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A doxorubicin (DOX) delivery system of pH-sensitive micelles self-assembled from
cholesterol conjugated His5Arg10 (HR15-Chol) and His10Arg10 (HR20-Chol) has been
described in this article. The amphiphilic molecules have low critical micelle concen-
trations of 17.8 and 28.2 lg/mL for HR15-Chol and HR20-Chol, respectively, even at
a low pH of 5.0. The pH-sensitive histidine segment of the polypeptide block is insolu-
ble at pH 7.4 but becomes positively charged and soluble via protonation at pH lower
than 6.0. The size and zeta potential of DOX-loaded micelles increases with the
decrease in pH. Coarse-grained simulations were performed to verify the structure of
DOX-loaded micelles and pH sensitivity of HR15/20-Chol. The in vitro DOX release
from the micelles is significantly accelerated by decreasing pH from 7.4 to 5.0. Fur-
thermore, DOX release from the micelles is controlled by a Fickian diffusion mecha-
nism. These micelles have great potential applications in delivering hydrophobic
anticancer drugs for improved cancer therapy. VVC 2009 American Institute of Chemical

Engineers AIChE J, 56: 1922–1931, 2010
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Introduction

In the recent years, many new chemotherapeutic com-
pounds have been developed for cancer therapy.1–4 However,
there are still various challenges for anticancer agent formu-
lations which are often associated with their solubility, sta-
bility, sensitivity, and toxicity.5,6 Recently, the novel drug
delivery approaches have been investigated to obtain higher
antitumor efficiency with reduced toxicity by altering the
biodistribution of anticancer drugs, such as nanoparticles,7–11

liquid emulsion,12 and liposomes.5 Compared to these sys-
tems, polymeric micelles hold a significant potential as drug
delivery vesicles for a wide array of anticancer drugs due to
their unique properties, such as high solubility, high drug

loading capacity, and low toxicity.13–18 It is well known that
micelles have core/shell architecture that is composed of
hydrophobic segments as internal core, providing a loading
space for hydrophobic drugs, and hydrophilic segments as
surrounding corona in aqueous medium, affecting the drug
release behaviors.19–21 Especially, the environmentally sensi-
tive micelles were investigated as smart drug delivery sys-
tems for cancer therapy.22–28 For example, Bae’s group has
developed a pH-sensitive carrier micelle self-assembled from
poly(His-co-Phe)-b-poly(ethylene glycol) and poly(L-lactic
acid)-b-poly(ethylene glycol).14 These micelles showed no-
ticeable pH-dependent behavior, leading to a quick release at
pH 5.5 and a slow release at pH 7.4. However, one common
problem for these micelles is their slow cellular internaliza-
tion and lysosomal sequestration. The cellular uptake of
these micelles is generally slow due to the steric repulsion
of poly(ethylene glycol) (PEG) layers. Furthermore, these
micelles are retained in several cytoplasmic organelles
mainly lysosomes after internalized. Although pH-sensitive
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micelles have been extensively studied, it is still highly
demanded to design carriers which can control the drug
releasing rate at different pH environments.

Compared with the normal physiological environment of
pH 7.4, the extracellular pH values in tumorous tissues are
determined to be around 6.5–7.0,29 and the lysosomal envi-
ronment is typically acidic (pH 5.0).30,31 Therefore, an ideal
anticancer drug carrier should retain the drug at pH 7.4 and
can quickly release it at a relatively lower pH (e.g., pH 5.0).
In addition, the intracellular delivery could be facilitated by
pH-sensitive pore-forming peptides,32 cell penetrating pep-
tides,33,34 and synthetic endosomolytic polymers.35 To get the
endosomolytic polymers, the histidine residues can be intro-
duced to provide imidazole groups. The imidazole group can
be partially protonated at physiological pH conditions but
served as a proton sponge in the lysosomal environment.36,37

In this work, the primary objective was to design pH-sen-
sitive micelles which can escape releasing of drug in a nor-
mal physiological environment (pH 7.4) and destabilized at
an early endosomal pH of 6.0. Following intravenous or
intratumoral administration, the doxorubicin (DOX) loaded
micelles are taken up to cells via endocytosis. As shown in
Scheme 1, cholesterol, which is an essential constituent in
mammalian cell membranes,38 is selected as the hydrophobic
core for carrying drugs and cell-penetrating arginine resi-
dues39 as the outer layer. The histidine residues distribute in
the middle layer, acting as a pH-sensitive part. The histidine
layer is hydrophobic at the physiological environment (pH
7.4) to prevent the release of hydrophobic drugs. However,
it converses to ionized hydrophilic ones by protonation of

imidazole groups once internalized and transferred to a lyso-
some (pH 5.0), leading to the faster release of hydropholic
drugs. DOX, a widely used anticancer drug, was selected as
the model drug. The physicochemical properties of DOX-
loaded micelles were examined by a variety of experimental
techniques, such as particle size, zeta potential, SEM, etc.

Experimental Section

Materials

Cholesteryl chloroformate, anhydrous N,N-dimethylforma-
mide (DMF), dimethyl sulfoxide (DMSO), N,N-dimethylace-
tamide (DMAC), and DOX hydrochloride were all purchased
from Sigma-Aldrich and used as received. Triethylamine
(TEA, �99%) from Sigma-Aldrich was further purified and
distilled before use. Ultra pure water of high performance
liquid chromatography (HPLC) grade was obtained from J.T.
Baker. Phosphate-buffered saline (PBS) buffers were pur-
chased from 1st BASE (Malaysia) and diluted to the
intended concentration before use. Dulbecco’s modified
eagle media (DMEM) and Roswell Park Memorial Institute
(RPMI) 1640 growth media, fetal bovine serum (FBS), peni-
cillin, and streptomycin were all purchased from Invitrogen.
4T1 cell lines were obtained from ATCC and grown under
the recommended conditions according to the supplier. The
peptides, H5R10 (HR15) and H10R10 (HR20), were designed
by us and synthesized by GL Biochem (Shanghai, P. R.
China) at more than 95% purity.

Conjugation of cholesterol onto the peptides

Scheme S1 (Supporting Information) illustrates the synthesis
workflow and the structure of cholesterol conjugated peptides.
TEA was purified using toluene sulphonyl chloride via distilla-
tion to remove any primary and secondary amines present. The
purified TEA was then further distilled using sodium. In partic-
ular, HR15 (20 mg) was dissolved in anhydrous DMF (1.5 mL)
and placed into a round bottom flask (50 mL) under argon. The
purified TEA (18 lL) was subsequently added and stirred
homogenously for 15 min under argon. Cholesteryl chlorofor-
mate (40 mg) was dissolved in anhydrous DMF (3.5 mL), and it
was then slowly added dropwise into the solution of TEA and
HR15. The molar ratio of TEA to cholesterol chloroformate to
peptide was 15:10:1. The reaction was stirred for 48 h at room
temperature (about 22�C) under argon. The crude product was
centrifuged at 14,000 rpm to remove any by-products present
and the supernatant was taken out. It was then dialyzed against
DMF using a molecular weight cut-off (MWCO) of 1 kDa
(Spectrum Laboratories) for 2 days, followed by dialysis against
de-ionized (DI) water for another two more days. The conju-
gated peptide, HR15-Chol was harvested by freeze-drying.

Matrix-assisted laser desorption/ionization time
of flight mass spectrometry

Successful conjugation of cholesterol onto the peptides
was confirmed via matrix-assisted laser desorption/ionization
time of flight (MALDI-TOF) mass spectrometry (Autoflex II,
Bruker Daltronics). Briefly, peptides and conjugates were
dissolved in DI water to a concentration of 100 mg/L. The
solution was then mixed with a-cyano-4-hydroxycinnamic

Scheme 1. Fabrication of DOX-loaded pH-sensitive
cholesterol conjugated peptides micelles
via self-assembly.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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acid matrix at a volumetric ratio of 1:5, about 0.5 lL of
which were placed onto a ground steel plate spot. The theo-
retical molecular weights of HR15-Chol and HR20-Chol
were 2677.19 kDa and 3362.86 kDa respectively, which
appeared in MALDI-TOF mass spectra of these peptides
(Figure S1 in Supporting Information), indicating the suc-
cessful synthesis of the peptides. From the integration of
cholesterol conjugated peptide and unmodified peptide peak
areas, the grafting degree of cholesterol was estimated to be
about 85%.

CMC measurement

The critical micelle concentration (CMC) of peptides was
estimated by fluorescence spectroscopy using pyrene as a
probe. Briefly, a series of peptide solutions containing
0.616 lM pyrene were prepared at various concentrations
(0–1.28 mg/mL) in PBS buffer (pH 5.0, 6.0, 6.5, or 7.4,
20 mM). Excitation spectra of solutions were recorded from
300 to 360 nm at room temperature, with an emission wave-
length of 395 nm and bandwidth of 1 nm, using a spectro-
fluorometer (Fluorolog

VR
LFI 3751; Jobin Yvon Horiba, Edi-

son, NY). The intensity ratios of I339 to I334 were plotted as a
function of logarithm of peptide concentration. The CMC
value was taken from the intersection of the tangent to the
curve at the inflection with the horizontal tangent through the
points at low concentrations. Take the CMC value of HR15/
20-Chol at pH 5.0 as an example, the calculated results can
be found from Figure S2 (Supporting Information).

Preparation of DOX-loaded micelles

DOX-loaded micelles were prepared by a membrane dial-
ysis technique. Briefly, 5 mg DOX–HCl and 10 mg peptides
were dissolved in 2 mL DMAC solvent. One drop of TEA
(ca. 0.01 mL) was added to the solution to remove hydro-
chloride. The resulted solution was dropped into 10 mL DI
water (filtered) under sonication for 10 min. The mixed solu-
tion was dialyzed against 1 L of DI water for 48 h at 20�C
to using a dialysis bag with MWCO of 1000 Da (Spectra/
Por 7; Spectrum Laboratories). The DI water was changed
every 3 h for the first 12 h and once again the next day.
After dialysis, the DOX-loaded micelles were filtered and
harvested by freeze-drying.

Characterization of DOX-loaded micelles

The final DOX loading content in the peptides micelles
was analyzed by an ultraviolet-visible spectrometer (UV-vis;
Unico UV2450). Briefly, 1 mg of DOX loaded micelles was
dissolved in 3 mL of DMSO, the micelles were broken up
and the DOX was dissolved in the solution. The characteristic
absorption of DOX at 481 nm was recorded and compared
with a standard curve generated from a DMSO with DOX
concentrations varying from 0 to 100 mg/L. The DOX load-
ing level was calculated based on the following equation:

Actual loading level ðwt %Þ
¼ Mass of DOX extracted from micelles

Mass of drug-loaded micelles initially used

� 100%: ð1Þ

The particle size and zeta potential of the DOX-loaded
peptide micelles were measured using dynamic light scatter-
ing (B1-200SM; Brookhaven Instrument., Holtsville, NY)
equipped with a He–Ne laser beam at 658 nm (scattering
angle: 90�) and Zetasizer (Masterizer 2000; Malvern Instru-
ment, Worchestershire, UK), respectively. Briefly, the
freeze-dried DOX-loaded micelles was dissolved in PBS
buffer (20 mM) with pH values of 5.0, 6.0, 6.5, and 7.4. The
particle size and zeta potential measurements were repeated
for 30 runs for each sample, and the data were reported as
the average of five readings.

The morphology of DOX-loaded peptide micelles was
observed via field emission scanning electron microscopy
(FE-SEM; JEOL JSM-7400F, Japan) and atomic force mi-
croscopy (AFM, Nanoscope IIIa AFM; Digital Instrument).
Several droplets of DOX-loaded peptides micelles were
added onto the silicon plate, and air-dried prior to SEM and
AFM analysis. SEM was operated at an accelerating voltage
of 6.0 kV in the transmission electron mode. The AFM was
operated with the drive frequency of 330 � 50 kHz and
the voltage of 3.0–4.0 V. The drive amplitude was about
300 mV and the scan rate was 0.5–1.0 Hz.

Cytotoxicity test

The cytotoxity of DOX, micelles, and DOX-loaded micelles
was studied against 4T1 cells, which are mammary tumor
cells. Cells were maintained in RPMI 1640 supplemented with
10% FBS, 100 lg/mL penicillin and 100 units/mL streptomy-
cin at 37�C, under the atmosphere of 5% CO2. To assess the
cytotoxicity of DOX, micelles, or DOX-loaded micelles in
4T1 cells, a standard methylthiazoltetrazolium (MTT) assay
protocol was employed. Briefly, on a 96-well plate, cells were
seeded at a density of 1 � 104 cells/well and allowed to grow
for 24 h to reach 60–70% confluence. DOX, micelles, and
DOX-loaded micelles solutions were prepared at stock con-
centrations. These solutions were diluted with growth media
to give DOX and the micelles at various concentrations. Each
well was replaced with 100 lL of pre-prepared growth me-
dium-sample mixture. The cytotoxicity test was performed in
replicates of eight wells. The plates were then returned to the
incubator and maintained in 5% CO2 at 37

�C for 48 h. Upon
replacing the wells with 100 lL of fresh medium and 20 lL of
MTT solution (5 mg/mL in PBS buffer), the cells were incu-
bated for another 4 h. Finally, the used media were removed
and the internalized purple formazan crystals in each well
were dissolved with 150 lL of DMSO. A 100 lL aliquot of
the formazan solution was transferred from each well to a new
96-well plate, and the absorbance was measured using a
microplate spectrophotometer (BioTek Instruments, Winooski,
VT) at the wavelength of 550 and 690 nm. The absorbance
readings of the formazan crystals were taken to be those at
550 nm subtracted by those at 690 nm. The results were
expressed as a percentage of the absorbance of the blank.

In vitro DOX release study

The release profiles of DOX from micelles were studied
using a dialysis bag (MWCO 1000 Da) at 37�C. To acquire
sink conditions, drug release studies were performed at
low drug concentrations. Briefly, 3 mg of DOX-loaded
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freeze-dried micelles was dispersed in 3 mL of the respec-
tive PBS buffer and allowed to stabilize for 30 min before
being placed in a dialysis bag. The dialysis bag was then
immersed in 50 mL of PBS solution (pH 5.0, 6.0, 6.5, or
7.4) in a beaker. The beaker was then placed in a 37�C
water bath and stirred at 100 rpm. The samples were drawn
at desired time intervals and the drug concentration was ana-
lyzed using UV-vis spectrophotometry at 481 nm. The drug
loading was calculated based on the standard curve obtained
from DOX in the buffers. The in vitro release experiments
were carried out in triplicate at each pH.

Results and Discussion

DOX-loaded micelle formation

To evaluate the pH-sensitivity of the micelles self-
assembled from cholesterol conjugated peptides, CMCs was
measured as a function of pH, as shown in Figure 1. The
CMC values of the cholesterol conjugated peptides in PBS
buffer (pH 5.0) were determined to be 17.8 and 28.2 lg/mL
for HR15-Chol and HR20-Chol, respectively. The higher
CMC value for HR20-Chol may be explained due to its lon-
ger hydrophilic segments. At pH 5.0, more histidine residues
in HR20-Chol protonated as compared to HR15-Chol.
Hence, with the same proportion of cholesterol moiety per
conjugated peptide for both peptides, it required a greater
driving force for micellar formation of HR20-Chol. There-
fore, greater hydrophobic interaction was needed to counter-
act the greater electrostatic repulsive force from the hydro-
philic blocks of HR20-Chol molecules when compared to
HR15-Chol, leading to a higher CMC of HR20-Chol. For
both peptides, the CMC values showed a decrease trend with
the increase of pH values, especially from pH 6.0 to 6.5.
The lowest CMC values were determined in PBS buffer with
pH 7.4 (9.6 and 11.7 lg/mL for HR15-Chol and HR20-Chol,
respectively). This decrease is due to the conversion of ion-
ized histidine residues to hydrophobic ones by the protona-
tion of imidazole groups.

Figure 2 shows the average hydrodynamic size and zeta
potentials of blank and DOX-loaded micelles from both pep-

tides at pH 5.0, 6.0, 6.5, and 7.4, respectively. The standard
deviation bars were those between averages of multiple runs.
Compared to blank micelles, the particle size of DOX-loaded
HR15/20-Chol micelles shows a slightly increase due to the
loading of DOX molecules in the core of micelles. It can
also be seen from Figure 2A that the maximum size
observed for DOX-loaded HR15-Chol and HR20-Chol was
187 nm (at pH 5.0) and 237 nm (at pH 5.0), respectively.
For DOX-loaded HR15-Chol, the shorter histidine appeared
to be responsible for the smaller size as compared to HR20-
Chol. As the pH value increased to 7.4, the particle size
of DOX-loaded HR15-Chol micelles decreased from 187 to
117 nm. For DOX-loaded HR20-Chol, the particle size
showed the same trend (from 237 to 134 nm) with the
increase of pH values. From Figure 2B, it can be observed
that the zeta potential of DOX-loaded micelles is slightly
lower than that of blank micelles. This can be explained that
the larger particle size reduces the charge density of
micelles. When the pH is 5.0, the histidine moieties may be

Figure 1. pH-Dependent CMC of micelles self-
assembled from HR15-Chol and HR20-Chol.

Figure 2. pH-Dependent (A) particle size and (B) zeta
potential of blank and DOX-loaded micelles
self-assembled from HR15-Chol and HR20-
Chol.
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more ionized, and thus the charge density of micelles surface
increases. The increased electrostatic repulsion between histi-
dine moieties induces the swelling of histidine residues. In
addition, the conversion of nonionized histidine residues (at
pH 7.4) to hydrophilic ones (at pH 5.0) by the protonation
of imidazole groups could also induce the swelling of histi-
dine residues, leading to the DOX-loaded micelles with big-
ger size. The highly charged character of micelles can pre-
vent the aggregation of micelles and extend blood circulation
times, which enable DOX-loaded micelles to accumulate in
tumor or inflammation sites due to the enhanced permeation
and retention effect. In addition, it can also increase the
interactions between micelles and cell membranes, which
can facilitate penetrating of cell membranes.

The formation of DOX-loaded micelles from both peptides
(at pH 5.0) was further elucidated with the SEM and AFM
images, as shown in Figure 3. The polydispersity in the size
of micelles was around 0.28 from the dynamic light scattering
(DLS) results. The micelles with smaller size are easier to
penetrate the cell membranes. However, larger micelles could
reduce higher drug loading efficiency. The particles ranged
from 100 to 200 nm, which was smaller than that was deter-
mined by dynamic light scattering. This discrepancy could be
due to shrinking of the particles during the drying process
prior to SEM and AFM analysis. In addition, the DLS data
presented an intensity average, which could also be another
reason for the discrepancy between DLS and SEM data.

Coarse-grained simulations of micellization

To investigate the drug distribution inside the micelles
and the pH sensitivity of cholesterol conjugated peptides,

coarse-grained simulations were performed using dissipative
particle dynamics method. This method was successfully
applied in other drug delivery systems in our previous
work.40–42 The details of computation work are described in
Supporting Information. Figure 4 shows the structure of
DOX-loaded micelle and the structural transformation of
blank micelles from pH [ 6.0 to pH \ 6.0. As can be
observed from Figure 4A, cholesterol and histidine segments
form the cores of micelles with hydrophilic arginine seg-
ments on the surface. DOX molecules are distributed mainly
in the cholesterol layer due to the hydrophobic interaction
between DOX and cholesterol molecules. The hydrophobic
histidine layer can prevent the release of DOX at high pH
values. However, the DOX molecules distributed in the histi-
dine layer may be still release from the micelles even at
high pH values, which may lead to the burst release. As
shown in Figure 4B, at higher pH value than 6.0, due to the
hydrophobic characters of cholesterol and histidine segments,
the cholesterol conjugated peptides form core/shell micelles.
Cholesterol and histidine segments form the cores of the
micelles and are surrounded by arginine segments as a shell.
When the pH value is decreased to lower than 6.0, the histi-
dine residues are conversed to hydrophilic ones and trend to
be swollen. This structural transformation of micelles can
facilitate the release of DOX at lower pH conditions.

pH-dependent drug release

DOX was encapsulated into the micelles by membrane di-
alysis. The actual loading level of DOX in HR15-Chol and
HR20-Chol micelles was about 9.8% and 12.3% by weight,
respectively. In vitro drug release studies of the micelles

Figure 3. Typical SEM and AFM images of DOX-loaded micelles self-assembled from HR15-Chol and HR20-Chol.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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were performed under physiological conditions (PBS, pH
7.4) and in a slightly acidic environment (pH 5.0, pH 6.0,
and pH 6.5) to simulate the pH of the endosomal and lysoso-
mal microenvironments. Cholesterol conjugated peptides
self-assemble into micelles which exhibit pH-dependent
response characteristics. As we discussed above, the simula-
tion results verified the transformation of micelle from dense
to swollen conformation as the pH value decrease from pH
[ 6.0 to pH \ 6.0. This structural transformation of
micelles can facilitate the release of DOX at lower pH con-
ditions. To rule out any effect of the dialysis process on the
observed rate of release, the release of free DOX at 37�C
with different pH buffer solutions was investigated as shown
in Figure S3 (Supporting Information). It was observed that
the release of free DOX is very fast at each pH conditions,
and the release of DOX from micelles is pH dependent. The
effect of the external pH on the drug-release rate from
the micelles was shown in Figure 5. It can be observed that
the release rate of DOX from the micelles is markedly influ-
enced by pH values. At pH 7.4, the drug molecules can not
release drastically from micelle due to the dense conforma-
tion of micelles. When the pH is lower (i.e., 6.5), the drug
release rate is accelerated. In contrast, the drug release was
much faster at pH 6.0 and 5.0. For both DOX-loaded
micelles, the faster drug release rate in lower pH conditions
could attribute to the looser micelle structure, which caused
by the stronger protonation of imidazole groups in histidine
residues at lower pH conditions. In addition, in lower pH
medium, the histidine moieties may be more ionized, and
thus the charge density of the micelle surface increases. The
increased electrostatic repulsion between histidine moieties

induces the swelling of histidine residues, which could also
cause the looser micelle structure.

Furthermore, as can be seen in Figure S3 (Supporting In-
formation), it was obvious that the drug release rates were
delayed with increasing the histidine length at four pH con-
ditions, especially at the early release time (i.e., the first
10 h). The longer histidine length may increase the drug dif-
fuse distance, which may delay DOX molecules diffuse from
the core of micelles to external medium.

Release mechanism studies

The drug release from a polymeric matrix is a very com-
plicated process. Several mechanisms, such as diffusion of
the drug molecules and erosion of the polymer matrix, may
be responsible for the overall release of a drug from a poly-
meric matrix. To investigate the nature of drug release
behaviors with different mechanisms and various geometries,
a classic empirical exponential expression was established
by Ritger and Peppas 43

Mt

M1
¼ ktn; (2)

log
Mt

M1

� �
¼ nlogtþ logk; (3)

where Mt and M1 are the absolute cumulative amount of drug
released at time t and infinite time, respectively, k is a constant
incorporating structural and geometric characteristics of the
device, and n is the release exponent, indicative of the

Figure 4. Typical simulated snapshots of (A) the structure of DOX-loaded micelle, and (B) the structural transfor-
mation of blank micelle from pH > 6.0 to pH < 6.0.

The red, green, brown, and black lines represent DOX, arginine, histidine, and cholesterol, respectively. Water is omitted. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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mechanism of drug release. The power law equation can be
observed as the superposition of two processes of Fickian
diffusion and case-II transport (swelling-controlled drug
release). If Fickian diffusion occurs, n equals 0.43 for spheres.
When swelling-controlled drug release dominates, the n value
is 0.85 for spheres.43,44

Figure 6 shows a typical plot of log (Mt/M1) against log
(t) for DOX release from peptides micelles at various pH
values. The fitting data, including the release exponent n,
rate constant of k, and the correlation coefficient R2 from
peptides micelles at 37�C are shown in Table 1. The release
of DOX for both types of micelles was divided into two
stages, one is from 0 to 10 h, and the other is from 10 to
96 h. For HR15-Chol/DOX systems, good linearity can be

observed for the first 10 h (Figure 6A). The n values at dif-
ferent pH conditions are very close to 0.45, indicating that
the DOX release behavior in the first 10 h at different pH
values corresponds to the Fickian diffusion model. The k
values for HR15-Chol/DOX systems increase when pH is
decreased, indicating that the release rate of DOX increase
with decreasing pH values. This could attribute to the trans-
formation of histidine residues from hydrophobic to hydro-
philic ones as pH decreases, facilitating the release of DOX
molecules. For the second stage, the n values are 0.10, 0.08,
0.05, and 0.03 at pH 5.0, 6.0, 65, and 7.4, respectively,
which are much lower than 0.43. The empirical approxima-
tion does not apply to this period of release any more. For
HR20-Chol/DOX systems, good linearity can be observed
for the first 10 h (Figure 6B). The n values are also very
close to 0.45, indicating that the DOX release behavior from
HR20-Chol micelles at different pH values in the first 10 h
also corresponds to the Fickian diffusion model. The k val-
ues for HR20-Chol/DOX systems show an increasing trend
with decreasing pH values, indicating that the release rate of

Figure 5. In vitro drug release profiles from DOX-
loaded micelles self-assembled from (A)
HR15-Chol and (B) HR20-Chol at pH 7.4, 6.5,
6.0, and 5.0 PBS solutions at 37�C.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 6. Plots of log (Mt/M‘) against log (t) for DOX
release from micelles self-assembled from
(A) HR15-Chol and (B) HR20-Chol at various
pH values, T 5 37�C.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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DOX increase with decreasing pH values. At higher pH
value (i.e., pH 7.4), the hydrophobic histidine layer can pre-
vent the release of DOX. However, at lower pH value (i.e.,
pH 5.0), histidine residues are conversed to hydrophilic ones
which can facilitate the release of DOX. At the same pH
values (i.e., pH 7.4, 6.5, 6.0, and 5.0), HR20-Chol/DOX sys-
tems have smaller rate constant (i.e., k) values as compared
to HR15-Chol/DOX systems, indicating that DOX-loaded
HR20-Chol micelles have lower release rates in the first
10 h. This can be explained that the longer histidine residues
have stronger capability of preventing DOX release from
micelles, leading to a more sustained release for HR20-Chol/
DOX systems. For the second stage, the n values are also
much lower than 0.43. The DOX release behavior in this
stage can also not be analyzed using the empirical approxi-
mation equation.

As an overall result, pH value and histidine residue length
play an important role in DOX release process. The drug
release rates were significantly accelerated when pH of the
solution changed from 7.4 to 5.0. At lower pH values (e.g.
pH 6.0 and 5.0), the imidazole side group in histidine is pro-
tonated. This formation of hydrophilic ionized histidine resi-
dues was benefit for the release of DOX, leading to a faster
release at lower pH conditions.

Cytotoxicity of DOX-loaded micelles

Cytotoxic effects of cholesterol conjugated peptides, free
DOX, DOX-loaded HR15-Chol, and HR20-Chol micelles
were studied against 4T1 cells by MTT assay, as shown in
Figure 7. The cytotoxicity of HR15-Chol and HR20-Chol
increased slightly with increasing the concentration of pep-
tides (Figure 7A). The percentage of viable cells for HR15-
Chol and HR20-Chol especially at their highest concentra-
tion (i.e., 400 lg/mL) was about 88.9% and 83.6%, respec-
tively. No obvious cytotoxicity of blank HR15-Chol/HR20-
Chol micelles was observed in 4T1 cells. The cytotoxicity of
free DOX and DOX-loaded peptides micelles is shown in
Figure 7B. The IC50 value of DOX, a concentration at
which 50% cells are killed, was 2.58, 3.82, and 6.17 lg/mL
for free DOX, DOX-loaded micelles from HR15-Chol and
HR20-Chol against 4T1 cells, respectively. The cytotoxicity
of DOX-loaded micelles was lower than free DOX against
4T1 cells. This would be because the DOX release from
micelles might be a slow process and DOX-loaded micelles
might not enter the nucleus as quickly as the free DOX. It is
also observed that DOX-loaded HR15-Chol micelles showed
a little higher cytotoxicity than DOX-loaded HR20-Chol
micelles. This result may be attributed to the faster DOX

release from the HR15-Chol micelles as compared to HR20-
Chol micelles. In addition, when the DOX concentration
increased to 10 lg/mL, the cell viability for DOX loaded
HR15-Chol and HR20-Chol micelles was 7.87% and

Table 1. Release Exponent (n), Rate Constant (k), and Correlation Coefficient (R2) for HR15-Chol
and HR20-Chol Micelles at Different pH Values; T 5 37�C

Matrix pH n (0–10 h) k (0–10 h) R2 (0–10 h) n (10–96 h) R2 (10–96 h)

HR15-Chol 5.0 0.42 24.9 0.988 0.10 0.976
6.0 0.45 21.3 0.987 0.08 0.984
6.5 0.46 16.7 0.982 0.05 0.985
7.4 0.46 13.2 0.990 0.03 0.980

HR20-Chol 5.0 0.42 18.5 0.983 0.22 0.997
6.0 0.44 14.5 0.994 0.34 0.998
6.5 0.45 11.9 0.991 0.09 0.992
7.4 0.43 8.67 0.983 0.08 0.959

Figure 7. The cytotoxicity of (A) cholesterol conjugated
peptides micelles at the concentrations
specified and (B) free DOX and DOX-loaded
micelles in 4T1 cells at the DOX concentra-
tions specified.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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12.60%, respectively, indicating that the DOX-loaded pep-
tide micelles could also kill the cells efficiently.

Conclusions

In this study, pH-sensitive micelles self-assembled from
amphiphilic cholesterol conjugated HR15 and HR20 polypep-
tides were developed for DOX delivery. The low CMC val-
ues of these peptides can markedly improve micellar stability
and extend the range of applications of micelles in controlled
drug delivery. The hydrophobic core (i.e., cholesterol) is
highly compatible with cell membranes. The hydrophilic
shell is arginine which is a cell penetrating residue. And the
DOX release rate is controlled by histidine layer. The release
of DOX from the micelles is significantly accelerated by
decreasing pH from 7.4 to 5.0 which just fits the pathological
process. From the coarse-grained simulations, DOX mole-
cules distribute inside the core of micelles. The simulation
results also illuminate that the histidine layer shows a trans-
formation from dense to swollen conformation as the pH
decrease from pH [ 6.0 to pH \ 6.0. The drug release pro-
files at different pH values are well fitted by a classical em-
pirical power law. According to the release exponent n and
rate constant k, the release of DOX in the first 10 h follows
the Fickian diffusion and DOX has a faster release at lower
pH conditions. All these characteristics demonstrated that this
system has potential applications in cancer drug delivery.
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