).

2.2.2. Phase transition and buffering behavior
The pH-dependence of the light transmission intensity was

measured for the polymer solution using the UV/vis spectroscopy
(Hitachi, U-3210, Japan) at a 500 nm wavelength. The transmission

% is given by the ratio of light transmission intensity for the sam-
ple to that of pure PBS solution at pH 7.4. Samples were prepared
by dissolving each polymer in pH 7.4 PBS solution at 1.0 mg mL−1;
the pH was  adjusted using 0.1 N HCl and 0.1 N NaOH. The buffering

8/MPEG/API-g-PASPAM.
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ffect of the synthesized graft copolymers was investigated using
n acid–base titration method. The sample (20 mg)  was dissolved
n 35 mL  of aqueous 150 mM NaCl. After addition of 100 �L of aque-
us 1.0 N NaOH, the polymer solution was titrated using aqueous
.1 N HCl.

Dynamic light scattering (DLS) (Brookhaven, BI-200SM, USA)
as employed to measure the size and distribution of the polymer
anoaggregates. The polymers were dispersed in PBS 7.4 solution
t 1.0 mg  mL−1 and the pH controlled using NaOH and HCl. All DLS
easurements were performed at scattering angles from 30◦ to

50◦, after filtration with a 0.45 �m filter.

.2.3. In vitro Paclitaxel loading and release experiment
Paclitaxel-encapsulated pH-sensitive polyaspartamide

anoparticles were prepared using a pH-changing method.
riefly, a polymer powder was dissolved in PBS solution (pH
.4) at a concentration of 2.0 mg  mL−1, and the pH of solution

owered to 5 with aqueous 1.0 N HCl. Then, 0.2 mL  of PTX dissolved
n ethanol was added to this polymer solution. The resulting
olutions contained 5, 10, 15, 20, or 25 mg  of PTX per 20 mg  of
18/API/MPEG-g-PASPAM. The pH of the mixtures was immedi-
tely adjusted to 7.4 using aqueous NaOH and sonicated in ice bath
or 20 min. Finally, the PTX-loaded nanoparticles were filtered
hrough a 0.45 �m pore-sized syringe filter disc to remove free
TX.

The amount of PTX in the filtrate was analyzed by reversed-
hase HPLC (NS-2004 series, Futechs, Korea), composed of a
uaternary gradient pump, variable UV detector, and data man-
gement software (Multichro 2000). The amount of PTX was
etermined by HPLC with a C-18 reversed-phase column (Agilent,
.6 mm × 250 mm,  5 �m)  and UV detection at 227 nm using a 50:50
v/v) mixture of acetonitrile and water as the mobile phase at a
ow rate of 0.5 mL  min−1. Calibration curves were obtained for
ifferent PTX concentrations ranging from 0.1 to 0.001 mg  mL−1

n acetonitrile. The calibration equation was described as follows:
 = 41,954,712x + 18,425, where y is the area of the peak and x the
oncentration of the PTX. The mean correlation coefficient was
.9999. The PTX loading content was calculated using the following
ormula:

rug loading content (%) = weight of loaded PTX
weight of copolymer

× 100 (1)

The in vitro release profiles of PTX from pH-sensitive nanopar-
icles were investigated at different pH as a function of time. The
elease media was prepared using 1.0 M N,N-diethylnicotinamide
BS at various pH values. The PTX-loaded nanoparticles (5.0 mL)
ere added to membrane tubes (MWCO  6000–8000), and the dial-

sis tube immersed in a vial containing 50 mL  of release medium.
he vial was thermostated in a shaking water bath at 37 ◦C. At reg-
lar time intervals, 2.0 mL  of the medium was taken and replaced
ith 2.0 mL  of fresh medium. The cumulative amount of the drug

eleased was quantified by HPLC, as described above.

.2.4. In vitro viability test
The cell viability was tested and compared to the

ure C10/MPEG3/API87-g-PASPAM system, the PTX-loaded
10/MPEG3/API87-g-PASPAM (PTX:polymer = 1:4 in wt) system,
nd the PTX solution against L929 mouse fibroblasts. Cells were
ncubated in a cultivating medium under a 5% CO2 environment
t 37 ◦C. Dulbecco’s modification of Eagle’s Medium (DMEM)
adge containing 10% FBS and 1% penicillin/streptomycin in
00 unit mL−1 was used as the cultivating medium. The PTX

olution was prepared by dissolving PTX in a mixture of Cre-
ophor Eland ethanol (1:1 in volume), followed by dilution in

BS 7.4. Cell viability was measured using the well-known 3-(4,5-
imethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT).
harmaceutics 424 (2012) 26– 32

The L929 cells (2.0 × 105) were dispensed and cultivated per well in
the 24-well cultivating dish for 24 h. In the cases of the PTX solution
and PTX-loaded polymer solution, the PTX concentration in the
badge was adjusted to 100, 10, and 1.0 �g �L−1. After cultivation,
the MTT  solution in 5.0 mg  mL−1 (100 �g) was added per 1.0 mL
badge. After 4 h, the cultivated solution was discarded; formazan
crystal was  then dissolved by introducing DMSO (200 �g) into
each well. Absorption light intensity was measured using an ELISA
plate reader (Bio-Rad Laboratories, Hercules, CA, USA) at 570 nm
wavelength. The absorption intensity of the control sample (pure
PBS solution) was  set to 100%.

2.2.5. In vivo animal studies
SCC7 carcinoma was obtained from American Type Culture

Collection (Manassas, VA, USA) and grown in RPMI 1640 media
(Sigma–Aldrich, St. Louis, MO,  USA) supplemented with 10% (v/v)
FBS, 1% (v/v) penicillin, and streptomycin (Invitrogen, Carlsbad,
CA, USA). Carcinomas were cultured at 37 ◦C and 5% CO2 in a
humidified atmosphere. The animal model was  established by
dorsal flank subcutaneous inoculation of 1 × 106 cells per mouse
(7 weeks old male C3H/HeN mice (Orient, Korea)). When the
tumor volume was  reached 50–70 mm3, drug was continuously
administered. There were five mice groups as follows; one group
was  served normal saline as the control and the others were
received one of the followings by daily intravenous administra-
tion: 2 mg  kg−1 Paclitaxel; 1 mg  kg−1, 2 mg kg−1 and 5 mg kg−1 of
PTX loaded C10/MPEG3/API87-g-PASPAM. After 15 days, mice were
sacrificed and the tumors were isolated and weighed.

3. Results and discussion

3.1. Chemical structure and molecular weight

C18/MPEG/API-g-PASPAMs copolymer systems with different
graft composition were synthesized according to the synthetic
pathway shown in Fig. 1. Table 1 shows the degree of substitution
of the C18, API and MPEG segments on the PSI backbone from the
NMR measurement (Seo et al., 2009). The number and weight aver-
age molecular weights, Mn and Mw , and polydispersive index (PDI)
were determined from GPC and the results are shown in Table 1.

3.2. Phase transition behavior

pH dependence of size and structure of self aggregates of
C18/API/MPEG-g-PASPAM copolymer systems in aqueous media is
shown in Fig. 2. The C10 polymer system dissolved in an aqueous
solution below pH 6.7 as the hydrophobicity was  not strong enough
to maintain the aggregate structure at this low alkyl content. How-
ever, the C20 and C40 systems maintain aggregate structure, even
at pHs below 6.7. The lower C18 content resulted in smaller particle
size as the hydrophobic core size is mostly governed by the content
of the alkyl group. Instead, de-aggregation particles were swollen
slightly in the aqueous medium for the C20 and C40 systems due
to the presence of the pH-sensitive API group. It is ionized at low
pHs below 6.7.

Fig. 3 shows the pH buffering effect of the C18/API/MPEG-g-
PASPAM copolymer systems. The strength of the buffering effect
is dependent on the concentration of the pH-sensitive moiety.

Thus, the C10 polymer system shows the strongest buffering ability
among the three systems. This buffering effect implies their utiliza-
tion for endosomal escapable delivery. The mean particle size was
in the range from 70 to 160 nm,  suitable for intracellular delivery.
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Table  1
Feed molar ratio and degree of substitution of C18, MPEG, and API of C18/MPEG/API-g-PASPAM copolymers synthesized and molecular weight.

Sample name Feed molar ratio of C18a DS of C18b Feed molar ratio of MPEGc DS of MPEGb DS of APIb Mn
d Mw

d PDId

C10-MPEG3-API87 0.1/1.0 8% 0.03/1.0 2.5% 89.8% 36,000 53,000 1.47
C20-MPEG3-API77 0.2/1.0 15% 0.03/1.0 2.2% 82.9% 33,000 48,000 1.45
C40-MPEG3-API57 0.4/1.0 32% 0.03/1.0 2.0% 66.1% 23,000 34,000 1.48

a Feed C18 mole/succinimide unit mole.
b DS was  determined by 1H NMR  (mol%).
c Feed MPEG-NH2 mole/succinimide unit mole.
d Mn , Mw , and PDI were determined by GPC.
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ig. 2. Mean particle diameter of a series of MPEG/API-g-PASPAM systems as a
unction of pH.

.3. In vitro PTX loading and release behavior

The loading capacity and releasing behavior of C18/MPEG/API-
-PASPM aggregates for PTX were investigated. In general, a
ydrophobic drug is loaded into amphiphilic copolymers via direct
onication, W/O/W emulsion or dialysis method in the presence
f appropriate solvents. However, in case of C10-MPEG3-API87
opolymer, PTX was loaded into the polymer matrix by applying
he reversible sol gel transition behavior of the polymer mate-

ial without using any solvent. The PTX was dissolved in a small
mount of ethanol, and the resulting solution mixed with a poly-
er  solution until homogeneous dispersion. Increase of pH above
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ig. 3. Acid–base titration curves for a series of C18/MPEG/API-g-PASPAM systems.
the sol-to-gel phase transition (pH 6.7) resulted in aggregation
of polymeric molecules. Being different from C10-MPEG3-API87
copolymer system, C20-MPEG3-API77 and C40-MPEG3-API57 sys-
tems were structurally stable in physiological pH range. For those
C20 and C40 systems, the PTX was  possibly loaded into poly-
mers by application of ultra-sonication. During ultra-sonication
process, nano-aggregates are dissociated to combine surround-
ing PTX molecules by hydrophobic interaction. The subsequent
shut-down of the sonication leads to re-self-assembled polymer
nano-aggregate containing PTX in the cores. In Fig. 4(1) and (2)
are the pictures before and after filtration of the PTX/ethanol sys-
tem in water, while Fig. 4(3) and (4) show those after filtration of
the PTX/C10-MPEG3-API87 and PTX/C20-MPEG3-API77 in water,
respectively. The PTX was completely removed by filtration in the
PTX/ethanol system because it was not easily dissolved in aque-
ous medium, whereas the PTX was  still present for the PTX-loaded
polymer system as nanoaggregates, because the polymeric materi-
als used in this study are highly compatible with the PTX. Thus, this
drug loading method was much simpler and safer compared to the
conventional loading methods, including the solvent removal step.

Table 2 shows the PTX loading capacity of a series of
C18/MPEG/API-g-PASPAM systems at different C18 concentrations.
The PTX at different amounts (5.0, 10, 15, 20, and 25 mg)  was ini-
tially mixed with 20 mg  polymer each, and then the actual loading
amount measured. The loading capacity increased with the PTX
amount initially added into mixture. The polymer systems with
higher C18 concentrations possess more PTX because of larger
hydrophobic cores interacting with hydrophobic PTX. The maxi-
mum  loading capacity reached upwards of 60–75%, depending on
polymer composition. Such a high loading capacity is attributed
to the unique drug loading method associated with the sol–gel
phase transition of the polymer without any solvent. In this method,
nearly all the PTX is incorporated in then polymer in the absence of
solvent. Fig. 5 shows the PTX-loaded particle size according to its

loading amount. The PTX-loaded particles showed a minor increase
in mean diameter compared to the pure polymer particle.

Fig. 4. PTX dispersed ethanol aqueous solution (2.5 vol%) before filtration (1)
and  after filtration (2), PTX-loaded C10-MPEG3-API87 dispersed aqueous solu-
tion after filtration (3), and PTX-loaded C20-MPEG3-API77 aqueous solution after
filtration (4).
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Table  2
Amount of PTX added and loaded in unit mass of polymer.

Added PTX (g)
per polymer(g)

Loaded PTX (g)
per polymer (g)

C10-MPEG3-API87

0.250 0.159
0.500 0.314
0.750 0.518
1.00 0.612
1.250 0.638

C20-MPEG3-API77

0.250 0.197
0.500 0.370
0.750 0.499
1.00 0.611
1.250 0.628

C40-MPEG3-API57

0.250 0.223
0.500 0.388
0.750 0.557
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An in vitro release experiment for a hydrophobic drug is usually
omplex as the drug is insoluble in the aqueous phase. Because
he solubility of PTX is very low in PBS (0.45 �g mL−1) the in
itro drug release from the micro/nanoparticles is usually tested
n the presence of surfactants or hydrotropic agents such as N,N-
iethylnicotinamide (DENA). However, those cases have some
rawbacks: the external solvent should be exchanged frequently;
he PTX load/release content measurement requires complete
emoval of external solvents by condensation; drying or extraction,
hus large amounts of samples and external solvents are required.

hile it has been reported that a DENA aqueous solution has a
ew times higher PTX solubility than acetonitrile or ethanol, this
tudy employed 1.0 M DENA PBS solution as a release medium. In
his release experiment C10-MPEG3-API87 and C40-MPEG3-API57
amples with a drug-adding ratio of 0.5, corresponding to load-
ng ratios 0.314 and 0.388, respectively, were used (see Table 1).
he release experiments were conducted in two pH PBS solutions,
H 7.4 and 5 at 37 ◦C. The PTX release content was  periodically
easured using HPLC and the results illustrated in Fig. 6. For the

10-MPEG3-API87 sample, approximately 30% of the loaded drug
as released within 5 h at pH 7.4, whereas almost all drug was
eleased in the same time at pH 5.0 and 6.0. At pH 7.4, the drug was
eleased solely via diffusion through nanoaggregates, but at pH 5.0
nd 6.0, the release was triggered by dissociation of the polymer
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ig. 5. Particle size of C18/MPEG/API-PASPAMs as a function of the PTX amount
dded per unit mass of polymer.
Fig. 6. pH dependence of cumulative PTX release kinetics for C10-MPEG3-API87
and C40-MPEG3-API57 nano-aggregates.

aggregates associated with ionization of the imidazole group. This
pH dependence is more significant at lower pH.

The pH dependence of drug release kinetics is not noticeable
for C40-MPEG3-API57 systems, compared to C10-MPEG3-API87,
as the structure of C40-MPEG3-API57 aggregates is stable with-
out any dissociation at all experimental pHs. Although the overall
release patterns are similar to one another, a slight increase in
release kinetics is still observed at lower pH due to ionization of the
imidazole groups contained in the alkyl-dominating hydrophobic
cores.

The pH triggering effect is clearly observed in Fig. 7, where the
release pattern is illustrated according to the variation of pH from
7.4 to 5.0. Only approximately 30% of the drug is released in the
initial 8 h at pH 7.4. When the pH is, however, reduced to 5.0, nearly
all drugs are released within 5 h. Those pH-sensitive aggregates are
not only structurally very stable in circulation of blood at pH 7, but
also very effective in a targeted drug release for cancer at low pH
environments.
3.4. Cell viability

The viability of L929 cells in the presence of C10-MPEG3-
API87 self-aggregates is shown in Fig. 8(a). While the pure PEI
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Fig. 7. pH triggered PTX release from nano-aggregates composed of C10-MPEG3-
API87.
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Mw 25,000 Da) sample shows only about 60% cell viability at
0 �g mL−1, the pure C10-MPEG3-API87 aggregates are almost
00% at concentrations up to 50 �g mL−1. Fig. 8(b) compares the
ell viability for the two drug-loaded systems, the PTX-loaded
10-MPEG3-API87 system and PTX in the Cremophor EL/ethanol
olution (1:1 volume). The increased toxic effect illustrated in Fig.
(b) in comparison with Fig. 8(a) is caused by the inherent toxic-

ty of the PTX released from the polymer carriers. The cell toxicity
ncreases with increasing PTX content, but the PTX-loaded C10-

PEG3-API87 system shows comparable to or slightly higher cell
iability than the Taxol-type PTX system. This indicates that the
oxicity of PTX cannot be totally eliminated by the C10-MPEG3-
PI87 system, but can be reduced by it.

.5. In vivo animal studies

The potential to suppress tumor growth by C10/MPEG3/API87-
-PASPAM aggregates at three different PTX was investigated in
CC7 carcinoma grafted animal model as shown in Fig. 9. SCC7
arcinomas were subcutaneously grafted into the dorsal flank of
3H/HeN mice and subsequent growth of tumors was  observed for

5 days after the initial treatment of drugs. The tumor growth was
otently suppressed by 2 mg  kg−1 of PTX in a conventional formu-

ation, inhibited by 48% as compared to the control mice. However,
hen PTX was loaded in C10/MPEG3/API87-g-PASPAM aggregates,
Fig. 9. Tumor suppression by PTX-loaded C10/MPEG3/API87-g-PASPAM aggregates
on  SCC7 grafted animal model. (a) Tumor growth tendency for each control and
treatment groups and (b) average weight of the isolated tumors from each groups.

it showed equally potent anti-cancer effect with only half a dose
of PTX (1 mg  kg−1). This positive dosage effect is related with the
effective cancer targeting and release pattern provided by a few
tens to hundreds nanometer-scaled pH sensitive polymeric drug
carriers. When PTX was  loaded more in the nano-aggregates, tumor
growth was inhibited by 73% and 57% as compared to PTX treated
group for 2 mg  kg−1 and 5 mg  kg−1 of PTX-loaded nano-aggregates,
respectively, giving further regression of tumor growth. Therefore,
PTX-loaded nano-aggregates showed much improved inhibition
effect on tumor growth compared to the conventional PTX for-
mulation. This improved anti cancer growth effect was  mostly
attributed to the pH sensitive drug release characteristics of the
C10/MPEG3/API87-g-PASPAM aggregates mentioned above.

4. Conclusions

A series of poly(amino acid)-based amphiphilic graft copoly-
mers, C18/MPEG/API-g-PASPAMs, were synthesized. The
C18/MPEG/API-g-PASPAMs systems show self-aggregation/de-
aggregation behaviors depending on environmental pH and graft
composition. The C18/MPEG/API-g-PASPAMs aggregates were
spherical in size from 80 to 150 nm and show a pH buffering effect.
While the C10 polymer system dissolves in aqueous solutions
below pH 6.7, the C20 and C40 systems maintain the aggregate
structure at lower pHs. The PTX could be effectively loaded into
C10/MPEG/API-g-PASPAM cores employing this pH-dependent
phase transition behavior in the absence of any solvent. The PTX
loading content increased with increasing C18 graft substitution.
The C10/MPEG/API-g-PASPAM system showed a rapid and abrupt
release when the pH was reduced below 6.7, caused by deaggrega-

tion of micelles, while the C20 and C40 showed slightly increased
but still sustained release kinetics. This release pattern enables
an efficient intracellular delivery associated with endosomal
pH change. The pure C18/MPEG/API-g-PASPAMs systems did
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