1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"% NIH Public Access

O
H%

Author Manuscript

Published in final edited form as:
J Control Release. 2007 October 18; 123(1): 19-26.

Tumor pH-responsive flower-like micelles of poly(L-lactic acid)-b-
poly(ethylene glycol)-b-poly(L-histidine)

Eun Seong Lee, Kyung Taek Oh, Dongin Kim, Yu Seok Youn, and You Han Bae"
Department of Pharmaceutics and Pharmaceutical Chemistry, University of Utah, Salt Lake City,
421 Wakara Way, Suite 315, UT 84108, USA

Abstract

Polymeric micelles were constructed from poly(L-lactic acid) (PLA; M, 3K)-b-poly(ethylene glycol)
(PEG; M, 2K)-b-poly(L-histidine) (polyHis; M, 5K) as a tumor pH-specific anticancer drug carrier.
Micelles (particle diameter: ~ 80 nm; critical micelle concentration (CMC): 2 pg/ml) formed by
dialysis of the polymer solution in dimethylsulfoxide (DMSO) against pH 8.0 aqueous solution, are
assumed to have a flower-like assembly of PLA and polyHis blocks in the core and PEG block as
the shell. The pH-sensitivity of the micelles originates from the deformation of the micellar core due
to the ionization of polyHis at a slightly acidic pH. However, the co-presence of pH-insensitive
lipophilic PLA block in the core prevented disintegration of the micelles and caused swelling/
aggregation. A fluorescence probe study showed that the polarity of pyrene retained in the micelles
increased as pH was decreased from 7.4 to 6.6, indicating a change to a more hydrophilic environment
in the micelles. Considering that the size increased up to 580 nm at pH 6.6 from 80 nm at pH 7.4 and
that the transmittance of micellar solution increased with decreasing pH, the micelles were not
dissociated but rather swollen/aggregated. Interestingly, the subsequent decline of pyrene polarity
below pH 6.6 suggested re-self-assembly of the block copolymers, most likely forming a PLA block
core while polyHis block relocation to the surface. Consequently, these pH-dependent physical
changes of the PLA-b-PEG-b-polyHis micelles provide a mechanism for triggered drug release from
the micelles triggered by the small change in pH (pH 7.2-6.5).
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1. Introduction

Recently pharmaceutical applications of polymeric micelles [1-3] designed to enable spatial
site-specific drug delivery [4] have burst onto a scene with challenging innovations. In tumor
treatment the micelles system has proven effective in regression of tumor size while minimizing
damage to the healthy tissues [4] and is being actively investigated in conjunction with
hyperthermia [5], ultrasound [6], specific enzyme-induced cleavable bonds [7-9], and specific
ligands or antibodies [10-13] for active targeting purposes.
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More recently, pH-sensitive polymeric carriers have been used in targeted antitumor drug
delivery [14-25], based on intrinsic differences between various solid tumors and the
surrounding normal tissues in terms of their relative acidity [26]. The extracellular pH (pHg)
in most tumors is more acidic (pH 6.5-7.2) than in normal tissues [27-29]. In all measurements
(involving either invasive or noninvasive methods) of the pH, of human and animal solid
tumors, more than 80% of all measured values consistently fall below a pH of 7.2 [27-29].
The development of pH-sensitive drug-carriers therefore maybe a unique strategy and confer
advantages over using external stimuli, such as hyperthermia [5] and ultrasound [6] which
require exact location of tumors for triggered release [30].

One study for tumor pH, targeting concerns pH-labile chemical bonds. Hydrazone and acetal
bonds between the drug and the micelles can be cleaved by acidic pH [14-16], however these
bonds are more labile at endo/lysosomal pH (pH 5.0-5.5) than at tumor pH, to accelerate drug
release from the micelles [14-16]. On the other hand, smart micelles showing a pH-induced
interior structural change [17-18] or physical destabilization [19-25] have recently been
investigated and showed a high sensitivity to tumor pH,. The physical change in the drug-
carrier [17-25] seems more tunable to recognize small differences in pH like tumor pHe,
compared to the systems that rely on chemical bonds [14-16]. Furthermore, translating the
non-specific nature of cationic HIV Tat peptide to acidic solid tumor-specific by pH-dependent
electrostatic shielding/deshielding with polymeric micelles is an attractive concept [31]. At
normal blood pH, the poly(sulfonamide) is negatively charged and shields Tat peptide on
micellar surface by electrostatic interactions. In the tumor pH,, disrupting the ionic interactions
is triggered by lower pH in the tumor milieu due to deionized poly(sulfonamide), leading to
the detachment of poly(sulfonamide) from the micelles and exposure of the hidden Tat peptide
in tumoral environments. This system targeted realistic tumor pHe.

Poly(L-histidine) (polyHis) [19-24] is a promising biomaterial for the construction of such
pH-sensitive polymeric carriers. The imidazole ring (pKy, ~ 6.5) of polyHis has lone pairs of
electrons on the unsaturated nitrogen that endow it with pH-dependent amphoteric properties
[19-20]. The ionization of polyHis (below pKp) switches the nature of this material from
lipophilic to lipophobic [19-20]. In addition, the polyHis presents a strong endosomolytic
property by its proton sponge effect and/or its interaction with anionic phospholipids
comprising the endosomal compartments [20-21,23,32]. These properties of polyHis
contributed to the development of a smart micelle system responsive to tumor pHg or more
acidic endosomal pH tunable by a mixed micelle approach with poly(L-lactic acid) (PLA)-b-
PEG [19-21,23-24].

In this study, we prepared a flower-like pH-sensitive polymer micelle from biodegradable
PLA-b-PEG-b-polyHis to replace the mixed micelles approach [20] where phase separation
between two block copolymers was observed by polyHis ionization. As shown in Fig. 1, the
flower-like micelles are expected to be formed from PLA-b-PEG-b-polyHis and be responsive
to tumor pHe. Switching the drug release kinetics from slow during circulation to fast at tumor
sites by an acidic pH-induced micelles-swelling mechanism (due to ionization of the polyHis)
may enhance the effectiveness of the chemotherapy. For the proof of this concept, 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, doxorubicin (DOX: a model anticancer drug in this study)-loaded flower-like micelles
were evaluated by monitoring pH-dependent drug release rate and cytotoxicity against the wild
breast tumor cell line (MCF-7).
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2. Materials and Methods

2.1. Materials

Succinic anhydride, 4-dimethylaminopyridine (DMAP), pyridine, triethylamine (TEA),
dimethylformamide (DMF), diethyl ether, N-hydroxysuccinimide (NHS), N, N-
dicyclohexylcarbodiimide (DCC), dichloromethane (DCM), dimethylsulfoxide (DMSO), N-
(2-aminoethyl)maleimide (AEM) trifluoroacetate salt, anhydrous liquid ammonia, sodium,
cystamine, tris (2-carboxyethyl)-phosphine hydrochloride (TCEP), tetrazolium salt MTT, L-
glutamine, n-propyl galate, glycerol, and DOXHCI were purchased from Sigma-Aldrich
(St.Louis, MO, USA). Penicillin—streptomycin, Tris—HCI (pH 8.4), fetal bovine serum (FBS),
0.25% (w/v) trypsin-0.03% (w/v) EDTA solution, and RPMI11640 medium were purchased
from Gibco (Uxbridge, UK). Poly(iMbenzyl-L-histidine) (average repeating unit number: 36)
was synthesized as described in detail in our previous reports [19,22]. PLA (M, 3K)-b-PEG
(Mp, 2K)-COOH (mono-carboxylated PLA-b-PEG) was prepared by a conventional method
[19,23,33].

2.2. Synthesis of PLA-b-PEG-b-polyHis

In order to synthesize an ABC type triblock copolymer of PLA-b-PEG-b-polyHis, synthetic
routes were tried as shown in Scheme 1. The terminal amine group of poly(‘Mbenzyl-L-
histidine) (20 mmol) was modified with succinic anhydride (24 mmol), DMAP (24 mmol),
and TEA (24 mmol) in DMF (30 ml)/pyridine (10ml) at room temperature for 1 day. After the
reaction, the carboxylated poly(iMbenzyl-L-histidine) (yield: 98+3 wt. %) was obtained after
re-precipitation from excess diethyl ether. The conversion of the terminal amino group of poly
(imbenzyl-L-histidine) into a carboxyl group was confirmed by the transfer of *H NMR peak
at 5 3.97 (-CH-NH, at the terminal site of poly(™benzyl-L-histidine)) to & 4.92 (-CH-NH-CO-
at the conjugation site of poly(i™benzyl-L-histidine) and succinic anhydride) (data not shown).
In order to substitute carboxyl group in poly(iMbenzyl-L-histidine) with AEM, the carboxylated
poly(Mbenzyl-L-histidine) (20 mmol) was activated using NHS (24 mmol) and DCC (24
mmol) in DMF (30 ml). After carrying out the reaction for 1 day at room temperature,
dicyclohexylurea (DCU) was removed by filtration and then AEM (40 mmol) in TEA (40
mmol) was added to the filtrate for coupling reaction between poly(i™benzyl-L-histidine) and
AEM (reaction time: one day). The solution was dialyzed to remove unconjugated AEM. Poly
(iMbenzyl-L-histidine)-AEM (yield: 94+5 wt. %) was obtained after freeze-drying. The
conjugation of AEM to poly(i™benzyl-L-histidine) was confirmed by *H NMR peak transfer
of & 4.12 (-CH»-COOH, terminal group of carboxylated poly(iMbenzyl-L-histidine)) to & 2.04
(-CH,-CO-NH-, conjugation site of poly(Mbenzyl-L-histidine)-AEM) (data not shown). The
percentage conversion of poly(iMbenzyl-L-histidine) to poly(Mbenzyl-L-histidine)-AEM was
95+3 wt. %, as calculated by the comparison of two *H NMR peaks (6 4.12 and & 2.04).
Subsequently, poly(iMbenzyl-L-histidine)-AEM (2 g) was treated with finely cut metallic
sodium (0.4 g) under anhydrous liquid ammonia (40 ml) to remove benzyl groups in poly
(Mpenzyl-L-histidine) (reaction time: 30 min) [19]. After evaporating all liquid ammonia, 1 N
HCI (15 ml) was added to dissolve the residue. This solution was filtered to remove insoluble
materials and extracted three times with diethyl ether (40 ml). PolyHis-AEM (yield: 87+6 wit.
%) was collected after freeze-drying for 2 days. The *H-NMR peaks confirmed the removal of
benzyl group and the presence of same AEM content on polymer (data not shown).

On the other hand, PLA-b-PEG-COOH (20 mmol) activated with NHS (24 mmaol) and DCC
(24 mmol) in DCM (30 ml) for 1 day was filtered to remove DCU and then diethyl ether (240
ml) was added to precipitate PLA-b-PEG-NHS. Dried PLA-b-PEG-COOH was reacted with
cystamine (40 mmol) in DMSO (15 ml), in the presence of TEA (40 mmol). After 1 day, TCEP
(80 mmol) dissolved in deionized water (30 ml) was mixed with the solution for the reduction
of PLA-b-PEG-cystamine-PEG-b-PLA or PLA-b-PEG-cystamine (reaction time: 4 hours).
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The solution was then dialyzed to remove unconjugated cystamine and TCEP. PLA-b-PEG-
SH (yield: 70£8 wt. %) was lyophilized. *H-NMR showed peak transfer of  4.23 (-CHo-
COOH, terminal group of PLA-b-PEG-COOH) to 6 2.83 (-CH,-CO-NH-, conjugation site of
PLA-b-PEG-SH) (data not shown). The percentage conversion of PLA-b-PEG-COOH to PLA-
b-PEG-SH was 82+5 wt. %, as calculated by the comparison of two *H NMR peaks (5 4.23
and 6 2.83).

Finally, the coupling of polyHis-AEM (10 mmol) and PLA-b-PEG-SH (10 mmol) was carried
out in DMSO (10 ml)/deionized water (10 ml) overnight. Resulting solution was dialyzed in
a dialysis membrane tube (Spectra/Pore; MWCO 8K) to remove unconjugated polymers. After
freeze-drying, PLA (M}, 3,012)-b-PEG (M,, 2,000)-b-polyHis (M, 5,132) triblock copolymer
(yield: 853 wt.%) was obtained. The complete coupling of PLA-b-PEG and polyHis was
confirmed by the transfer of H NMR peak at 86.95 (-CH=CH- at maleimide of polyHis-AEM)
to & 3.24 (-CH-CHy>-) (data not shown).

The molecular weight distribution of PLA-b-PEG-b-polyHis was determined with MALDI
TOF mass spectra acquired with a Micromass TOFSPEC mass spectrometer in the reflection
mode.

2.3. Acid-base titration

The PLA-b-PEG-b-polyHis and NaCl (control) were dissolved in 35 ml of deionized water (30
mmol/l) and the solution was adjusted to pH 12 with 1 N NaOH. The diluted solution was
titrated by the stepwise addition of 0.1 N HCI to obtain the titration profile.

2.4. Preparation of polymeric micelle

The PLA-b-PEG-b-polyHis (20 mg) dissolved in DMSO (20 ml) was transferred to a
preswollen dialysis membrane tube (Spectra/Por; MWCO 15K) and dialyzed against HCI (or
NaOH)-Na,B407 buffer solution (pH 7.4, 20 mM) for 24 hours. The outer phase was replaced
three times with fresh Nay,B4O7 buffer solution. The solution was then mixed with phosphate
buffer saline (PBS) solution (pH 7.4). The solution (ionic strength: 0.15) was subsequently
lyophilized after filtering through a 0.8 um syringe filter. The yield (wt.%) of micelles was 89
+6 Wt.%, as calculated by weighing the freeze—dried micelles powder.

2.5. Fluorescence spectroscopy

For the measurement of steady-state fluorescence spectra, pyrene solution (6.0x1072 M) in
acetone was added to deionized water to attain a pyrene concentration of 12x10~/ M. The
solution was then distilled under vacuum at 60 °C for 1 hour to remove acetone from the
solution. The acetone-free pyrene solution was mixed with the polymeric micelles
(1x1074~1x10"1g/1), yielding final pyrene concentration of 6.0 x 10~/ M. The change of the
intensity ratio (l337/1334) of the pyrene with polymer concentration was plotted from excitation
spectra from 300 to 360 nm and at emission wavelength 390 nm [17-18,33]. The CMC at pH
7.4 was determined from crossover point at low polymer concentration from this plot [33].

In order to quantify the polarity around the pyrene molecules retained in the polymeric micelles
(0.1 g/I) with pH, the intensity ratio (I337/1334, higher ratios means a less polar environment)
of the pyrene at different pHs (pH 7.4-5.5) was measured.

2.6. Photon correlation spectroscopy (PCS) by Zetasizer

PCS was conducted using a Zetasizer 3000 (Malatvern Instruments, USA) with a He-Ne Laser
beam at a wavelength of 633 nm, and a fixed scattering angle of 90°. The polymeric micelles
(0.1 g/l, ionic strength: 0.15) were exposed to different pH values (pH 7.4-5.5) at 37 °C for 24
hours before measurement of the particle size and particle size distribution.

J Control Release. Author manuscript; available in PMC 2008 October 18.
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2.7. Transmittance of micellar solution

The 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 7.4-5.5)
were stabilized at 37 °C for 24 hours. Relative transmittance of micellar solution was measured
in the selected pH change with respect to a transmittance at pH 7.4.

2.8. DOX loading to micelles

DOXeHCI (1 mol) was stirred with TEA (2 mol) in DMSO overnight, in order to remove HCI
saltand make DOX lipophilic [20-24]. DOX (10 mg) was blended with PLA-b-PEG-b-polyHis
(50 mg) in DMSO (20 ml). The mixture was transferred to a preswollen dialysis membrane
(Spectra/Por molecular weight cut-off 15,000) and dialyzed against HCI (or NaOH)-
Na,B,407 buffer solution (pH 7.4, 20 mM) for 24 hours. The dialysis medium was changed
several times and the contents inside the dialysis tube were subsequently lyophilized. The
amount of entrapped DOX was determined by measuring the UV absorbance at 481 nm of the
drug-loaded polymeric micelles dissolved in DMSO. The DOX loading efficiency was 81+5
wt. %, as calculated by dividing the loading DOX content by the feeding DOX content.

2.9. pH-dependent drug release from micelle

For drug release test, DOX-loaded micelles were dispersed in PBS (1 ml, ionic strength: 0.15)
with different pHs (pH 7.4, 7.0, 6.8, 6.4, and 6.0), and then transferred in a dialysis membrane
tube (Spectra/Por MWCO 10K). This membrane tube was immersed in a vial containing 10
ml of phosphate buffered saline (PBS) solution adjusted to different pHs. The release of DOX
from micelles was tested with mechanical shaking (100 rev. /min) at 37 °C. The outer phase
of the dialysis membrane was withdrawn and replaced with fresh buffer solution at
predetermined time intervals in order to maintain sink condition. Free DOX inside and outside
the dialysis membrane tube were analyzed to ensure the amount of DOX released from
micelles. The measurement of DOX concentration by a UV/Vis spectrophotometer.

2.10. pH-dependent cell cytotoxicity

Human breast adenocarcinoma (MCF-7) cells were obtained from ATCC. These cells were
maintained in RPMI-1640/PBS (pH 7.4-6.0) medium with 2 mM L-glutamine, 5% penicillin—
streptomycin, 20% fetal bovine serum in a humidified incubator at 37 °C and 5% CO,
atmosphere. Before test, the cells (1 x10% cells/ml) were harvested by 0.25% (w/v) trypsin—
0.03% (w/v) EDTA solution and seeded in a 96-well plate for 24 hours.

For cytotoxicity tests, free DOX (10 pg/ml) or equivalent DOX-loaded micelles in RPMI-1640/
PBS medium were added to the medium-removed 96-well palate. The pH of culture medium
was readjusted with 0.1 N HCI or 0.1 N NaOH. During 24 hours incubation, no considerable
pH shift in the culture medium was observed. After the incubation, chemosensitivity was
measured using tetrazolium salt MTT assay [20-24]. The absorbance of each well was read
on a microplate reader using a test wavelength of 570 nm and a reference wavelength 630 nm.
The cell viability expressed in this study is relative to those at each pH in the absence of DOX
and micelles and the direct pH effect on the cell viability was not monitored with the MCF-7
cell line. The change in pH from 7.4 to 6.0 may influence cell surface charges and cellular
physiology and viability, noting that the low pH is a favorable environment for tumor cells but
has detrimental effect on normal cells [26-29].

2.11. Confocal microscopy

The tumoral DOX accumulation by the PLA-b-PEG-b-polyHis micelles with pH change was
observed with the cells grown on a Lab-Tek Il chamber slide (Nalge Nunc, Napevillem, IL,
USA). The DOX concentration used was 1 pg/ml in the micellar solution with pH 7.4 and 7.0.

J Control Release. Author manuscript; available in PMC 2008 October 18.
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After 5 hours incubation, the cells treated with the micelles were washed three times with PBS
(pH 7.4) and fixed with 1% formaldehyde in PBS for 10 min at room temperature. A coverslip
was mounted on a microscope slide with a drop of anti-fade mounting media (5% N-propyl
galate, 47.5% glycerol and 47.5% Tris—HCI, pH 8.4) to reduce fluorescence photo bleaching.
The DOX accumulation in MCF-7 cells was examined by a confocal microscope (Leica TCS
NT, Leica, Germany).

3. Results and discussion
3.1. Characterization of PLA-b-PEG-b-polyHis

The PLA (M, 3K)-b-PEG (M, 2K)-b-polyHis (M, 5K) was prepared by coupling thiol group
at the end of PEG block of PLA-b-PEG to the maleimide of polyHis block, after
functionalization (Scheme 1) of PLA-b-PEG and polyHis synthesized as described in our
previous reports [19,22-23,33]. The molecular weight distribution was 1.37 as determined
from MALDI TOF mass spectra (data not shown). The apparent pKy, of this polymer was found
to be around 7.0 (Fig. 2). In addition, this polymer exhibited a pH-buffering region of pH 7-5
(this is a inherent property of polyHis) [19].

3.2. Micelle formation

The micelle formation by the self-assembly of PLA-b-PEG-b-polyHis was monitored by
fluorometry in the presence of pyrene as a fluorescent probe. Pyrene is highly hydrophobic
and preferentially migrates into the lipophilic micellar core in an aqueous solution [33]. When
pyrene is located in a non-polar environment (like a lipophilic core in micelle), it shows strong
fluorescence. However, in a polar environment it displays a weak fluorescent intensity and a
shift of excitation peak. In addition, the change in the intensity ratio (I337/1334) of the pyrene
extracted from the excitation graph indicates whether the polymer forms micelles or exists as
a unimer [17-18,33]. Fig. 3 shows that the critical micelle concentration (CMC) of PLA-b-
PEG-b-polyHis was approximately 2 pg/ml, as estimated from the crossover point of the
intensity ratio (l337/1334). This ABC type polymer structure (PLA-b-PEG-b-polyHis)
employing a flower-like assembly in an aqueous solution, yielded lower CMC at pH 7.4 (>
pKy of polyHis) than those of polyHis-b-PEG (10 pg/ml) [19] and PLA-b-PEG (4.5 pg/ml)
[33], which is due to increased lipophilicity by the presence of two lipophilic blocks (PLA and
polyHis). This low CMC value may lead to maintenance of good stability of the micelles in
blood stream.

Fig. 4 shows that the PLA-b-PEG-b-polyHis micelles had an average 80 nm size with a
unimodal size distribution, based on the intensity-average diameter (Fig. 4). In addition, the
transmittance of the micelles at pH 7.4 was 92.5+0.4% of a blank solution (data not shown),
which would be due to scattered light by micelles.

3.3. pH-dependent structural change of micelle

The micropolarity change of the micellar core by pH was monitored by employing a pyrene
probe (Fig. 5(a)). The decrease in the pyrene intensity ratio (I337/1334) at a same polymer
concentration of 0.1 g/l indicates an increase in polarity of micellar core. The PLA-b-PEG-b-
polyHis micelles showed a gradual increase in polarity as the pH decreased from 7.4 to 6.6,
suggesting pH-dependent micellar core structural change such as swelling.

Figs. 5(b) and (c) show that the relative transmittance of the micellar solution decreased and
the size of the micelles increased with decreasing pH. In particular, the change of the particle
size from 80 nm at pH 7.4 to 580 nm at pH 6.6 exhibits approximately 380-fold volume
transition, suggesting pH-dependent physical changes in the micelles. Similar results have been
observed with BAB (hydrophobic B blocks and hydrophilic A block) type amphiphilic
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copolymers which form flower-like micelles and often lead to micellar bridging (resulting in
micelle aggregation) depending on environmental conditions [34-38]. For example, the
formation of three-dimensional networks by bridging between micelles has been induced by
high polymer concentration, salts and pH [34-38]. It is expected that as the pH of solution
decreases, the PLA-b-PEG-b-polyHis micelles swell (Fig. 5(a)) as a result of the ionization of
polyHis and some lipophilic end chains disengaged from the micelles causes the bridging
between micelles. Unlike polyHis-b-PEG micelles and mixed micelles of polyHis-b-PEG/
PLA-b-PEG [19-21], the PLA-b-PEG-b-polyHis micelles resisted disintegration upon
ionization of polyHis, but became swollen and further aggregated.

It is interesting to note that below pH 6.6, the PLA-b-PEG-b-polyHis micelles exhibited a
gentle rise of the pyrene intensity ratio (I337/1334): p<0.05 (at pH 6.0 or 5.5) compared to at pH
6.6, analyzed by student t-test. This suggests the transfer of pyrene from a polar to a non-polar
environment and possible formation of secondary particles composed of the lipophilic PLA
block domains and hydrophilic PEG-b-polyHis domains. Considering the size of particles
below pH 6.6 was around 900 nm in diameter (Fig. 5(c)), this particle must be in a form of
super-aggregate during re-organization of PLA-b-PEG-b-polyHis at low pH from initially
stable micelles at high pH.

Considering that the micelles formed aggregates whose size exceeds tumor vascular pore size
(average 400-600 nm) [39], PLA-b-PEG-b-polyHis micelles may be useful for extending
micelle resident time in tumor sites after extravasation. It was reported that large cluster
formation between extravasated nanoparticles increased the retention time of nanoparticles in
tumor [40-41]. The proof of this hypothesis will require further in vivo investigation.

3.4. pH-dependent DOX release and cytotoxicity

The swelling of micelles in acidic pH may be closely linked to the release rate of incorporated
DOX. Fig. 6(a) shows that during micelles swelling the release of DOX from the micelles was
accelerated. This may be due to that DOX carrying capacity of micellar core decreases as a
result of the ionization polyHis in the micellear core. The difference of DOX release with pH
was remarkable. For 5 hours, 20 wt. % of DOX was released from the micelles at pH 7.4,
whereas 40 wt. % at pH 7.0. Furthermore, for 24 hours the micelles released 32 wt. % of DOX
at pH 7.4, and 55 wt. % at pH 7.0, 60 wt. % at pH 6.8, 67 wt. % at pH 6.4 and 72 wt. % at pH
6.0. In particular, these micelles responded very little a pH difference between pH 7.4 and 7.0,
which is comparable with that the mixed micelles of polyHis-b-PEG/PLA-b-PEG recognized
a pH difference between pH 7.4 and 6.8 [19-21].

An in vitro cell cytotoxicity test performed with the DOX-loaded PLA-b-PEG-b-polyHis
micelles (Fig. 6(b)) demonstrated that the micelles actively killed MCF-7 cells at lower pHs
because of enhanced amount of DOX released. The viability of MCF-7 cells treated with the
DOX-loaded PLA-b-PEG-b-polyHis micelles was 87% at pH 7.4, 40% at pH 6.8, 30% at pH
6.4 and 26% at pH 6.0. No cytotoxicity was observed up to 100 pg/ml of the blank micelles
of PLA-b-PEG-b-polyHis for MCF-7 cells after 24 hours incubation, regardless of culture
medium pH (data not shown).

Confocal images of MCF-7 cells treated with the DOX-loaded PLA-b-PEG-b-polyHis micelles
are present in Fig. 7. The DOX accumulation in MCF-7 cells differed with pH. At pH 7.0, a
high intracellular DOX concentration was visualized with red intensity of DOX. This is due
to the accelerated DOX release from the micelles at this pH, while at pH 7.4 the tumor cells
exhibited limited internalization of DOX.

These results confirmed that the PLA-b-PEG-b-polyHis micelles distinguish tumor
extracellular pH by an accelerated drug release rate.
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4. Conclusion

PLA-b-PEG-b-polyHis was constituted to a novel pH-sensitive flower-like polymeric micelle.
The micelles (~ 80 nm in diameter) showed triggered release of DOX on decreasing pH from
7.4 10 6.0. From an in vitro cell viability study, it was found that DOX-loaded micelles were
advantageous for tumor cells killing because the triggering pH for DOX release was around
tumor pHe (pH 7.2-6.6) and there was minimal cytotoxicity at pH 7.4. This approach may
provide maximal therapeutic efficacy in the tumor site resulting from increased drug
accumulation, while having the lowest probability of drug accumulation in normal tissues for
reduced side effects. However, this hypothesis requires further investigation for proof.
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Fig. 1.

Schematic diagram depicting the central concept of flower-like pH-sensitive micelles based
on PLA-b-PEG-b-polyHis triblock copolymer. During circulation in blood micelles preserve
a flower-like shape but at the tumor site micelles undergo interior swelling and triggers
antitumor drug release.
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Fig. 2.

The pH-profile of PLA-b-PEG-b-polyHis tribock copolymer (o) and NaCl (m) by acid-base

titration. The average value from triplicate titrations was plotted.
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Fig. 3.
The determination of the CMC from the fluorescence intensity ratio 1337/1334 from excitation
spectra vs. log concentration of the PLA-b-PEG-b-polyHis micelles (pH 7.4).
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The particle size distribution of the PLA-b-PEG-b-polyHis micelles (pH 7.4)
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Fig. 5.

The pH-sensitivity of the PLA-b-PEG-b-polyHis micelles from (a) a plot of the intensity ratio
I337/1334 (N=3), (b) the relative transmittance change (n=3), and (c) the particle size change
(n=3), according to the pH of micellar solution. The micellar solution (ionic strength: 0.15)
was kept to 0.1 g/l.
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Fig. 6.

(a) The pH-dependent cumulative DOX release from the PLA-b-PEG-b-polyHis micelle: pH
7.4 (o), pH 7.0 (m), pH 6.8 (A), pH 6.4 (¥), pH 6.0 () (n=3), and (b) the pH-dependent
cytotoxicity of DOX loaded flower-like micelles (m) or free DOX (m) against MCF-7 cells
(n=3).
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Fig. 7.
Confocal images of MCF-7 cells treated with the DOX-loaded PLA-b-PEG-b-polyHis micelles
at different pH condition (pH 7.4 and 7.0).
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