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Novel pH-responsive flower-like micelles were developed to provide the mechanism for pH-triggered
drug release from drug carriers. The micelles (particle size: ~165 nm; critical micelle concentration (CMC):
~4 ng/ml), constructed from poly(N®-(3-diethylamino)propyl isothiocyanato-L-lysine)-b-poly(ethylene
glycol)-b-poly(L-lactide) [ poly(DEAP-Lys)-b-PEG-b-PLLA], were designed to have a self-assembled flower-
like arrangement consisting of two hydrophobic blocks [deprotonated poly(DEAP-Lys) block and PLLA
block] and a petal-like hydrophilic PEG block at physiological pH. As the pH decreases to slightly acidic pH
(<pH 7.0), as in tumor extracellular pH (pHe), the flower-like micelles undergo a change in the hydropho-
bicity of the micellar core. The protonation of poly(DEAP-Lys) changed the physical property of the
polymer from hydrophobic to hydrophilic, resulting in disintegration of the micellar core. The co-presence
of a pH-insensitive PLLA block in the micellar core affected the protonation of poly(DEAP-Lys), allowing
the micelle to be stable at pH 7.0-7.4. In this study using doxorubicin (DOX) as the model drug, DOX
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release from the micelles accelerated in response to tumor pHe.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Cancer is a leading cause of death in the world due to the het-
erogeneous nature of the disease (Ferrari et al., 2005; Oh et al.,
2007), despite the advancement of tremendous technology in can-
cer prevention, diagnosis and treatment (Rothenberg et al., 2003;
Ehdaie, 2007). Nanotechnology has been targeted as a promising
system for the prevention and overcoming of cancer with early
detection and chemotherapy (Ferrari, 2005; Ferrari et al., 2005;
Oh et al., 2007; Heath and Davis, 2008). In chemotherapy, the goal
is to develop therapeutic agents with high efficacy in the regres-
sion of tumor size while minimizing toxicity to the healthy tissues.
Recently, nano-sized anticancer carriers using polymers have been
frequently utilized due to their favorable properties, such as high
drug loading capacity, controlled drug release and simple fabrica-
tion of targeted carriers (Kataoka et al., 2001; Lavasanifar et al.,
2002). These polymeric nanovehicles can accumulate in tumor tis-
sue much more than in normal tissue by the enhanced permeability
and retention (EPR) effect (Maeda et al., 2000; Maeda, 2001). Addi-
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tionally, nanovehicles that respond to environmental stimuli, i.e.,
pH, temperature and ultrasound, are being actively investigated
and developed (Oh et al., 2007; Campbell, 2006; Park et al., 2007;
Bossard et al., 2006).

Among them, pH-sensitive polymeric carriers have been used in
targeted antitumor drug delivery (Lee et al., 2003, 2005a,b, 2007;
Bae et al., 2005; Gillies and Frechet, 2005; Kim et al., 2005; Sawant
et al,, 2006; Oh et al., 2007; Kim et al., 2008; Oh and Lee, 2008; Lee
and Youn, 2008) based on the intrinsic differences between various
solid tumors and the surrounding normal tissues in terms of their
relative acidity (Leeper et al., 1994). Typical tumor pHe ranges from
7.0 to 6.5 in a xenograft animal model and appears to be more dif-
fuse in clinical tumors. This acidic pH is thought to be caused by
anaerobic respiration, subsequent glycolysis and/or a tumor phe-
notype (Tannock and Rotin, 1989; Stubbs et al., 2000; Gillies et al.,
2004). In particular, tumor pHe (but not in normal tissues) can be
lowered 0.2-0.4 pH units by glucose given orally or intravenously to
animals as well as patients (Leeper et al., 1994). Thus, pH 7.0-6.8 can
be used as a safe and natural target for most solid tumors in ani-
mal models and also in clinical patients with a glucose challenge
if necessary. In this respect, the development of drug-carriers that
respond to the pH in tumors may be a favorable strategy to increase
anticancer efficacy and to decrease the side effect in normal
tissues.
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Scheme 1. Schematic diagram depicting the central concept.

This development would be an improvement from the drug car-
riers that depend on external stimuli such as hyperthermia and
ultrasound and require to know the exact tumor sites in the body
for tumor treatment (Oh et al., 2007).

Several anticancer carriers were developed using pH labile
chemical bonds, such as hydrazone and acetal bonds (Bae et al.,
2005; Gillies and Frechet, 2005; Sawant et al., 2006). These were
shown to be sensitive to endosomal pH (~pH 6.0) but not to tumor
pHe. Meanwhile, polymeric micelles that underwent pH-induced
micellar destabilization (Lee et al., 2003, 2005a,b, 2007, 2008a; Kim
et al.,, 2005, 2008; Oh and Lee, 2008) were able to recognize small
differences in pH such as with tumor pHe (Oh et al., 2007).

In this study, we prepared flower-like pH-sensitive poly-
mer micelles based on the poly(N®-(3-diethylamino)propyl
isothiocyanato-L-lysine)-b-poly(ethylene glycol)-b-poly(L-lactide)
[poly(DEAP-Lys)-b-PEG-b-PLLA] block copolymer. A 3-diethyl-
aminopropyl group conjugated with a biodegradable polypeptide
[poly(Lys)] (van Dijk-Wolthuis et al, 1997) is a promising
component for constructing a pH-sensitive polymeric micellar
carrier capable of targeting tumor pHe. The pK, of the 3-
diethylaminopropyl group is 7.0-7.3 (Xue et al., 2007; Mundargi
et al., 2008), similar to tumor pHe.

As shown in Scheme 1, the micelle had a flower-like arrange-
ment, as a result of the self-assembly of poly(DEAP-Lys) and
biodegradable PLLA (Athanasiou et al., 1996) at the core and PEG on
the shell. This flower-like ABC (A block: hydrophobic or hydrophilic
with pH, B block: hydrophilic, C block: hydrophobic) micellar struc-
ture is predicted to be highly responsive to environment change
(Lee et al., 2007). The poly(L-histidine) (M, 5K)-b-PEG (M, 2K)-
b-PLLA (M, 3K) flower-like micelles (Lee et al., 2007) showed
triggered release of the anticancer drug in decreasing pH from
7.4 to 6.0, thus presenting physical transitions such as micel-
lar swelling, micellar bridging, and micellar destabilization due
to the protonation of poly(L-histidine) and the effect of the pH-
insensitive PLLA block co-located in the micellar core. Similarly, the
poly(DEAP-Lys)-b-PEG-b-PLLA micelle is also expected to be sensi-
tive to external pH stimuli depending on the 3-diethylaminopropyl
group. Of course, unlike poly(L-histidine)-b-PEG-b-PLLA micelles
coupled with costly poly(L-histidine) preparation (Lee et al., 2003;
Na et al., 2007), simple conjugation of the 3-diethylaminopropyl
group with poly(Lys) may be more practical for the development of
a pH-sensitive drug carrier for tumor treatment. We preferentially
examined the pH-sensitive properties of the flower-like micelles
with a fluorescence probe technique, particle size measurement,
and a transmittance study. In addition, DOX-loaded flower-like

micelles were evaluated by monitoring the pH-dependent drug
release rate.

2. Materials and experimental design
2.1. Materials

3-Diethylaminopropyl isothiocyanate (DEAP), N®-benzyloxy-
carbonyl-L-lysine, triphosgene, N-(2-aminoethyl) maleimide
(AEM), dimethylsulfoxide (DMSO), pyrene, doxorubicin-HCI
(DOX-HCI), triethylamine (TEA), trifluoroacetic acid (TFA),
Na;B407, NaOH, HCI, 33% HBr in acetic acid, anhydrous diox-
ane, dichloromethane (DCM), anhydrous dimethylformamide
(DMF), cystamine, triscarboxyethylphosphine (TCEP), N,N’-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS),
diethyl ether, ethanol, tetramethylsilane (TMS), and NaCl were
purchased from Sigma-Aldrich (St. Louis, MO, USA). PLLA (M, 1K)-
b-PEG-COOH (M, 2K) was prepared by conventional method. PLLA
(Mp 1K)-b-PEG-COOH (M, 2K) preactivated with NHS and DCC was
reacted with cystamine and transferred to PLLA (M, 1K)-b-PEG
(Mp 2K)-SH by TCEP, as described in detail in our previous report
(Lee et al., 2007).

2.2. Polymer synthesis

Poly(N®-benzyloxycarbonyl-L-lysine) was synthesized by ring-
opening polymerization of N-carboxy-(N®-benzyloxycarbonyl)-L-
lysine anhydride (L-lysine NCA) using AEM as an initiator. L-lysine
NCA (30 mmol), prepared under anhydrous dioxane at 65 °C using
triphosgene as described by van Dijk-Wolthuis et al. (1997),
was dissolved in anhydrous DMF (20ml) in the presence of
AEM (1 or 2mmol: corresponding with a molar NCA/initiator
ratio of 30 or 15) (Lee et al, 2008b) and reacted for 3 days
at room temperature. Poly(N®-benzyloxycarbonyl-L-lysine) was
obtained after reprecipitation from excess diethyl ether. In order to
remove the benzyloxylcarbonyl group from the polymer, poly(N¢-
benzyloxycarbonyl-L-lysine) (1 g) was dissolved in TFA (5ml) and
then was mixed with 33% HBr in acetic acid (5ml) at room
temperature for 30 min. Poly(L-lysine)-HBr [poly(Lys)-HBr] was
recrystallized from excess diethyl ether/ethanol (50/50 vol.%). The
removal of the benzyloxylcarbonyl group was confirmed by 'H
NMR (DMSO-dg with TMS) peaks: no peak at & 7.40-7.21 (ben-
zyl group) (data not shown). The molecular weight of poly(Lys)
was estimated from 'H NMR (DMSO-dg with TMS) peaks using
the integration ratio of the peaks from the repeating unit
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(—CH—, & 4.72) and the initiator (—CH=CH—, & 6.92) (data
not shown). The molecular weight (M) of poly(Lys) was 2105
(2K) and 4069 (4K) Daltons. Subsequently, poly(Lys) (2K or
4K) (0.5mmol) was reacted with DEAP (15mmol or 30 mmol)
in DMSO (20ml) at room temperature for 2 days. After the
reaction, the solution was transferred to a pre-swollen dialy-
sis membrane tube (Spectra/Por; MWCO 2K) and was dialyzed
against deionized water to remove non-reacted DEAP. The resulting
solution was freeze-dried. The DEAP conjugation was con-
firmed by the presence of a 'H NMR (DMSO-dg with TMS)
peak at & 1.2 (—CHs, DEAP) (data not shown). The percent
conjugation was 97 4+ 2%, and the molecular weight of poly(N®¢-(3-
diethylamino)propyl isothiocyanato-L-lysine) [poly(DEAP-lysine)]
was 4890 (5K) and 9862 (10K) Daltons, as calculated by the com-
parison of the two TH NMR peaks [8 4.72 (—CH—, repeating unit
) and 8 1.2 (—CHs, DEAP)] (data not shown). The coupling of
poly(DEAP-lysine) and PLLA-b-PEG-SH (Lee et al., 2007; Lee et al.,
2008b) was carried out in DCM overnight. Excess diethyl ether
was added to form precipitate poly(DEAP-lysine)-b-PEG-b-PLLA.
The complete coupling of poly(DEAP-lysine) and PLLA-b-PEG-SH
was confirmed by the transfer of 'TH NMR at & 6.92 (—CH=CH—, at
terminal maleimide of poly(DEAP-lysine)) to & 3.32 (—CH—CH;—,
at terminal maleimide of poly(DEAP-lysine)) (data not shown). The
synthesis of poly(DEAP-Lys)-b-PEG-b-PLLA is outlined in Scheme 2.

2.3. Acid-base titration

The polymer or NaCl (as a control) in deionized water
(30 mmol/l) was adjusted to pH 12 with 1N NaOH. The solution
including block copolymers was titrated by stepwise addition of
0.1N HClI solution to obtain the pH profile.

2.4. Preparation of polymeric micelle

The polymer (50 mg) dissolved in DMSO (5 ml) was transferred
to a pre-swollen dialysis membrane tube (Spectra/Por; MWCO 8K)
and dialyzed against HCI (or NaOH)-Na,B407 buffer solution (pH

7.4-6.0, 10 mM) for 24 h. The outer phase was replaced three times
with fresh Na;B407 buffer solution. The solution was then mixed
with phosphate buffer saline (PBS) solution. The solution was sub-
sequently lyophilized after filtering through a 0.8 wm syringe filter.
After freeze-drying of the solution for 2 days, the micelle powder
was obtained. The yield (wt.%) of the micelles was calculated by
weighing the freeze-dried micelle powder. The yield (wt.%) of the
micelles was 92 + 3 wt.%.

2.5. DOX loading

DOX-HCl was stirred with a 2 mole ratio of TEA in DMSO
overnight to detach the HCl salt from DOX (Lee et al., 2005a). A total
of 20 mg of polymer with DOX (4 mg) in DMSO (2 ml) was dialyzed
against HCl (or NaOH)-Na;B407 buffer solution (pH 8.0, 10 mM) for
24 h to fabricate DOX-loaded polymeric micelles. The outer phase
of the dialysis bag containing DOX and polymer was replaced three
times, and non-encapsulated free DOX was removed during this
procedure. The measurement of the DOX concentration in micelles
was performed with a UV-visible spectrophotometer by measur-
ing the UV absorbance at 481 nm of the DOX-loaded polymeric
micelles dissolved in DMSO/HCI (or NaOH)-Na,;B40- buffer mix-
ture solution (95: 5 vol.%). DOX loading efficiency was 80 + 3 wt.%,
calculated by dividing the loading DOX content by the feeding DOX
content (Lee et al., 2005a,b).

2.6. Photon correlation spectroscopy (PCS) by Zetasizer

Dynamic light scattering (Malvern Instrument) was used to
determine the particle size distribution of the polymeric micelles
(0.1 g/l) in PBS solution (pH 7.4-6.0, ion strength: 0.15).

2.7. Transmittance of micellar solution

Transmittance was measured using a Varian CARY 1E UV-vis
spectrophotometer. Before the test, all micellar solutions (0.1 g/l,
ionic strength: 0.15) with different pHs (pH 7.4-6.0) were stabilized
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Scheme 2. Overall scheme for the synthesis of poly(DEAP-Lys)-b-PEG-b-PLLA.
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at 37 °C for 4 h. Relative transmittance of the micellar solution was
measured in the selected pH range with respect to transmittance
at pH 7.4.

2.8. CMC analysis

All fluorescence measurements for CMC determination were
performed using a Shimadzu RF-5301PC Spectrofluorometer.
Pyrene was used as the fluorescence probe to obtain the steady-
state fluorescence spectra of the micelles (Lee et al., 2003). For the
preparation of each micellar solution, a freeze-dried micelle sam-
ple was dispersed in HCl (or NaOH)-Na,B407 buffer solution (pH
7.4-6.0, ionic strength: 0.15). The initial pH of each micelle solu-
tion used for this study was tuned to the diafilteration pH used in
micelle fabrication. The micellar solution (1 x 10~4 to 1 x 10~1g/l)
was mixed with pyrene at 50°C for 6h, yielding a final pyrene
concentration of 6.0 x 10-7 M. The pyrene emission at Aex 339 nm
was recorded. The CMC was estimated by plotting I (intensity of
first peak) of the emission spectra profile against the log of the
micelle concentration. The CMC at each pH was determined by the
crossover point of low polymer concentrations on this plot (Lee et
al.,, 2003).

2.9. DOX release behavior

For the drug release test, DOX-loaded micelle solution (0.5 ml)
was added into a dialysis membrane tube (Spectra/Por MWCO
5kDa), immersed in a vial containing fresh PBS (10ml, ionic
strength: 0.15) with different pHs (pH 7.4-6.0), and put through
mechanical shaking (100 rev./min) at 37 °C. The outer phase of the
dialysis bag was withdrawn and replaced with fresh buffer solution
at predetermined time intervals in order to keep the sink condition
of DOX. The measurement of the DOX concentration was performed
with a UV-visible spectrophotometer as described above.

3. Results and discussion
3.1. Characterization of poly(DEAP-Lys)-b-PEG-b-PLLA

A new ABC type of polyelectrolyte block copolymer was com-
posed of poly(DEAP-Lys)-b-PEG-b-PLLA. Herein, the poly(DEAP-
Lys) block was prepared by conjugating a pH-sensitive DEAP to a
biocompatible polypeptide [poly(Lys), M, 2K, 4K]. Coupling of the
thiol groups at the end of PLLA (1K)-b-PEG (2K) to the maleimide
of the poly(DEAP-Lys) block was employed for the preparation of
poly(DEAP-Lys)-b-PEG-b-PLLA (Scheme 2). To determine the pKj,
of block copolymers, acid-base titration of poly(DEAP-Lys)-b-PEG-
b-PLLA was performed (Fig. 1). The apparent pKj;, of both polymers
was around 6.5. The pH-buffering region of the polymers was at pH
6-7. However, the buffering capacity of the three block copolymers
was greater in the case of high molecular weight poly(DEAP-Lys)
(10K). These results suggest that the poly(DEAP-Lys) block exhibited
hydrophobicity due to deprotonation of DEAP attached to poly(Lys)
at physiological pH and changed to a hydrophilic block below pH 7.0
through protonation of the tertiary amine in DEAP. Therefore, the
ABC type of three block copolymer may show a flower-like micelle
with a hydrophobic core composed of deprotonated poly(DEAP-
Lys) blocks, a hydrophobic PLLA block and a hydrophilic PEG shell
block at physiological pH. However, as pH decreased, protonation
of poly(DEAP-Lys) resulted in destabilization of the micelles due to
the change of hydrophobicity of the polymer (Scheme 1).

3.2. pH-dependent micelle formation

The micelles of poly(DEAP-Lys)-b-PEG-b-PLLA were prepared in
PBS buffers (pH 7.4-6.0) by the diafiltration method. The parti-
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Fig. 1. The pH-profile of poly(DEAP-Lys) (10K)-b-PEG (2K)-b-PLLA (1K) (O),
poly(DEAP-Lys) (5K)-b-PEG (2K)-b-PLLA (1K) (O), and NaCl (O) by acid-base titra-
tion. The average value from the triplicate titrations was plotted.

cle size of the formed micelle was measured using dynamic light
scattering technique and was found to be about 165 nm with a uni-
modal size distribution at the pH range of 7.4-7.0 (Fig. 2). However,
at less than pH 7.0, the size of the polymer particles could not be
determined due to low intensity in the nano-size range (data not
shown), indicating micelle disintegration. This is comparable with
poly(L-histidine) (M, 5K)-b-PEG (M, 2K)-b-PLLA (M, 3K) flower-
like micelles (Lee et al., 2007) that increased the particle size as
the pH decreased, resultant from micellar swelling and bridging.
It was assumed that the relative high molecular weight of PLLA
(Mp 3K) resisted micellar disintegration upon protonation of poly(L-
histidine) co-present in the micellar core rather than the induction
of micelle swelling and random aggregation. It appears that the
PLLA (M, 1K) block used in this study had no effect on micelle
aggregation.

In Fig. 3, the poly(DEAP-Lys)-b-PEG-b-PLLA micelles showed
a sharp increase in relative transmittance at pH 7.0-6.0, which
was consistent with the results of size measurement. Conversely,
the PEG-b-PLLA micelle had no significant difference in relative
transmittance at all pHs tested. This result may be due to the proto-
nation of poly(DEAP-Lys) in the micellar core, leading to micelle
disintegration. In particular, the poly(DEAP-Lys) (10K)-b-PEG-b-
PLLA micelle increased micelle destabilization at less than pH 7.0
compared to the poly(DEAP-Lys) (5K)-b-PEG-b-PLLA micelles. This
elucidated that block copolymers with a long poly(DEAP-Lys) chain

Intensity (%)

10 100 1000
Particle size (nm)

Fig. 2. The particle size distributions of poly(DEAP-Lys) (10K)-b-PEG (2K)-b-PLLA
(1K) micelles (pH 7.4).
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(5K)-b-PEG (2K)-b-PLLA (1K) micelle (W), and PEG(2K)-b-PLLA(1K) micelle (a)] after
4h. Each micellar solution (ionic strength: 0.15) was kept to 0.1 g/l (n=3).

can have increased hydrophobic blocks via deprotonation, provid-
ing a stable structure at physiological pH and can be hydrophilic
in a hydrophilic-lipophilic balance (HLB) as the number of charged
DEAP units increase in the copolymer. This result suggested that the
poly(DEAP-Lys) (10K)-b-PEG-b-PLLA micelle can be effectively used
as an anticancer drug carrier by forming a stable structure in blood
circulation and normal tissues (pH 7.4). The destabilization of car-
riers that sensitively respond to tumor pHe resulted in anticancer
drug accumulation around tumor tissues. Therefore, based on the
above results, the poly(DEAP-Lys) (10K)-b-PEG-b-PLLA micelle was
selected for further study.

3.3. The CMC of poly(DEAP-Lys) (10K)-b-PEG-b-PLLA dependent
on pH

Micelle formation by the self-assembly of poly(DEAP-Lys) (10K)-
b-PEG-b-PLLA was studied using CMC measurement determined
by fluorometry in the presence of pyrene as a fluorescent probe.
Fig. 4 presented the CMC of poly(DEAP-Lys) (10K)-b-PEG-b-PLLA
and PEG-b-PLLA (as a control) as a function of pH. The CMC
of poly(DEAP-Lys) (10K)-b-PEG-b-PLLA at pH 7.4 showed a rel-
atively low value of 4 pg/ml compared to those of PEG-b-PLLA
(12 wg/ml) and other polymeric amphilphiles (5-1000 p.g/ml)

167
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Fig. 4. The CMC change of each micelle [poly(DEAP-Lys) (10K)-b-PEG (2K)-b-PLLA
(1K) micelle (®) and PEG(2K)-b-PLLA(1K) micelle (a)] (n=3).

(Kabanov et al., 2002). This low CMC may be due to increased
hydrophobicity caused by the two hydrophobic blocks of depro-
tonated poly(DEAP-Lys) (10K) and PLLA (1K). In contrast, decreased
pH induced a micropolarity change of the micellar core and
resulted in an increase of the CMC of poly(DEAP-Lys) (10K)-b-
PEG-b-PLLA. Interestingly, at pH 6.8 (>pKy), the CMC of partially
charged poly(DEAP-Lys) (10K)-b-PEG-b-PLLA was represented by
a low value (~23 pg/ml), and at pH 6.4 (<pKy), the CMC of fully
charged poly(DEAP-Lys) (10K)-b-PEG-b-PLLA drastically increased
(~95 pg/ml). However, the CMC of PEG-b-PLLA did not change at
any of the pHs. These results suggested that the pH-sensitivity
of poly(DEAP-Lys) (10K)-b-PEG-b-PLLA is attributable to the pH-
dependent change in amphiphatic properties. Here, control of the
molecular weight of each ABC block may open the way to the devel-
opment of other controlled drug release carriers.

3.4. pH-dependent DOX release

To study the correlation between the release rate of encapsu-
lated drugs from micelles and pH-sensitive micelle destabilization,
DOX was selected as a model anticancer agent and loaded into the
micelles of poly(DEAP-Lys) (10K)-b-PEG-b-PLLA and PEG-b-PLLA
(as a control) by the diafiltration method (Lee et al., 2003; Lee
et al,, 2007). Fig. 5(a) showed the relative transmittances of the
two-micelle solutions as a function of pH. The micelle solution

Transmittance at a given pH
Transmittacne at pH 7.4

(b)

0.96 T T T T T
74 72 70 68 66
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6.4

6.2

6.0

Fig. 5. (a) The relative transmittance change of DOX-loaded polymeric micelles [poly(DEAP-Lys) (10K)-b-PEG (2K)-b-PLLA (1K) micelle (®) and PEG(2K)-b-PLLA(1K) micelle
(a)] after 2 h. (n=3) (b) Photographic image of DOX-loaded poly(DEAP-Lys) (10K)-b-PEG (2K)-b-PLLA (1K) micellar solution (pH 6.8, right) and PEG(2K)-b-PLLA(1K) micelle
(pH 6.8, left) at room temperature after 4 h. Each micellar solution (ionic strength: 0.15) was kept to 0.1 g/l. DOX content in each micelle was fixed to 16 wt.%.
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Fig. 6. (a) The pH-dependent DOX release from poly(DEAP-Lys) (10K)-b-PEG (2K)-
b-PLLA (1K) micelle (®) and PEG(2K)-b-PLLA(1K) micelle (a) (n=3) after 24 h (b)
Time-dependent DOX release from poly(DEAP-Lys) (10K)-b-PEG (2K)-b-PLLA (1K)
micelle at each pH (after 1h (@), 2h (W), 4h (a), 6h (v), and 24 h (¢) incubation)
(n=3).

of poly(DEAP-Lys) (10K)-b-PEG-b-PLLA represented the decreased
transmittance; the micelle led to the release of DOX from the
micelles as pH decreased, resulting in drug precipitation (Fig. 5(b)).
Fig. 6 showed the pH-dependent cumulative DOX release from
the poly(DEAP-Lys) (10K)-b-PEG-b-PLLA and PEG-b-PLLA (as a con-
trol) micelles over the course of 24 h. Both DOX-loaded micelles
exhibited a ca. 35% drug release at pH 7.4. The pH-sensitive
poly(DEAP-Lys) (10K)-b-PEG-b-PLLA micelles gradually increased
DOX release from the micelles as the pH decreased and showed
a 90% drug release at pH 6.0, while pH-insensitive PEG-b-PLLA
micelles did not change the release rate of DOX from the micelles in
any of the pHs. The kinetic profiles of DOX release from poly(DEAP-
Lys) (10K)-b-PEG-b-PLLA micelles indicated that the differences in
DOX release in regard to pH were remarkable (Fig. 6(b)). For 1h, a
small initial burst release of DOX (20-30wt.%) from the micelles
was observed at all pHs. However, at pH 7.4, drug release from the
micelles demonstrated a small increase to 35% for 24 h, whereas,
the release of DOX apparently accelerated at pHs lower than pH
7.0 and only within 4 h, appeared to reach a ca. 80% of plateau at
24 h.In particular, these micelles responded to small pH differences
between 7.0 and 6.8, which indicated that the micelles constructed
from poly(DEAP-Lys) (10K)-b-PEG-b-PLLA were more sensitive to
a little change in tumor pHe compared to physiological pH. This
pH-sensitivity of poly(DEAP-Lys) (10K)-b-PEG-b-PLLA micelles may
be due to the destabilization of the micellar core resulting from
the ioniziation of poly(DEAP-Lys) below pH 7.0. These results con-

firmed that the PLLA-b-PEG-b-polyHis micelles distinguish tumor
extracellular pH from physiological pH by accelerating drug release
rate.

4. Conclusion

Poly(DEAP-Lys) (10K)-b-PEG-b-PLLA was constituted into a
novel pH-sensitive flower-like polymeric micelle. The micelles
(~165 nm in diameter) showed triggered release of DOX in decreas-
ing pH from 7.0 to 6.8. This flower-like micelle system may provide
maximal therapeutic efficacy in the tumor site due to increased
drug accumulation while having low probability of drug accumula-
tion in normal tissues resulting in reduced side effects. The results
of this study justify the need of further investigation.
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