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ABSTRACT
Purpose The aim of this study was to design stimuli-responsive
nanocarriers for anti-cancer drug delivery. For this purpose, doxo-
rubicin (DOX)-loaded, polysebacic anhydride (PSA) based
nanocapsules (NC) were combined with pH-sensitive poly (L-
histidine) (PLH).
Method PSA nano-carriers were first loaded with DOX and
were coated with poly L-histidine to introduce pH sensitivity.
The PLH-coated NCs were then covered with polyethylene
glycol (PEG) to reduce macrophage uptake. The drug release
profile from this system was examined in two different buffer
solutions prepared as acidic (pH5) and physiological (pH 7.4)

media. The physical and chemical properties of the nanocapsules
were characterized by Fourier transform infrared spectroscopy
(FTIR), dynamic light scattering (DLS), ultraviolet and visible ab-
sorption spectroscopy (UV–VIS), and scanning electron micros-
copy (SEM). In vitro studies of the prepared nanocapsules were
conducted in MDA-MB-231 breast cancer cells.
Results The results obtained by SEM and DLS revealed that
nanocapsules have spherical morphology with an average size of
230 nm. Prepared pH sensitive nanocapsules exhibited pH-
dependent drug release profile and promising intracellular release
of drug. PEGylation of nanoparticles significantly prevented mac-
rophage uptake compared to non-PEGylated particles.

KEY WORDS doxorubicin . nanocapsule . pH-responsive .
poly L-histidine . polysebacic anhydride

ABBREVIATIONS
ATCC American type culture collection
DAPI 4′,6-diamidino-2-phenylindole
DCM Dichloromethane
DLS Dynamic light scattering
DNA Deoxyribonucleic acid
DOX Doxorubicin
EE Encapsulation efficiency
EPR Enhanced permeability and retention
FDA Food and drug administration
FTIR Fourier transform infrared spectroscopy
GPC Gel permeation chromatography
H-NMR Proton nuclear magnetic resonance
LC Loading capacity
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium

MW Molecular weight
NCs Nanocapsules
PBS Phosphate buffered saline
PDI Poly dispersity index
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PEG Polyethylene glycol
PFA Paraformaldehyde
PLH Poly (L-histidine)
PLL Poly L-lysine
PSA Polysebacic anhydride
PVA Polyvinyl alcohol
RPMI Roswell park memorial institute
SEM Scanning electron microscopy
TPA 12-O-tetradecanoyl-phorbol-13-acetate
UV–VIS Ultraviolet and visible absorption spectroscopy

INTRODUCTION

Chemotherapy is widely used for cancer treatment via the use
of cytotoxic anti-cancer agents and is often applied in combi-
nation of other cancer treatments. This type of therapy is
mainly used to reduce the size of the tumor. However, a
significant undesirable side-effect of chemotherapeutic agents
is their toxicity for normal cells, especially cells with a high
turnover, such as those in hair, skin, and blood cells [1, 2].
Anti-cancer drugs also affect cells of vital organs such as liver,
heart, and kidney. Because of these side-effects, alternative
and more selective therapies have been sought. Targeting of
chemotherapeutic agent to the cancer cells is the main strategy
used to try to efficiently internalize the delivery vehicle and
intracellular release of cancer treatment agent. In the litera-
ture different targeting vehicles, either active or passive, have
been utilized and reported for the delivery of anti-cancer
agents. When an active targeting drug delivery system is
modified with some ‘smart’ molecules, such as antibodies,
proteins and ligands that are able to selectively bind ligands
enriched on the surface of cancer cells, they will detect tumor-
specific or tumor-associated antigens and bind to the related
receptors. In contrast, in passive targeting, stimuli-responsive
delivery systems are developed to show their bioactivity
against properties or physiological changes occurring at the
targeted/activated site [3].

Based upon the measured pH value of the most solid
tumors in different patients, it was observed that pH of tumor
sites, dependent on tumor growth rate, is shifted toward the
acidic region with pH values in the range 5–7, which is related
to extreme amounts of metabolites like lactic acid and CO2,
while the normal blood pH remains constant at 7.4 [4]. In
most of solid tumors, the rapid development of tumor vascu-
lature by poorly controlled abnormal angiogenesis leads to
formation of vessels with porous-walls. Macromolecules, lipids
or nanoparticles with sizes in the range of 200–400 nm can
easily pass these pores and remain in the tumor area for longer
time [3]. This phenomenon has been characterized and
termed as enhanced permeability and retention (EPR) effect.
This pathophysiology of tumors has been considered as an

ideal trigger for the delivery anti-cancer agents via pH sensitive
delivery systems. The strategy to construct this type of system
is to find components associated with the delivery vehicle that
is susceptible to changes in pH.

Poly (L-histidine) (PLH), a polyamino acid, exhibits high
potential to cell membrane fusion after protonation of the
imidazole groups in acid medium (pH below 6). The imidaz-
ole side chain of histidine has a pKa of approximately 6.0, and
overall the amino acid has a pKa of 6.5. This means that
below a pH of 6, the imidazole ring is mostly protonated
leading to hydrolysis of the polymer. PLH is known to have
an endosomal membrane disruption activity [5]. In this case,
all nanoparticles (NPs) are internalized by cells via endocytic
mechanisms. This means that the NP is surrounded by an
endosomal or lysosomal membrane. If the NP or its contents
need to have access to the cytoplasm it is essential that this
membrane be disrupted or lysed. For this purpose, cationic
peptides or lipids are often used. Previously a number of
studies have focused on the application of PLH for either
DNA delivery [6] or drug delivery [7], especially for the
delivery of anticancer agents such as doxorubicin (DOX)
[8]. Although poly (L-histidine) is a promising pH-sensitive
compound, some limitations, such as difficulty in blocking the
imidazole group, the control of the molecular weight of the
polymer during the synthesis, and its low solubility in organic
solvents have limited the production and investigation of this
pH sensitive polymer. Nevertheless, there are many studies
being attempted to overcome these limitations by either mak-
ing copolymers or combining the polymer with other mole-
cules to design pH responsive drug carrier systems [9].

In this study a nano-sized pH-responsive delivery system
has been designed for targeting the anti-cancer agent DOXby
using PLH as a smart molecule covering the delivery system.
For this purpose, the main part of the delivery system was
prepared from polysebacic anhydride (PSA). PSA is a prom-
ising material for drug delivery since it exhibits biocompati-
bility, controlled erosion that starts from the surface, degrade
to non-toxic metabolites, can easily be obtained from natural
sources, and it is a low cost product [10–12]. PSA can be easily
synthesized via condensation polymerization of sebacic acid,
leading to conversion of carboxylic acid groups to anhydride
linkages [13]. Therefore, synthesized PSA was used to pro-
duce nanocapsules and then they were modified with PLH to
add pH responsiveness to particles. To prevent macrophage
uptakes of the delivery system during future intravenous ap-
plication, the prepared pH-responsive nanocapsules were
thenmodified by covering the entities with polyethylene glycol
(PEG). A schematic illustration of the prepared system and the
chemical structures of the ingredients used are shown in Fig. 1.

There are several studies on the application of PLH for
either drug or gene delivery. Bello et al. have designed a
complex system, based on polylysine substituted with L-
histidine for DNA delivery, and showed that protonation of
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the imidazole group in PLH significantly improves the trans-
fection efficiency of the formulated system [6]. In another
DNA delivery study, nanoparticles prepared from a grafted
copolymer of poly L-histidine and poly L-lysine (PLH-co-PLL)
were investigated for DNA transfection and were found to
exhibit higher transfection efficacy compared to poly L-lysine
particles [14]. Lee et al. investigated pH-dependency of mi-
celles prepared from PLH and they reported that the micelles
produced at basic media (pH: 8.0) were mostly destabilized in
lower pH media (pH: 7.4) [7]. Further studies with PLH
focused on delivery of DOX showed higher drug release when
the pH was reduced from 8 to 5 [8]. The same group also
observed that accumulation of DOX in solid tumors was
almost 20-fold higher when folate conjugated nanoparticles
of poly L-histidine (containing PEG and poly L-lactic acid
block copolymers) were compared to non-folate conjugated
particles [8].

The purpose of this study was to prepare an effective
nanoparticle carrier system to target DOX to the tumor
environment. For this goal, polysebacic anhydride was syn-
thesized and DOX-loaded nanocapsules were prepared from
the synthesized polymer. pH-sensitive nanocapsules were ob-
tained by using poly L-histidine as an outer shell of the drug
loaded nanocapsules. To reduce macrophage uptake of
nanocapsules, the surfaces of the pH responsive nanocapsules
were modified once more with polyethylene glycol (PEG).
The anti-tumor activity, intracellular release and cell initiali-
zation of the nanocapsules were then examined by using
MDA-MB-231 human breast cancer cells.

EXPERIMENTAL

Materials

Ethyl ether, petroleum ether, dichloromethane, chloroform,
polyvinyl alcohol (MW 13000–23000), acetic anhydride, poly
L-histidine (MW:5000–25000), polyethylene glycol, and

monomethyl ether (MW:5000) were all purchased from Al-
drich Chemicals (Gillinham, UK). Sebacic acid was obtained
from Fluka (Gillinham, UK). Doxorubicin was acquired from
Sandoz (Istanbul, Turkey). Coumarin-6 was purchased from
Sigma Aldrich (St. Louis, MO-USA).

Polysebacic Anhydride Synthesis

Polysebacic anhydride (PSA) was prepared by a method sim-
ilar to that described by Shen with some modifications [15].
Briefly, 6 g sebacic acid was put in 58 mL acetic anhydride
and then the mixture was refluxed at 140°C under dry nitro-
gen gas sweep for 30 min. The access amounts of acetic
anhydride and acetic acid that were produced during the
reaction were removed by rotary evaporation at 40°C. The
prepared sebacic anhydride was dissolved in 50 mL chloro-
form. Non-reacted sebacic acid was removed via precipitation
of sebacic anhydride from chloroform solution in 200 mL of
1:1 mixture of anhydrous petroleum ether and diethyl ether.
Polysebacic anhydride was prepared via condensation poly-
merization by curing of 5 g of pure sebacic anhydride pre-
polymer at 180°C for 1.5 h in vacuum oven. The prepared
polymer was dissolved in dichloromethane, precipitated in
anhydrous diethyl ether, filtered, dried, and kept in vials under
argon atmosphere till used.

Polysebacic Anhydride Characterization

The chemical structure of the polymer was characterized by
1H-NMR (950US2, Bruker, Bremen, Germany) by dissolving
the polymer in deuterated chloroform. The structure of the
synthesized polysebacic anhydride was analyzed and com-
pared with sebacic acid by using FTIR (Spotlight 65, Perkin
Elmer, MO, USA). The weight-average molecular weight of
the synthesized polymer was determined by gel permeation
chromatography (GPC) (PL-GPC 220, CA, USA). The anal-
ysis was performed at 30°C in tetrahydrofuran with a flow rate

Fig. 1 Schematic illustration of pH
responsive DOX-loaded
nanocapsules.
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of 1 mL/min. In the GPC experiments polystyrene was used
as standard.

Preparation of DOX Loaded Nanocapsules

DOX loaded nanocapsules (PSA-DOX-NCs) were prepared
by utilizing amodified double emulsion protocol that has been
described in the literature [16]. For this purpose, 50 mg
polysebacic anhydride was dissolved in 5 mL dichlorometh-
ane (DCM). To get w1/o emulsion, 1.75 mL aqueous solution
of DOX (2 mg/mL) was added into the polymer solution and
sonicated for 20 s by a probe sonicator operating at 60 W
power output. The homogeneous emulsion that was obtained
was subsequently added to 15 mL of a 4% polyvinyl alcohol
solution and sonicated again for 20 s. To the prepared w1/o/
w2 emulsion, it was added an extra amount of polyvinyl
alcohol solution (75 mL) with a concentration of 1%. The
prepared emulsion was stirred at room temperature to evap-
orate DCM and to precipitate DOX loaded NCs. Following
the complete evaporation of DCM via rotary evaporator,
solidified particles were collected by centrifugation
(14,000 rpm at 4°C), and the product was washed twice with
1 mL double distilled water. Blank nanocapsules, without
DOX, were also prepared via the same procedure. The only
difference was that the same amount of distilled water was
employed instead of the DOX solution to obtain the w1/o
emulsion. Fluorescence-labeled nanoparticles were made in a
similar way by adding coumarin-6 dye to the organic phase of
polysebacic anhydride. For this purpose, 20 μL of coumarin-6
stock solution (20 μg coumarin-6 in 1 mLDCM) was added to
the polymer solution. The prepared NCs were dried by ly-
ophilization in a freeze-drier for further studies. Table I shows
the types and the codes of the prepared nanocapsules.

Characterization of the DOX Loaded Nanocapsules

The yield of the prepared nanocapsules (NCs) containing
doxorubicin (DOX) was calculated by using the mass of
NCs obtained per mass of the polymer used initially. The
morphology of NCs was analyzed by employing scanning
electron microscopy (SEM, QUANTA 400, Oregon, USA).

Size and size distributions were obtained by using a particle
size analyzer (Malvern Mastersizer, Worcestershire, UK).

Preparation of pH-Responsive Nanocapsules

Both the control NCs (PSA-NCs) and the DOX-loaded NCs
(PSA-DOX-NCs) were made pH-responsive by coating them
with PLH and this also made them electrostatically stabile.
Before the coating process, the zeta potentials of both DOX
loaded NCs and pure PLH were measured by the zeta sizer in
dilute acidic medium at pH~6. To check the calibration of
the instrument, zeta potential of a standard sample (−68±
6.8 mV) was first measured. To perform the coating, PLHwas
dissolved in acidic aqueous medium. For this purpose, 0.01M
HCl was added drop-wise to 10 mL double-distilled water
containing PLH until the pH was adjusted to approximately
6. DOX-loaded nanocapsules were put into the solution. To
cover the surface of NCs with PLH, NaOH (0.01 M) was
added drop-wise to the solution to increase the pH up to ca. 8.
PLH coated nanocapsules are named as PLH-PSA-DOX-
NCs. They were collected by using a centrifuge at a speed of
10,000 rpm at 4°C and afterwards the samples were freeze-
dried. The level of PLH-coating on these NCs was analyzed
by FTIR. In this analysis, FTIR spectra of NCs coated with
poly (L-histidine) (PLH-PSA-DOX-NCs) were compared with
the FTIR spectra of DOX loaded NCs (PSA-DOX-NCs) and
pure PLH as control groups.

PEGylation of pH-Responsive Nanocapsules

To improve the transport performance of the prepared
pH-responsive carriers (PLH-PSA-DOX-NCs) and to
prevent them from being taken up by the macrophages,
the surface of the pH responsive NCs was covered with
PEG (molecular mass of 5,000 Da) to produce
PEGylated particles and these NCs are named as
PEG-PLH-PSA-DOX-NCs. For this purpose, NCs were
stirred in 5 mL cold (~4°C) and 3% aqueous solution
of polyethylene glycol monomethyl ether for 10 min.
The particles were then collected by centrifugation at
10,000 rpm for 15 min, freeze-dried and characterized
by FTIR. The effects of PEG coating on size and
morphology of NCs were examined by DLS and SEM
analysis.

Drug Loading Capacity and Encapsulation Efficiency

To assess the drug concentration in the nanocapsules, UV
absorption measurements were performed. The DOX con-
centration in the supernatant was analyzed by a UV spectro-
photometer (1420 Wallac Victor, Turku, Finland) and calcu-
lated via a calibration curve with R2=0.992 prepared previ-
ously with different concentrations of DOX in phosphate

Table I Types of the prepared nanocapsules

Codes Samples

PSA-NCs Polysebacic anhydride (PSA) nanocapsules

PSA-DOX-NCs Doxorubicin (DOX) loaded PSA nanocapsules

PLH-PSA-DOX-NCs Poly (L-histidine) (PLH) coated and DOX
loaded PSA nanocapsules

PEG-PLH-PSA-DOX-NCs PEGylated, PLH coated and DOX loaded
PSA nanocapsules
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buffered saline (PBS, 0.01 M, pH=7.4). Percentage of encap-
sulation efficiency of DOX was obtained using the equation
given below.

EE% ¼ W 1ð Þ−W 2ð Þ=W 1ð Þ
� �� 100

where; EE% is encapsulation efficiency, W(1) is weight of
initial DOX,W(2) is weight of DOX in supernatant at the end
of the loading process, and (W(1)−W(2)) is the weight of DOX
entrapped in the nanocapsules. Percentage of loading capacity
of NCs was calculated by using the equation given below.

LC% ¼ W DOXð Þ=W NCð Þ
� �� 100

In this equation, W(DOX) is the mass of DOX in
nanocapsules and W(NC) is the mass of the nanocapsules.

DOX Release Profile of pH-Responsive NCs
(PEG-PLH-PSA-DOX-NCs)

The release behavior of the PEGylated pH responsive
nanocapsules was studied in PBS buffered solution (0.01 M)
at two different pH values; where one is acidic with a pH of
5.0, and the other is the physiological pH of 7.4. For this
purpose, 5 mg of nanocapsules (PEG-PLH-PSA-DOX-NCs)
was resuspended in 0.5 mL double distilled water and trans-
ferred into dialysis bags. The release studies were conducted in
4.5 mL of the corresponding buffer under shaking in an
incubator at 37°C. To provide sink condition, 0.5 mL aliquots
were removed from the release medium at certain times for
UV absorbance measurements, while equal amounts of fresh
PBS solutions were added into the media. The amount of
released DOX was calculated by using the calibration curve
prepared previously, that was based on the absorbance inten-
sity of DOX at 490 nm. In the assessment of drug release
behavior, the cumulative amount of the released drug was
calculated, and the percentages of released drug from the
nanocapsules were plotted versus time. All experiments were
carried out in triplicates.

Efficiency of pH-Responsive Nanocapsules
(PEG-PLH-PSA-DOX-NCs)

The anti-tumor activity of the prepared pH responsive NCs
was examined on the MDA-MB-231 breast cancer cells pur-
chased from the American Type Culture Collection (ATCC).
Cell viability assay included blank wells containing medium
only, untreated control cells and cells treated with the empty
NCs, free DOX and DOX-loaded nanoparticles. Briefly, the
breast cancer cells were seeded in 96-well plates, incubated for
24 h and treated by 100 μL sterile PBS (blank groups) as well

as PBS solution containing unloaded nanocapsules (blank
NCs), free DOX (0.6 μg/mL) and DOX containing
nanocapsules (PEG-PLH-PSA-DOX-NCs) (0.6 μg/mL and
1.2 μg/mL). After 3 days of incubation at 37°C and 5%CO2,
cell viability was estimated by adding 10 μL of WST Kit-8
that was added to each well and incubated for 2 h. The
absorbance values of the wells were obtained by UV spectros-
copy (Wallac Victor plate reader, Turku, Finland) at 450 nm.

Intracellular Uptake of DOX Containing Nanocapsules
into the Cancer Cells

To visualize the intracellular uptake of DOX containing
nanocapsules by the cells, confocal laser scanning microscopy
was employed. To accomplish this, MDA-MB-231 cells
(15,000 cells per well) were seeded in 8-well glass slide (Lab-
Tek II, NY, USA), incubated for 24 h and then treated with
sterile PBS (0.01 M), PBS containing free DOX (0.6 μg/mL)
and nanocapsules containing the same amount of DOX
(PEG-PLH-PSA-DOX-NCs). After 3-days incubation, the
medium was removed and the cells were rinsed twice with
sterile PBS (0.067 M, pH 7.4). Fixing was accomplished by
adding 400 μL of cold paraformaldehyde (PFA, 4%) and by
incubating for 15 min at room temperature. Excess parafor-
maldehyde was removed by rinsing with sterile PBS (0.067M,
pH 7.4). After fixing, the cell nucleus was labeled with DAPI
(4′,6-diamidino-2-phenylindole) by adding one droplet of pro-
long gold antifade reagent containing DAPI (Invitrogen,
Oregon-USA) to each well. Fixed cells were covered by cover
slips, kept at 2–8°C for 24 h and they were inspected by a Zeiss
LSM 710 confocal microscope, equipped with Plan-
Apochromatic 63×1.4 NA oil immersion objective (Zeiss-
Germany). The image processing and visualization were per-
formed by using the ZEN 2011 software (Carl Zeiss, Germa-
ny). Cell uptake of nanocapsules by cancerous cells was also
examined by fluorescence microscopy. In this experiment,
MDA-MB-231 breast cancer cells were seeded in 8-well glass
slide (15,000 cells per well) and treated with sterile PBS as a
control group, free DOX and Coumarin-labeled PEG-PLH-
PSA-DOX-NCs. Treated cells were incubated for 1 day and
fixed by PFA (4%) as described above.

Macrophage Uptake of pH-Responsive Nanocapsules

The influence of PEGylation of nanocapsules on macrophage
uptake was analyzed on human acute monocytic leukemia
cells (THP-1) that were obtained as a kind gift from Dr. Lina
Prasmickaite and grown in RPMI 1640 cell culture medium
(Lonza, Verviers, Belgium) containing 10% fetal bovine se-
rum, 1% penicillin-streptomycin and 2 mM Glutamine.
THP-1 cells were seeded (15,000 cells per well) in 8-well glass
slide and induced to differentiate into macrophages by adding
200 μL culture medium containing 10 μM TPA (12-O-
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tetradecanoyl-phorbol-13-acetate) and incubated at 37°C in
the presence of 5% CO2. After 48 h, the macrophages were
treated by replacing TPA containing medium with sterile
PBS, PEGylated NCs (PEG-PLH-PSA-DOX-NCs) and
non-PEGylated NCs (PLH-PSA-DOX-NCs) with DOX con-
centration of 0.6 μg/mL. Treated macrophages were incu-
bated for 6 h and fixed by paraformaldehyde (4%) as de-
scribed above for the microscopy study. From three represen-
tative experiments, we analysed 10 cells with the uptake of
non-PEGylated beads and 17 cells with the uptake of
PEGylated beads. The level of total Doxorubicin fluorescence
in the individual cells was measured as a function of relative
difference in integrated intensity to the nucleus (DAPI) label-
ing of the cells. No saturated pixels were present and no
background subtraction was performed. The individual nu-
cleus was manually masked by freehand selection to avoid any
discrepancies due to size, fluorescence intensity or shape. The
total fluorescence intensity of the DOX loaded into
PEGylated and non-PEGylated particles was measured with
ImageJ [17]. Data is presented as mean and standard devia-
tion, and the statistical significance was tested with a two-
tailed Mann–Whitney test. The values having p≤0.0014 was
considered significant (GraphPad, Prism).

RESULTS AND DISCUSSION

Polysebacic Anhydride Characterization

The 1H-NMR spectra of both sebacic acid and polysebacic
anhydride are compared in Fig. 2. It was found that the peak

related to the OH groups located at 10.49 ppm, representing
the monomer structure [3, 14] has disappeared in the spec-
trum of the synthesized polysebacic anhydride. This phenom-
enon is related to the conversion of carboxylic acid groups to
anhydride. In addition, FTIR analysis confirmed the synthesis
of the polysebacic anhydride. The FTIR spectra of both
sebacic acid and polysebacic anhydride are shown in Fig. 3.
The spectrum of sebacic acid showed characteristic absorp-
tion bands at 1,697, 1,300 and 930 cm−1, representing car-
boxylic acid groups (Fig. 3a). The broad band presented at
3,335–2,500 cm−1 was ascribed to the strong hydrogen bond-
ing of the -OH groups of the free acid. In the case of the
spectrum for the polymer (Fig. 3b), these bands disappeared
and the polysebacic anhydride characteristic absorption band
was observed at 1,816–1,740 cm−1. A sharp peak in the range
of 1,090–1,030 illustrates stretching of the anhydride groups
(−CO-O-CO-) [12]. Peaks observed in the domain of 2,920
and 2,870 cm−1 are related to stretching of C-H bonds in CH2

groups.
Results obtained from GPC demonstrated that the molec-

ular weight of the prepared PSA is about 2,500 Da with a
polydispersity index (PDI) of 1.30.

Characterization of pH-Responsive Nanocapsules

Morphology, Size and Size Distribution

Although the main strategy of this study was to target DOX
via pH-responsive nanocapsules, the enhanced permeability
and retention (EPR) effects of nano-size particles were also
expected to contribute to the entrapping of nanocapsules to
the solid tumor [18]. To exploit the EPR effect in tumor

Fig. 2 1H-NMR spectrum. (a)
sebacic acid (b) polysebacic
anhydride.
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targeting, relatively small nanocapsules are required [3]. The
results from dynamic light scattering (DLS) for DOX loaded
NCs, before coating with PLH and PEG (PSA-DOX-NCs),
are shown in Fig. 4. The size distribution of particles was
rather broad, but most of the particles were located in the
range of 150–350 nm. SEM micrographs exhibited a fine
spherical morphology for PSA-DOX-NCs (Fig. 5).

Drug Encapsulation and Loading Capacity

The drug delivery systems are usually defined as a delivery
technique to carry at least two-fold dosage of pharmaceutical
agents compared to conventional drug administration [19].
Hence, encapsulation efficiency and loading capacity of NPs
are important for sustained delivery. The challenge for

polymer-based drug delivery systems is to obtain a sufficiently
high drug loading capacity. The water-soluble DOX exhibits
weak amphipathic properties (pKa 8.3) and it is generally
difficult to encapsulate the drug from an aqueous medium.
There are also various challenges related to improving the
DOX loading efficiency by preventing its migration from the
organic to the aqueous phase, which is the main cause of the
high amount of non-loaded drug in the supernatant. In some
studies, cooperation of DOX with anionic polymers [20, 21]
and interaction of an anionic surfactant [22] was used to
develop DOX encapsulation efficiency up to 42.5 and
49.3%, respectively. In our study, encapsulation efficiency
and loading capacity of DOX in polysebacic anhydride based
nanocapsules were estimated to be 48 and 5.3%, respectively.
These values are close to the reported [20–22] values for
encapsulation of DOX in nanocapsules. In the literature there
are plenty of studies aimed to improve encapsulation efficien-
cy of highly hydrophilic DOX. It was shown that encapsula-
tion efficiency of DOX can be significantly improved by either
using negatively charged polymers [23] or co-encapsulation of
DOX with other gradients such as ammonium sulfate [24].
Consequently, NCs fabricated in this study via the double
emulsion method exhibited acceptable drug encapsulation
for DOX delivery, without any modification of the polymer
to entrap more DOX.

pH Sensitive System

Poly (L-histidine) (PLH) is a biodegradable polyamino acid.
The polymer backbone has many imidazole functional groups

Fig. 3 FT-IR spectrum. (a) sebacic
acid (b) polysebacic anhydride.

Fig. 4 Size distribution of DOX loaded NCs before coating (PSA-DOX-
NCs) from DLS.
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with pKa around 6.0 and PLH exhibits buffering properties in
the physiological pH range. Imidazole groups can be proton-
ated at pH below 5.8, and as a consequence PLH can be
dissolved in dilute acids [25]. This feature has been used to
design different PLH based complexes as pH-sensitive deliv-
ery systems. For instance, PLH has been applied either as an
outer shell or in cooperation with alginate to prepare micro-
capsules used for protein delivery [26]. In these studies, PLH
was defined as a promising compound for protein delivery. In
order to test the pH-response of poly (L-histidine), DOX
loaded NCs (PSA-DOX-NCs) were coated with PLH by
adsorbing PLH molecules on the NCs surfaces through elec-
trostatic interactions. For this purpose, zeta potential of both
DOX loaded NCs and PLH were measured in dilute acid
medium with the intension to create the same condition
needed for coating. The results showed zeta potential values
of +29.4 and −35 mV for PLH and PSA-DOX-NCs, respec-
tively. The results favor the conjecture that positively charged
PLH can be adsorbed onto negatively charged NCs. To
provide more evidence for this hypothesis, PLH-coated NCs
(PLH- PSA-DOX-NCs) were characterized by FTIR to es-
tablish whether the absorbance peaks coming from PLH
functional groups can be detected in the FTIR spectrum of
the NCs. Figure 6 shows FTIR spectra for DOX loaded
nanocapsules (PSA-DOX-NCs) (Fig. 6a), DOX loaded
nanocapsules coated with PLH (PLH-PSA-DOX-NCs)
(Fig. 6b), and pure PLH used as blank (Fig. 6c) to compare
the success of the coating.

A comparison of FTIR-spectra reveals that the spectrum of
PLH-PSA-DOX-NCs (Fig. 6b) not only displayed peaks orig-
inating from DOX loaded nanocapsules (Fig. 6a), but the
spectra also reveal absorbance peaks representing imidazole
groups located in the PLH polymer chain (Fig. 6c). These
results demonstrate the presence of PLH on the surface of
NCs.

PEGylation of pH Responsive NCs

Through conjugation of PEG on to the nanocapsules created
PEG-PLH-PSA-DOX-NCs. PEGylation affected the uptake
of these carriers by the macrophages and their uptake was
significantly reduced (see the discussion below). The modified
nanocapsules were characterized by FTIR to observe whether
there are peaks originating from PEG functional groups in the
FTIR spectrum of the pH-responsive nanocapsules. FTIR
spectra of the nanocapsules are presented in Fig. 7. The
spectrum of PEG was used as a blank to establish the success
of the modification.

Fig. 5 SEM micrographs of DOX loaded NCs before coating (PSA-DOX-NCs).

Fig. 6 FTIR spectra. (a) DOX loaded NCs (PSA-DOX-NCs), (b) PLH
coated and DOX loaded NCs (PLH-PSA-DOX-NCs), (c) pure PLH.
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By comparing these spectra, it was concluded that the
spectrum of PEGylated NCs (Fig. 7b) displays peaks
representing pH responsive NCs, (Fig. 7c), with the absor-
bance peak appearing at 2,820 cm−1, originating from the
PEG functional groups (Fig. 7a). As mentioned above, the size
and size distribution of the NCs are important for the evalu-
ation of the EPR effect. Thus, the final size of NCs coated with
PLH and modified with PEG is an important parameter to
establish. Tomonitor themorphology and size of themodified
nanocapsules, we employed SEM and DLS. The results from
DLS (see Fig. 8) of the modified NCs show that the size of the
capsules is not significantly affected by coating and PEG-
modification (see Fig. 4).

SEM micrographs shown in Fig. 9 illustrate the final mor-
phology of PEGylated and pH-responsive NCs. It seems that
the shape of the modified NCs has been changed slightly
during the coating and PEG-modification process. The
spherical shape of nanoparticles was changed after coating
with poly L-histidine. The coating took place by acid–base
titration with vigorous stirring, which causes heterogeneous

adsorption of precipitated poly L-histidine on the surface of
nanoparticles, which are suspended in water. This phenome-
non may be a result from the heterogeneous coating of NCs
with PLH during the precipitation of PLH on the surface of
NCs.

In situ DOX Release Study from PEG-PLH-PSA-DOX-NCs

The in situ release profiles of DOX from the pH responsive
nanocapsules (PEG-PLH-PSA-DOX-NCs) in PBS at two dif-
ferent pH values (pH 5 and pH 7.4) are given in Fig. 10. The
release profiles of DOX over several days in PBS are depicted
at pH 5 and 7.4 and demonstrated significantly different
results. It is evident that poly (L-histidine) (PLH) coated
nanocapsules release a higher amount of drug at acid pH,
both in the burst and sustained release steps, because PLH
dissolves at acid pH and this facilitates the release of the drug.
In this process, the drug concentration can reach an effective
dose in a relatively short period of time (approximately 15–
20 h). Subsequently, because of slow degradation of the
polysebacic anhydride, the drug will be released in a sustained
manner. In the case of pH 7.4, it took significantly longer time
to achieve an effective dose. For instance, after 46 h it can be
seen that the percentage of release is about 19% at pH 7.4,
while at pH 5 the released amount is ca. 40%. Amore efficient
decrease of the release rate at pH 7.4 can probably be accom-
plished in future by using high molecular weight polymers
and/or double coating the nanocapsules by PLH.

Cell Culture Study of pH Responsive Nanocapsules

Anti-Tumor Efficiency

Anti-tumor activity of free DOX and PEG-PLH-PSA-DOX-
NCs was next analyzed by using WST cell counting kit-8. In
these experiments, cells were seeded on 96-well plates and
treated with 0.6 μg/mL free DOX, drug loaded NCs con-
taining 0.6 or 1.2 μg/mL of DOX, or blank NCs containing
no DOX (control group). The pH for cell culture medium
(RPMI 1640) was 7.0–7.4. Cell viability experiments were
done after 3-days of incubation. Relative cell viability was
calculated by assuming the control sample had 100% viable
cells. The results obtained from these experiments show that
drug free NCs (control group) did not exhibit any detectable
cytotoxicity on the MDA-MB-231 cells (Fig. 11).

The mechanism by which DOX kills cancer cells is still not
unequivocally established [27]. The main proposed effect of
DOX is to prevent DNA duplication and cause inhibition of
topoisomerase II [28]. More recently an alternative,
cytoplasmically-initiated mechanism has been proposed in-
volving intra-membrane proteolysis of an endoplasmic retic-
ulum protein (CREB3L1), thereby releasing its cytoplasmic
domain that contains a transcription factor. The pleiotropic

Fig. 7 FTIR spectra. (a) PEG, (b) PEGylated, PLH coated and DOX loaded
NCs (PEG-PLH-PSA-DOX-NCs), (c) PLH coated and DOX loaded NCs
(PLH-PSA-DOX-NCs).

Fig. 8 Size distribution of NCs after coating with PLH and modification with
PEG (PEG-PLH-PSA-DOX-NCs).
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downstream effects of this transcription factor include effects
on lipid metabolism and apoptosis [29].

Figure 11 shows the relative cell viability of MDA-MB-231
cells exposed to DOX concentrations of 0.6 and 1.2 μg/mL,
in free and encapsulated state. The results reveal that higher
cytotoxicity levels are observed in cells treated with higher
concentrations of DOX, as expected. By comparing the be-
havior of free and loaded DOX, it is evident that although the
same amount of DOX has been used in both cases, more anti-
tumor activity was observed for DOX-loaded nanocapsules.
This effect can presumably be linked to the cellular uptake
and intracellular effect that results from high endosomal-lysis
capacity of the outer shell of the NCs consisting of the pH
responsive poly (L-histidine) [30]. In other words, the capacity
of the NPs or their cargo to enter the cytoplasm is high.

Internalization of DOX and Cell Uptake

Cell internalization of drug via nanoparticles is a promising
strategy to develop the therapeutic efficacy of anticancer

drugs. There are various challenges to improve the properties
of DOX-loaded polymeric carriers and to enhance the intra-
cellular concentration of DOX, especially in drug-resistant
cells, an important phenomenon in cancer therapy [31]. It
has been reported that PLH can be protonated in acidic
medium, and it may form phospholipid bi-layers by
performing 16 interactions between the protonated molecules
and the negatively charged phospholipids [32].

The cell internalization of DOX-loaded NCs was probed
by confocal microscopy. For this, non-treated cells and cells
treated with the same concentration of free DOX and
nanocapsules loaded with DOXwere analyzed. To determine
the location of drug, the nucleus was stained using the DNA-
binding dye DAPI (blue) after the cell fixation process. A
TRITC filter responding to red fluorescence signals was
employed to recognize the presence of DOX. Figure 12 shows
confocal microscopy images of the internalization of DOX via
pH responsive NCs. In the control cells, only treated by PBS,
there was no indication of any red fluorescence signal
(Fig. 12a). In the case of free DOX-treated cells, DOX

Fig. 9 SEM micrograph of NCs after coating with PLH and modification by PEG (PEG-PLH-PSA-DOX-NCs).

Fig. 10 DOX release profiles of PEG-PLH-PSA-DOX-NCs at pH 5.0 and
pH 7.4.

Fig. 11 WST kit-8 cell viability assay of blank NCs (PEG-PLH-PSA-NCs),
free DOX 0.6 μg/mL (I) and 1.2 μg/mL (II), PLH coated NCs (PEG-PLH-
PSA-DOX-NCs) containing 0.6 μg/mL (I) and 1.2 μg/mL (II) DOX. Data are
shown as mean ± s.d. of biological replicates (n=4). The error bars indicate
the standard deviation with p value < 0.05.
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primarily enters into the MDA-MB-231cells and the drug was
easily detected inside the nuclei (Fig. 12b), in agreement with
previous studies [11]. For cells exposed to PLH coated NCs
(PEG-PLH-PSA-DOX-NCs), a significant increase in DOX
fluorescence intensity was evident in the cancer cells (Fig. 12c).
The concentrated foci of red fluorescence is considered most
likely to represent DOX still encapsulated within cell inter-
nalized NPs, probably within endocytic organelles (as evident
in Fig. 13). In addition the entire cytoplasm was labeled
uniformly red, arguing for a general release of DOX into
the cytoplasm. However, in contrast to the free DOX treat-
ment, there was little evidence of DOX from NPs accumulat-
ing in the nucleus. We can offer two possible explanations
for this unexpected observation, in light of the fact that
the NP-DOX is able to kill the cells. First, sufficient toxic
concentrations of DOX may bind to DNA to kill the
cells without giving an obvious co-localization by light
microscopy. Alternatively, the DOX released into the
cy top la sm from NPs may k i l l the ce l l s by a
cytoplasmically-initiated mechanism [27] for example

related to lysosome lysis [33, 34]. Further studies are
needed to address this issue.

As a consequence of the high water-solubility of DOX,
an alternative scenario to explain the high cytoplasmic
concentration of DOX is that the drug may be released
from NPs in the culture medium (before NP internaliza-
tion) and then be taken up by the cells as free drug (this
would be the scenario for the extracellular release of drug
inside tumors). To confirm whether or not NCs are taken
up into the cells, cellular internalization of NCs was
visualized by staining them with fluorescent reagent
coumarin-6 (green fluorescence reagent). In order to
achieve this, polysebacic anhydride was labeled by the
poorly water-soluble coumarin-6 before the preparation
of the nanocapsules. DOX loaded NCs were prepared
from coumarin-6-labeled polymer and then coated by
PLH and modified by PEG as was done earlier. The
cellular uptake of labeled NCs was examined on MDA-
MB-231 cells. The cells were treated with PBS and PBS
containing DOX loaded and coumarin-6-labeled NCs.

Fig. 12 Confocal microscopy
images to show internalization of
DOX in MDA-MB-231 cells. The
nucleus was stained by using the
DNA-binding dye DAPI (blue) after
the cell fixation process. A TRITC
filter responding to red fluorescence
signals was employed to recognize
the location of DOX with red
fluorescence. (a) Untreated cells,
(b) cells treated by free DOX, (c)
cells treated with PEGylated, PLH
coated and DOX carrying NCs
(PEG-PLH-PSA-DOX-NCs). The
arrow in 12-c shows concentrated
red fluorescence points, which
most likely represent encapsulated
DOX.
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To prevent release of the poorly water-soluble coumarin-
6 in cell culture medium, the cells were fixed one day
after treatment. Figure 13 shows microscope images re-
lated to MDA-MB-231 cells treated by PBS (Fig.13a) and
coumarin-6-labeled NCs (Fig. 13b-1 and b-2).

The images in the left column illustrate pictures obtain-
ed by the green fluorescence filter that is selective for
coumarin-6. The middle column depicts images obtained
by the TRITC red fluorescence filter that responds to
DOX. Images in the right column show merged images
of green, red and phase contrast with DAPI filters. As
shown in Fig. 13b-1 and b-2, the green fluorescent particles
can be observed after 6 h of incubation with coumarin-6
labeled nanocapsules. This result shows that the prepared
nanocapsules (PEG-PLH-PSA-DOX-NCs) can be inter-
nalized into MDA-MB-231 cells. In this figure, the nano-
particles are observed to be distributed throughout the
cytoplasm of the cells indicating that after internalization
the NCs do not localize only in lysosomes but rather get
distributed in the cytoplasm.

Macrophage Uptake

In the last decades, the in vivo applications of polymeric drug
delivery systems have changed from macro-size (≥1 mm) to
micro (5–20 μm) and finally to nano (100–1,000 nm) [35, 36].
These nano-sized particles exhibit significant advantages for
nanomedical applications. For instance they can be investi-
gated without any surgery [37], applied for multi-drug deliv-
ery [38], and targeted to tumor site via EPR effect [39]. Some
negative aspect of these carriers that may limit their clinical
application is their uptake by phagocytic cells, leading to their
clearance from the blood circulation [40]. PEGylation (using
poly ethylene glycol) has been known to reduce uptake of
nanoparticles by macrophages. PEGmolecules either bonded
or adsorbed to the surface of nanoparticles inhibit blood
protein absorption by steric hindrance and repulsion effects
of PEG chains [41].

In this study, the influence of PEGylation on the macro-
phage uptake was determined by using THP-1 human mono-
cyte cells differentiated to macrophages by using 10 μMTPA

Fig. 13 Confocal microscopy
images to show cellular uptake of
nanoparticles by MDA-MB-231
cells. The nucleus was stained by
using the DNA-binding dye DAPI
(blue) after cell fixation. A TRITC
filter responding to red fluorescence
signals was employed to recognize
the location of DOX with red
fluorescence. Nanocapsules were
labeled by coumarin-6 (green). (a)
Cells treated with PBS, (b-1 and
ba2) cells treated with NCs
PEGylated, PLH coated, DOX
carrying and coumarin-6-labeled.
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(12-O-tetradecanoyl-phorbol-13-acetate). The macrophage
uptake was analyzed “indirectly” by relating the fluorescence
intensity coming from encapsulated DOX to the amount of
NPs taken up by macrophages. In order to quantify this
difference, macrophages were treated with PEGylated and
non-PEGylated beads. Confocal micrographs were acquired
and the total DOX fluorescence was analyzed as shown in
Fig. 15 (see materials and methods). In this experiment, PBS
treated macrophages were used as the control group. Confo-
cal micrographs of THP-1monocytes are presented in Fig. 14.
The bubbles surrounding all the cells are an artifact happened
during the embedding process. Figure 14b represents non-
PEGylated NCs. The more concentrated red parts seen in
non-PEGylated sample are attributed to more internalization

of NPs into macrophages. This effect arises from loaded DOX
inside the NCs. By comparing the pictures of PEGylated NCs
(Fig. 14c) with non-PEGylated (Fig. 14b) particles, it is seen
that more DOX fluorescence intensity is observed in macro-
phages treated by non-PEGylated NCs relative to PEGylated
ones. This result was linked to more internalization of non-
PEGylated NCs by phagocytic pathways.

DOX release from non-PEGylated particles in macro-
phages was significantly higher than PEGylated nanocapsules.
The data are shown as the total fluorescence of DOX relative
to the individual nuclear DAPI staining. Error bars represent
the standard deviation and the significance p≤0.0014 by a
Mann–Whitney test.

CONCLUSION

Nanocapsules prepared in this work exhibited high loading
capacity without any modification to allow efficient encapsu-
lation of water-soluble DOX. Nevertheless, we have already
high loading capacity in comparison to some previous studies
[20–22]. The size of the prepared nanocapsules is hypothe-
sized to be suitable for further exploitation of the EPR effect
for passive targeting into tumors. Another important property
of our nanocapsules is the application of polysebacic anhy-
dride as a base matrix. This study showed that polysebacic
anhydride exhibits promising properties for internalization of
DOX, which is useful for cancer cells that exhibit drug
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Fig. 15 Image J analysis of macrophages treated by PEGylated and Non
PEGylated NCs.

Fig. 14 Confocal microscopy
images for HTP-1 macrophage
uptake in (a) control cells, (b) non-
PEGylated NCs (PLH- PSA-DOX-
NCs), (c) PEGylated and PLH
coated NCs (PEG-PLH- PSA-
DOX- NCs).
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resistance. This biodegradable polymer displays surface ero-
sion, leading to the release of encapsulated drug via a con-
trolled pattern of behavior. Collectively, our results demon-
strate that the pH responsive poly (L-histidine) coated
nanocapsules based on PSA are promising vehicles for the
intracellular delivery of an anticancer agent that are worthy of
further studies towards eventual clinical testing.
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