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a b s t r a c t

In this study, doxorubicin (DOX) was physically incorporated into pH-sensitive micelles made from a mix-
ture of poly(L-histidine)-b-poly(ethylene glycol)/poly(L-lactide)-b-poly(ethylene glycol) (75/25, wt.%). The
DOX-loaded mixed micelles were formulated using dialysis methods and optimal DOX incorporation was
achieved at a drug/polymer feed ratio of 0.2 (wt./wt.) when a proper amount of aqueous phase (0.2, v./v.)
was added into the common solvent (DMSO) solution, followed by dialysis at 4 �C. Based on the results
obtained from dynamic light scattering, UV–Vis absorption, and fluorescence experiments, it was demon-
strated that the encapsulated drugs were mainly located inside the hydrophobic micelle cores, well pro-
tected and inaccessible to the exterior molecules. Under in vitro conditions, although the microstructure
of the micelles was altered below pH 8.0 by the encapsulated drugs, the drug-loaded micelles still exhibited
a desirable ability to control the drug release in response to tumor extracellular pH.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In the recent years, significant efforts have been devoted to
developing biodegradable nanoparticles for drug delivery, since
they can be used to provide targeted delivery of drugs, to improve
oral bioavailability, to sustain drugs in target tissues, and to im-
prove the stability of therapeutic agents against enzymatic degra-
dation [1,2]. One such particulate system that satisfies the
characteristics mentioned above is a multimolecular assembly of
block copolymers with a core–shell architecture, so called poly-
meric micelles [3–6], where a segregated core embedded in the
hydrophilic palisade can serve as a reservoir for a variety of hydro-
phobic drugs. Nanosized polymeric micelles as vehicles for anti-
cancer drugs have a passive targeting capability due to the
enhanced permeability and retention (EPR) effect, resulting from
a leaky vasculature and a lack of lymphatic drainage in tumor
tissues. Moreover, the innovative idea of ‘‘intelligent delivery”
has motivated the development of nanocarriers with a triggered
release mechanism which enables the carriers to release their car-
go in response to specific external or internal stimuli [7–9]. Among
these stimuli, changes in acidity are particularly useful for treating
ll rights reserved.
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solid-tumor cancers, since the relatively acidic extracellular pH
(pHe 5.7–7.2) is a distinguishing phenotype of solid tumors from
surrounding normal tissues [10], and more acidic conditions (pH
5.5–6.0) are also encountered in endosomes once the micelle
enters the cells via endocytosis pathways. Quite a few polymeric
micellar nanocarriers endowed with pH-responsive properties
have been exploited to date [11–18].

Our group recently developed a novel polymeric micellar plat-
form for targeting cytotoxic agents to tumors based on the block
copolymer poly(L-histidine)-b-poly(ethylene glycol) (PH-PEG) [19–
23]. Mixed micelles formed by PH (Mn � 5 kDa)-PEG (Mn: 2 kDa)
and another block copolymer, poly(L-lactic acid) (Mn � 3 kDa)-b-
poly(ethylene glycol) (Mn: 2 kDa) (PLLA-PEG), at the weight ratio
of 75/25 showed desirable pH responses to extracellular tumor pH
[19]. Further studies on the empty mixed micelles revealed that they
were very stable above pH 7.4 but destabilized as the pH decreased
below 6.8, which was attributed to increased electrostatic repul-
sions arising from the progressive protonation of the imidazole rings
on the poly(L-histidine) blocks [21].

Although the pH sensitivity of a micellar system itself can be
considered to be a crucial factor in the development of a pH-
responsive delivery system, there are several other important
issues that should not be neglected from a practical point of
view, such as the efficient incorporation of drugs, the stability
and storage of drug-loaded micelles, and more importantly the
effect of the encapsulated drugs on the microstructure and the

mailto:you.bae@utah.edu
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb


N NH

CH2

CH C
H
N

H
N

O

n

O CH2 CH2 OH CH2 C

O

m

H2C CH2CH2 O C

O

CH

CH3

O H

m n

HOOC

a

b

Fig. 1. Chemical structures of poly(L-histidine)-b-poly(ethylene glycol) (a) and
poly(L-lactic acid)-b-poly(ethylene glycol) (b).
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pH sensitivity of the carriers, because these factors could greatly
affect the in vivo behavior of the drug-loaded vehicles and even
the overall therapeutic efficacy of the drug. However, few such
studies have been performed on pH-sensitive micelle formula-
tions thus far. In this work, a widely used anticancer drug, i.e.
doxorubicin (DOX), was physically loaded into mixed micelles
made from PH-PEG/PLLA-PEG (75/25, wt.%). The drug incorpora-
tion procedure was optimized by varying the drug/polymer feed
ratio and the initial buffer content as well as the dialysis tem-
perature. Physicochemical properties of the DOX-loaded micelles
were examined by a variety of experimental techniques. The sta-
bility of the drug-loaded micelles when stored in solution and as
a freeze-dried solid was evaluated, respectively. In vitro pH-
dependent kinetics of the drug-loaded micelles was further
investigated. In the discussion section, a detailed analysis of
the drug incorporation process was performed to rationalize
the experimentally obtained optimal conditions for efficient drug
loading. Finally, the mechanism causing the change of properties
of the carrier following drug encapsulation was elucidated.

2. Materials and methods

2.1. Materials

Z-His(Bzl)-OH, isopropylamine, triethylamine, PEG (Mn: 2 kDa),
(DEAE) Sephadex A-25, potassium tetraborate, ammonium bicar-
bonate, N-hydroxysuccinimide, N,N0-dicyclohexylcarbodiimide,
anhydrous dimethylformamide, anhydrous 1,4-dioxane and
dimethylsulfoxide (DMSO) were purchased from Sigma Co, and
thionyl chloride was purchased from Fluka Co. Potassium tert-
butoxide and ethyl bromoacetate were purchased from Acros
Organics. Doxorubicin HCl and Dulbecco’s phosphate buffered sal-
ine (DPBS, without MgCl2 and CaCl2) were purchased from Sigma
Chemical Co. and used as received.

2.2. Polymer synthesis and characterization

(1) Poly(L-histidine)-b-poly(ethylene glycol). Synthesis of PH-PEG
was described in detail elsewhere [21,24]. Briefly, poly(Bzl-histi-
dine) was first synthesized by a ring open reaction of N-carboxyan-
hydride of Z-His(Bzl)-OH using isopropylamine as an initiator, and
was then coupled with PEG monoacid (MW: 2000 Da) via an amide
bond. Subsequently, the protecting (benzyl) group of His was re-
moved and the obtained PH-PEG was purified by a dialysis method
followed by lyophilization.

(2) Poly( L-lactic acid)-b-poly(ethylene glycol). PLLA-PEG diblock
copolymer was synthesized by ring opening polymerization of
L-lactide initiated by the hydroxy group of PEG monoacid (MW:
2000 Da) in the presence of stannous octoate as a catalyst [25].

(3) Polymer characterization. 1H NMR spectra of the polymers in
deuterated DMSO solutions were recorded by a Varian 400 MHz
NMR system. Gel permeation chromatography (GPC) was carried
out at 30 �C using DMF as the eluent on an Aligent 1100 series
HPLC instrument equipped with an Aligent Plgel Mixed-C column
and a refractive index detector using polystyrene standards for cal-
ibration. The molecular weights and PDI (Mw/Mn) of the polymers
are given in Table 1. The chemical structures of the two polymers
are shown in Fig. 1.
Table 1
Characterization of the block copolymers

Polymer Mn (lH NMR) Mn (GPC) Mw/Mn (GPC)

PH-PEG 7200 10050 1.3
PLLA-PEG 4860 4600 1.2
2.3. Preparation of DOX-loaded micelles

DOX�HCl was dissolved with 2 molar ratio of triethylamine in
DMSO and stirred overnight. The DOX base solution was blended
with PH-PEG/PLLA-PEG mixtures (75/25 wt.%) at a predetermined
feed ratio. A predetermined amount of 10 mM borate buffer (pH
9.0) was added dropwise into the DMSO solution under vigorous
stirring. The buffer content (X0) was calculated using the following
equation:

X0 ¼ Vbuffer=VDMSO ð1Þ

A varied value from 0 to 0.4 for X0 was applied in the experiments.
The resulting solution was continuously stirred for another 6 h be-
fore it was transferred into a pre-swollen dialysis membrane (SPEC-
TRA/POR, MWCO: 15,000) and dialyzed against 1 L of 10 mM borate
buffer, pH 9.0. The outer aqueous phase was replaced with fresh
buffer solution at 1, 2, 4, 6, and 12 h. After 24 h, samples of the
drug-loaded micelles were recovered from the membrane and fil-
tered through a 0.8 lm membrane filter to remove any unloaded
drug. The drug loading content (LC%) and loading efficiency (LE%)
were calculated using the following equations:

LC% ¼ ðWDOX in micelles=WmicellesÞ � 100% ð2Þ
LE% ¼ ðWDOX in micelles=W feed DOXÞ � 100% ð3Þ

where the amount of encapsulated DOX was determined according
to the following spectrophotometric method.

2.4. Quantitative determination of encapsulated doxorubicin

Two milligrams of DOX�HCl was dissolved in 50 ml DMSO in a
volumetric flask. Standard DOX solutions with varied concentra-
tions (1–100 lg mL�1) were prepared by dilution from this stock
solution. The absorbance of the standard solutions was measured
by a SPECTRAmax M2 UV–Vis spectrophotometer at a wavelength
of 480 nm using blank DMSO as a reference. Using the Lambert–
Beer law, a linear regression equation relating the absorbance (A)
to the DOX concentration (c) was obtained.

c ¼ 0:0467� A; r ¼ 0:996 ð4Þ

where r is the correlation coefficient. 100 ll of the DOX-loaded mi-
celle formulation was lyophilized, and the freeze-dried sample was
re-dissolved in 3 ml DMSO. The absorbance of the resulting solution
was measured at 480 nm, and the drug concentration was deter-
mined from the regression equation.

2.5. Dynamic light scattering

Dynamic light scattering (DLS) experiments were carried out
using a Brookhaven Instruments Corp. system consisting of a
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Fig. 2. Variations in size (a) and drug loading efficiency (b) for the drug-loaded
micelles using the drug/polymer feed ratio of 0.2 (wt./wt.) as a function of initial
buffer fraction (X0) and dialysis temperature.
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BI-200SM goniometer and a BI-9000AT autocorrelator. The sam-
ples were filtered prior to the measurement using a 0.80 lm dis-
posable membrane filter. The field correlation function was
measured at 90� and analyzed by the constrained regularized CON-
TIN method [26] to yield information on the distribution of the
characteristic line width (C). The normalized distribution function
of the characteristic line width <C> can be used to determine an
average apparent diffusion coefficient.

Dapp ¼ C=q2 ð5Þ
where q ¼ 4pn sinðh=2Þ=k is the magnitude of the scattering wave
vector. The apparent hydrodynamic diameter dh,app is related to
Dapp via the Stocks–Einstein equation

Dapp ¼ kT=3pgdh;app ð6Þ

where k is the Boltzmann constant and g is the viscosity of water at
temperature T. The value of the relative variance (u2= < C>2) ob-
tained from the size distribution plot is considered the size polydis-
persity (PI). All measurements were performed at 25 �C unless
specified.

2.6. Doxorubicin fluorescence experiment

All fluorescence measurements were performed using a SHIMA-
DZU RF-5301PC spectrofluorometer. Excitation and emission were
set at 480 and 555 nm, respectively, with bandwidths of 5 nm.
Samples were aqueous solutions of free DOX and DOX-loaded
mixed micelles. A water-soluble quenching agent, KI, was used
for the fluorescence quenching study. The level of KI ranged from
0.0 to 0.6 M and the ionic strength of the solution was kept con-
stant by the addition of NaCl. Na2S2O4 (10�5 M) was added to pre-
vent the oxidation of iodide.

2.7. Drug stability study

The stability of DOX in aqueous solution over time was monitored
by tracking the change in the drug amount as determined from the
absorbance at 480 nm as described before. For drug-loaded micelles,
a dialysis procedure was applied for 6 h with the outside borate buf-
fer (10 mM, pH 9.0) replaced every 2 h to remove free drugs before
each measurement. It should be mentioned that this method does
not provide any information regarding the mechanism of any reac-
tions taking place during the decomposition of DOX. Since we did
not intend to quantify the amount of degraded products of DOX in
this study, the absorption method was used to provide semi-quanti-
tative results on the degree of DOX degradation [27,28].

2.8. In vitro kinetics of DOX-loaded micelles

Two millilitres of pre-filtered DOX-loaded micelle formulation
was transferred into a dialysis membrane (MWCO: 15,000). Subse-
quently, the membrane was immersed into a beaker containing 1 L
DPBS buffer adjusted to a predetermined pH under mechanic shak-
ing (40 rpm) in a 37 �C water bath. The outer buffer phase was re-
placed periodically to maintain a sink condition. At predetermined
time intervals, the solution inside the dialysis membrane was
withdrawn for measurements and immediately put back thereaf-
ter. Changes in the micelle size were tracked by DLS, and the
amount of retained DOX was measured by the absorption method.

3. Results

3.1. Drug incorporation and fabrication of drug-loaded micelles

Since the polymer mixtures were not readily dissolved in water,
a dialysis method was employed to fabricate drug-loaded micelles.
Maintaining a fixed feed ratio of drug/polymer (0.2, wt./wt.), two
variables were considered for this process: namely initial buffer
content (X0) and dialysis temperature (T). Specifically the polymers
and drugs were first dissolved in DMSO followed by the addition of
predetermined amounts of pH 9.0 buffer under vigorous stirring.
The resulting solution was continuously stirred for another 6 h,
and was then dialyzed against aqueous buffer at a temperature
of 25 and 4 �C, respectively. The size (hydrodynamic diameter)
and drug loading efficiency of the obtained drug-loaded micelles
were measured, and the results are shown in Fig. 2a and b, respec-
tively. At a dialysis temperature of 25 �C, the prepared drug-loaded
micelles without buffer addition had a size of 260 ± 20 nm. Micelle
size decreased noticeably upon buffer addition. As the initial buffer
content (X0) increased to 0.2 (v./v.), micelle size dropped to
174 ± 13 nm and remained virtually unchanged with further X0 in-
crease. The drug loading efficiency (LE%) did not follow the same
tendency. LE% initially increased with X0 until a maximum value
of 77 ± 5 % at X0 of 0.2, but it began to decrease with further in-
creases of X0. A similar trend was noted as the dialysis temperature
was changed from 25 to 4 �C, but a smaller size and a higher LE%
were obtained at the same value of X0. It was determined that
for this system, a minimal size value of 153 ± 15 nm and a maximal
LE% value of 90 ± 5% can be achieved at X0 of 0.2. The optimal con-
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ditions for the two factors, i.e. X0 = 0.2 and T = 4 �C, were employed
for preparation of all the drug-loaded micelle formulations.

Fig. 3a shows the changes in drug loading content (LC%) and
loading efficiency (LE%) as a function of the DOX/polymer feed ra-
tio (wt./wt.), and the corresponding changes in size and size poly-
dispersity index (PI) for the obtained drug-loaded micelles are
plotted in Fig. 3b. LC% was found to increase almost linearly with
the feed ratio up to 0.2 with a high value of LE% (�90%) and no sig-
nificant change in the size. However, as the feed ratio increased
above 0.2, LE% began to sharply drop and a significant increase in
the size was also observed. Therefore, the optimal drug/polymer
feed ratio, where both a relatively small size and high loading effi-
ciency could be fulfilled, was 0.2. Taken all together, an optimal
drug-loaded micelle formulation could be obtained by preparing
a mixture using a drug/polymer feed ratio of 0.2, initial buffer con-
tent of 0.2 and dialysis temperature of 4 �C, producing micelles
with an LC% of 18 ± 1% and a size of 153 ± 15 nm, which were then
utilized for all further studies.

3.2. Physicochemical characterizations of drug-loaded micelles

It is known that the DOX molecule bears a chromophore com-
posed of three aromatic hydroxyanthraquinonic rings, which can
be used to monitor its interactions with other molecules. The vis-
ible absorption spectrum of encapsulated DOX showed only slight
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Fig. 3. Variations in loading content (LC%) and loading efficiency (LE%) (a), and
micelle size and size polydispersity index (PI) (b) for the drug-loaded micelles as a
function of drug/polymer feed ratio.
differences from free DOX in aqueous solution, as illustrated in
Fig. 4a; however, the presence of a red-shift in the absorption peak
is a sign of increased local concentrations and also of DOX-DOX
interactions, due to p–p stacking [29,30]. More clear evidence
came from the fluorescence spectrum (Fig. 4b), where a remark-
able decrease in the fluorescence intensity was observed for the
encapsulated drugs compared to the equivalent free drug concen-
trations. This is a typical effect of self quenching behavior arising
from increased local concentrations of the fluorescent molecules,
indicating that the encapsulated DOX was confined inside the poly-
meric micelles.

The hydrophobic character of encapsulation was further re-
vealed by fluorescent quenching studies. Quenching activity of free
and encapsulated DOX molecules was evaluated using hydrated io-
dide ions and the collisional quenching constant Ksv, which reflects
the degree of DOX exposure to I� ions, was estimated from the
Stern–Volmer plot of fluorescent quenching data (Fig. 5), using

F0

F
¼ 1þ Ksv½I�� ð7Þ

where F and F0 are the total fluorescence intensities of DOX with
and without I�, respectively. Free DOX had a Ksv of 24 M�1, whereas
DOX-loaded micelles had a Ksv of 9.2 M�1. The lower value of Ksv for
the latter case indicates that the drugs were not readily accessible
to I� [31], which is consistent with hydrophobic trapping of drugs
inside the micelle cores. It is worth noting that the encapsulated
DOX was still slightly quenched by I�, which may suggest either
some degree of accessibility of I� in the hydrophobic domains of
the micelles or the presence of some drugs in the palisade region
where partial hydration may exist.

3.3. Storage and stability of drug-loaded micelles

The fabricated drug-loaded micelles exhibited good stability at
4 �C over time, and no significant change in the micelle size was
detected following storage in the dark for 30 days (Fig. 6a). It is
known that the stability of DOX in aqueous solution can be affected
by many factors such as pH, temperature, and light etc. The kinet-
ics of drug stability changes at 4 �C for free and encapsulated DOX
was tracked over a period of 30 days in the absence of light, and the
results are shown in Fig. 6b. It was found that free DOX was subject
to rapid decomposition, which is probably attributed to acceler-
ated auto-oxidation or hydrolysis rates at pH 9.0 [32,33]. Neverthe-
less, a notably slower degradation rate was observed for the
encapsulated DOX and 78 ± 5 wt.% of DOX still remained intact in-
side the micelles after 30 days, probably due to the fact that the
encapsulated drugs were largely protected by the micellar carriers
from contact with outside water molecules and the drug release
rate was considerably low at 4 �C.

Freeze drying is another method of conserving drug-loaded mi-
celles. However, one problem that may arise in this situation is the
micelles might be disrupted as water molecules are removed.
Therefore, the sample was re-dissolved in water after freeze drying
to check its integrity. Compared to a sample without freeze drying,
there was only a slight increase in size for the immediately recon-
stituted sample and also for a sample reconstituted following 30
days of storage (Fig. 7), indicating that the micelles remained virtu-
ally undisturbed during the process of freeze drying, and that they
can be recovered nearly intact following reconstitution. In addition
to micelle integrity, it is also important to determine whether DOX
is still present inside the micelle cores after the reconstitution. To
this end, fluorescent quenching studies were performed for the
reconstituted samples and a collisional quenching constant (Ksv)
of 10.4 M�1 was obtained (Fig. 5), which was very close to that
obtained before freeze drying (9.2 M�1). Therefore, it can be con-
sidered that the majority of the drugs were still retained inside
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the micelles upon reconstitution. Moreover, the encapsulated
drugs in the freeze-dried sample showed significantly better stabil-
ity when stored at room temperature than the micelles kept in
solution which was subject to a gradual drug release. It was found
following 30 days of storage at 25 �C less than 30 wt.% of DOX was
retained in the drug-loaded micelles kept in solution, whereas
83 ± 6 wt.% of DOX was still incorporated inside the micelles recon-
stituted from the freeze-dried sample. Hence, freeze drying could
be a desirable method of preserving drug-loaded micelles, espe-
cially when a long-time storage at room temperature is required.

3.4. In vitro pH-dependent kinetics of drug-loaded micelles

Fig. 8a shows the change in size of the drug-loaded micelles as a
function of pH over a period of 24 h under in vitro conditions, and the
corresponding DOX release profiles are plotted in Fig. 8b. In addition,
a release profile of free DOX with the same equivalent concentration
is included as a control. It can be noted that 94 ± 3 wt.% of the free
DOX was released, following 5 h of incubation due to a fast diffusion
rate of the drug molecules under the sink condition. For drug-loaded
micelles, the size remained almost constant (155 ± 8 nm) within
24 h at pH 8.0, while a burst release of 12 ± 2 wt.% of DOX was ob-
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served in the initial 2 h followed by a delayed release up to 24 h.
As pH decreased to 7.4, a slight increase in size took place after 5 h
and the size gradually increased up to 183 ± 10 nm over 24 h. Fol-
lowing the initial burst release, the sample showed a slightly faster
drug release rate at pH 7.4 than at pH 8.0. Nevertheless, the majority
of the encapsulated drugs (ca. 70 wt.%) were still incorporated after
24 h. A dramatically different situation occurred when the pH
dropped to 6.8. Although the micelle remained relatively stable in
the first 4 h, a remarkable increase in the size from 189 ± 15 nm to
423 ± 43 nm occurred after 5 h. Thereafter, the size continuously
went up and it increased above 1 lm after 14 h which was beyond
the upper detection limit of the instrument. An accelerated release
of DOX was also observed over time with about 70 wt.% of the drugs
released after 24 h. A similar situation was found at pH 6.5, although
size increase and drug release rate were faster compared to pH 6.8.
As the pH further decreased to 6.0, micron-sized particles were de-
tected within the first hour, and most of the encapsulated drugs
(78 ± 7 wt.%) were released within 5 h.
4. Discussion

4.1. Efficient and controlled drug incorporation into polymeric micelles

Since the mixture of PH-PEG/PLLA-PEG (75/25, wt.%) is known
to have a relatively high glass transition temperature
(Tg = 131 �C) [21], complete polymeric micelles formed in aqueous
solution will have no ability to incorporate drugs into their glassy
cores. Therefore, a dialysis method was employed to incorporate
drugs into the core, starting from a common solvent (DMSO) solu-
tion where both the polymers and the drugs were dissolved molec-
ularly. In addition, borate buffer with a pH value of 9.0 was utilized
as the aqueous phase to ensure the hydrophobic character of
encapsulation, since protonation of the imidazole groups on the
PH block takes place below pH 8.0 [23]. During the dialysis process,
intermediate micelle-like structures having cores swollen by com-
mon solvent–water mixtures will be formed. The liquid-like char-
acter of the cores would make it feasible for the drugs to enter and
interact with hydrophobic segments of the polymers [34]. As mi-
celle formation progresses with the water gradually replacing
DMSO, the micelle core will become more and more solid-like until
finally all entries for free drugs are completely blocked. However,
using the situation where the DMSO solution is directly dialyzed
against water, the content of the aqueous phase inside the dialysis
membrane may change very quickly with time and would also be
difficult to control. DOX could not be incorporated at high efficien-
cies under these conditions, probably due to the very short time
period that the suitably swollen core existed [34]. Instead, pre-
adding proper amounts of aqueous buffer into the DMSO solution
followed by stirring for quite a period of time can provide control-
lable and suitably swollen cores as well as a sufficient time frame
for the drugs to incorporate, therefore leading to a higher drug
loading efficiency. Nevertheless, excess buffer addition can also
cause the cores to be ‘‘frozen” and block the entry of free drugs,
which would explain why there is a maximum drug loading effi-
ciency with increasing buffer content. As for the dialysis tempera-
ture, it is not difficult to imagine that a lower temperature will
cause decreased diffusion rate of the drugs. In addition, the PEG
corona hydration shell of the micelles is thought to become thicker
as temperature decreases [35]. Both these effects tend to prevent
encapsulated drugs from leaking outside. One should also note that
compared to the blank micelles [21], a larger size was adopted for
the drug-loaded micelles. This may suggest that the micelles were
swollen by the incorporated drugs as normally happens for micel-
lar carriers. On the other hand, since the PH-PEG/PLLA-PEG mix-
tures were revealed to be secondary aggregates associated by
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individual micelles [21], the state of aggregation in one secondary
micelle may be altered following drug incorporation, which could
also contribute to the observed size change.

Considering the finite space of the micelle cores, the degree of
drug solubilization into the micelles should be limited to a certain
level to maintain an optimal balance among the drug content, load-
ing efficiency and micelle stability. Although excess loading of the
drugs was still possible using higher feed ratios of drug/polymer in
our experiments, stability of the micelles was jeopardized in this
case as indicated by an obvious increase in size coupled with de-
creased loading efficiency. Thus taking the above factors together,
optimal conditions for efficient and controlled drug incorporation
could be achieved by selecting proper feed drug/polymer ratios,
adjusting the aqueous content in common solvent, and fabricating
(dialyzing) at a low temperature.

4.2. Effect of the encapsulated drugs on pH dependency of micellar
carriers

Although the empty polymeric micelles exhibited desirable pH
sensitivity in response to extracellular tumor pH [21], it should be
realized that the pH dependency of the micellar carriers could be
altered after drug encapsulation, especially in this case the drug
(DOX) itself is a weak base. It is this concern that motivated the
study of in vitro pH-dependent kinetics of drug-loaded micelles.
At pH 8.0, the drug-loaded micelles exhibited a good kinetic stabil-
ity and a minimal drug leakage was detected over the time period
studied, indicating that the structure of the carriers was probably
hardly affected by the drugs. As pH decreased to 7.4, a slight in-
crease in size and a higher amount of drug release were observed
with time. Note the fact that the structure of the empty micelles
was still undisturbed in this case [21] and DOX has a higher pKa

(8.3) [36] than that of imidazole groups (�7.0) [23], so the swelling
of the drug-loaded micelles was probably caused by the proton-
ation of the encapsulated drugs. Nevertheless, retention of 70
wt.% of the drugs after 24 h suggests that the micellar carriers still
effectively did their job by preventing most of the encapsulated
drugs from releasing. This situation was dramatically changed at
pH 6.8. A remarkable increase in carrier size took place after 5 h
of incubation, accompanied by an accelerated release of DOX.
Referring to the study on empty mixed micelles [21], this abrupt
increase in size can be mainly attributed to the destabilization of
the micelle cores arising from protonation of the imidazole rings
on the PH-PEG polymers and undoubtedly this tendency could be
further promoted by protonation of the drugs. As a result, the
hydrophobic barrier of the micelle cores that once securely held
the drugs was disrupted, resulting in an enhanced release of
DOX. However, the size increase caused by the destabilization of
the micelle cores should have been limited [21], which does not
correlate to the continuous increase in size over time that was ob-
served. Given enough time under a sink condition, the released
drugs could have been completely removed out of the dialysis
membrane through diffusion. Nevertheless, when a large amount
of DOX was released in a short period of time as in the case for
the system at pH 6.8, there would be a temporary increase of local
DOX concentration around the micelles. Considering the fact that
the micellar core became swollen due to increasing electrostatic
repulsions, the relatively short PEG blocks (Mw: 2000) may no
longer provide sufficient shielding against aggregation for the
hydrophobic cores. Moreover, micelle aggregation could be facili-
tated by the tendency of adjacent free DOX to form aggregates
by p–p stacking [18]. As more drugs were released over time, the
micelle aggregation could be further promoted and finally reached
micron sizes. It is not hard to imagine that this situation will be-
come more remarkable at a lower pH. As the pH was decreased
to 6.0, large aggregates were observed within the first hour of incu-
bation, which probably reflected a large amount of released DOX
and rapid micelle swelling/aggregation within this short time.
Based on the above discussion, it can be considered that although
the microstructure of the micellar carriers of PH-PEG/PLLA-PEG
(75/25, wt.%) was affected by the encapsulated drugs below pH
8.0, the drug-loaded micelles still maintained considerable stabil-
ity at pH 7.4 while offering the ability of controlled drug release
in response to relatively acidic conditions (extracellular tumor pH).

5. Conclusions

The pH-sensitive mixed micelles of PH-PEG/PLLA-PEG (75/25,
wt.%) were able to attain high drug content and loading efficiency
of DOX encapsulation via a controllable drug loading process. The
DOX-loaded micelle formulation possessed desirable physiochem-
ical properties and pH sensitivity that will provide some advanta-
ges for targeted anti-cancer drug delivery. Moreover, the structure
and the kinetic behavior of the micelles could be altered by the
encapsulated drugs under in vitro conditions, and the influence
may be pH-dependent. We hope this study will also shed some
light on studying the in vivo fate of drug-loaded micelles which still
remains as a challenge in this field.
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