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a b s t r a c t

Multifunctional nanocarriers with multilayer core-shell architecture were prepared by coating super-
paramagnetic Fe3O4 nanoparticle cores with a mixture of the triblock copolymer methoxy poly(ethylene
glycol)-b-poly(methacrylic acid-co-n-butyl methacrylate)-b-poly(glycerol monomethacrylate) and the
folate-conjugated block copolymer folate-poly(ethylene glycol)-b-poly(glycerol monomethacrylate). The
model anticancer agent adriamycin (ADR), containing an amine group and a hydrophobic moiety, was
loaded into the nanocarrier at pH 7.4 by ionic bonding and hydrophobic interactions. The release rate of
the loaded drug molecules was slow at pH 7.4 (i.e. mimicking the blood environment) but increased
significantly at acidic pH (i.e. mimicking endosome/lysosome conditions). Acid-triggered drug release
resulted from the polycarboxylate protonation of poly(methacrylic acid), which broke the ionic bond
between the carrier and ADR. Cellular uptake by folate receptor-overexpressing HeLa cells of the folate-
conjugated ADR-loaded nanoparticles was higher than that of non-folated-conjugated nanoparticles.
Thus, folate conjugation significantly increased nanoparticle cytotoxicity. These findings show the
potential viability of a folate-targeting, pH-responsive nanocarrier for amine-containing anticancer
drugs.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Amajor challenge to successful cancer chemotherapy is achieving
specific drug accumulation at the tumor sites. Most of the available
anticancer agents cannot distinguish betweencancerous andhealthy
cells, leading to systemic toxicity and undesired side effects. Solu-
tions to this problem have focused on the development of nanoscale
tumor-targeted delivery systems. Various nanocarriers including
liposomes, polymeric nanoparticles, block copolymer micelles, and
dendrimers have been developed for the targeted delivery of ther-
apeutics to cancerous tissues [1e5]. Nanocarriers are also used to
deliver imaging agents (e.g. superparamagnetic iron oxide nano-
particles as magnetic resonance imaging (MRI) contrast agent) for
diagnostics and real-time particle tracking in the body. Long-circu-
lating nanocarriers such as poly(ethylene glycol) (PEG)- and poly
(ethylene oxide) (PEO)-modified nanocarrier systems can preferen-
tially accumulate in the tumor sites through the leaky tumor neo-
vasculature by the enhanced permeability and retention (EPR) effect,
known as the passive targeting [6,7].
eliangliu@yahoo.com (K. Liu).
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To further improve delivery efficiency and cancer specificity,
active targeting strategies are currently under wide investigation.
One of the most common such strategies involves coupling the
nanocarrier surface with a specific ligand that is recognizable by
cells present at the disease site [8]. Various specific receptors (e.g.
vitamins and sugar receptors) overexpressed on the cancer cell
surface have served as useful targets. Folate receptors are selec-
tively overexpressed on brain, kidney, lung, and breast cancer cells.
Folate (vitamin M) has a low molecular weight and a high receptor
affinity (Kd ¼ 1 � 1�10 M) [9,10]. Nanocarriers conjugated with
folate can be targeted to and internalized into target cells though
receptor-mediated endocytosis [11e14].

Another promising targeting approach is the use of stimuli-
responsive delivery systems that are sensitive to changes in bio-
logical and environmental signals such as pH, temperature, and
specific enzymes [15e17]. Ideal drug delivery systems should be
stable with a long circulation time, and should keep the loaded
drugs unreleased during circulation in the bloodstream or in
normal tissues. Upon reaching and accumulating in tumor tissues
by passive and active targeting, and after being taken up by cancer
cells, the systems should release the drugs rapidly in response to
the local environment.

Smart drug delivery systems have been developed in which the
drug is loaded by acidic pH-induced cleavable covalent bonds. For
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example, adriamycin (ADR) can be attached to the side chain of
a core-forming segmentbyanacid-labilehydrazonebond. This bond
is stable at physiological pH (7.0e7.4) but degraded at the lower pH
of endosomal/lysosomal compartments (pH 5.0e5.5) [18,19]. Drugs
mayotherwise be loaded into the core of polymericmicelles bynon-
covalent interactions, in most cases, hydrophobic [20,21], or ionic
interactions [22,23]. Recently, our group successfully loaded drugs
with ionizable groups and hydrophobic moieties into nanocarriers
by the combined action of ionic bonding and hydrophobic interac-
tions [24,25]. The use of non-covalent interactions resulted in a high
loading affinity at a neutral pH (7.4), preventing premature release
into the bloodstream. The loaded drugs released with good kinetics
at an acidic pH, which breaks the ionic bonding.

In this paper, we report the development of multifunctional
nanocarriers with a superparamagnetic Fe3O4 core, carboxyl-con-
taining inner shell with adjustable hydrophobicity, biocompatible
PEGoutermost shell, anda small amountof surface-conjugated folate.
The multifunctional nanocarriers were prepared by coating a super-
paramagnetic Fe3O4 core with a mixture of the triblock copolymer
methoxy poly(ethylene glycol)-b-poly(methacrylic acid-co-n-
butyl methacrylate)-b-poly(glycerol monomethacrylate) (denoted
MPEG-b-P(MAA-co-nBMA)-b-PGMA) and the folate-conjugated
block copolymer folate-poly(ethylene glycol)-b-poly(glycerol mono-
methacrylate) (denoted FA-PEG-b-PGMA) (Scheme 1). As a model
drugwith anaminegroupandahydrophobicmoiety, ADRwas loaded
into the nanocarrier at pH 7.4 by ionic bonding and hydrophobic
interactions. The nanocarrier possessed a superparamagnetic Fe3O4

nanoparticle core, which may serve as MRI contrast agent and
hyperthermic agent, folate conjugation on the surface, which was
recognizedbyHeLacells, andpropertyofpH-responsive releaseof the
loaded drug.
2. Experimental

2.1. Materials

Methoxy poly(ethylene glycol) (MPEG-OH, 2000 Da, Aldrich)
and poly(ethylene glycol) (HO-PEG-OH, 3000 Da, Fluka) were
dehydrated by azeotropic distillation of water in toluene, precipi-
tated with cold ethyl ether, filtered, washed with ether, and
vacuum-dried. tert-Butyl methacrylate (tBMA, Acros) and normal-
butyl methacrylate (nBMA, Acros) were distilled over CaH2 under
reduced pressure before use. 1,1,4,7,7-Pentamethyldiethylenetri-
amine (PMDETA) was purchased from Acros. 2-Bromoisobutyryl
bromide (BIBB) was purchased from Aldrich. Folate (FA) was
purchased from Tianjin Guangfu Fine Chemical Research Institute.
Solketal methacrylate (SMA) was prepared by reaction of solketal
Scheme 1. Schematic representation of the preparation of MPEG-b-P(MAA-co-nBM
(2,2-dimethyl-1,3-dioxane-4-methanol) with methacryloyl chlo-
ride, according to our previous reports [26,27]. Adriamycin hydro-
chloride (ADR,HCl) was purchased from Shenzhen Main Luck
Pharmaceuticals Inc. (Shenzhen, China). The human cervical
carcinoma HeLa cell line was obtained from the Cell Resource
Center of Peking Union Medical College. RPMI 1640, RPMI 1640
without folic acid, RPMI 1640 without phenol red, and fetal bovine
serum (FBS) were purchased from GIBCO (Uxbridge, UK).

2.2. Block copolymer synthesis

The triblock copolymer MPEG-b-PMAA-b-PGMA was synthe-
sized by atom transfer radical polymerization (ATRP) as reported
previously [24]. The block copolymer MPEG-b-P(MAA-co-nBMA)-
b-PGMA was similarly synthesized, except that a mixture of tBMA
and nBMA was used instead of tBMA alone. Molar ratios
([tBMA]:[nBMA]) of 9:1 and 8:2 yielded MPEG-b-P(MAA19-co-
nBMA4)-b-PGMA25 and MPEG-b-P(MAA17-co-nBMA10)-b-PGMA17,
respectively.

The macroinitiator OH-PEG-Br was synthesized by reacting OH-
PEG-OH with 2-bromoisobutyryl bromide (1:1 M ratio), using
a similar process as one reported previously [27]. Folic acid
(1.5 mmol) dissolved in 10 mL dimethyl sulfoxide (DMSO) was
preactivated with N,N’-diisopropylcarbodiimide (DIC, 1.5 mmol) at
room temperature for 4 h. Dehydrated OH-PEG-Br (1 mmol) and 4-
dimethylamino pyridine (catalyst, 0.1 mmol) were dissolved in
10 mL of DMSO. Preactivated folic acid was added dropwise to the
solution, and the mixture was stirred at 50 �C for 12 h. A light
yellow powder, FA-PEG-Br, was obtained after precipitation with
cold ethyl ether, recrystallized three times to remove unreacted
folate, and vacuum-dried. The diblock copolymer folate-PEG-b-
PGMA was synthesized using FA-PEG-Br as a macroinitiator by
a procedure similar to one reported previously [26,27]. The struc-
ture and polydispersity index of all the synthesized copolymers
were measured (Table 1).

2.3. Preparation of copolymer-coated Fe3O4 nanocarriers

Fe3O4 nanoparticles coated with MPEG-b-PMAA18-b-PGMA15,
MPEG-b-P(MAA19-co-nBMA4)-b-PGMA25, or MPEG-b-P(MAA17-co-
nBMA10)-b-PGMA17 were prepared by alkaline coprecipitation of
Fe2þ/Fe3þ (1:2 M ratio) in the presence of the corresponding copol-
ymers in aqueous solution using procedures similar to those repor-
ted previously [24,27]. Fe3O4 nanoparticles coated with a mixture of
MPEG-b-P(MAA19-co-nBMA4)-b-PGMA25 and folate-PEG-PGMA34
(9:1M ratio)were prepared by the samemethod. The iron content of
the nanocarriers was determined by spectrophotometry at 340 nm
A)- b-PGMA/FA-PEG-b-PGMA-Fe3O4 nanocarriers and ADR loading and release.



Table 1
Structure of block copolymers.

Copolymer DR of PMAA segmenta DR of PnBMA segmenta DR of PGMA segmenta PDIb

MPEG-b-PMAA18eb-PGMA15 18 e 15 1.18
MPEG-b-P(MAA19ecoenBMA4)-b-PGMA25 19 4 25 1.15
MPEG-b-P(MAA17ecoenBMA10)-b-PGMA17 17 10 17 1.21
FA-PEG-b-PGMA34 e e 34 e

Molecular weights of MPEG and PEG were 2000 Da and 3000 Da, respectively, as given by the supplier.
a The degree of polymerization (DR) of each segment was derived from the DR of the corresponding segment of the precursor polymer, which was determined by 1H NMR

using MPEG or PEG segments as a reference.
b Polydispersity index of the precursor polymers determined by GPC.
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(TU1810PC UVevis spectrometer, Beijing Purkinje General Instru-
ment Co.) after a 2-h digestion of the nanoparticles in 30% v/v HCl at
elevated temperatures (50e60 �C) as described previously [28].

The average particle size, size distribution, and morphology of
the copolymer-coated nanoparticles were studied by transmission
electron microscopy (TEM) and dynamic light scattering (DLS). The
TEM measurement was performed on a JEM-2010F transmission
electron microscopy (JEOL, JAPAN). A drop of well-dispersed nano-
particle dispersion was placed onto an amorphous carbonecoated
200-mesh copper grid, followed by drying the sample at ambient
temperature before it was loaded onto the microscope. The DLS
analysis and zeta potential measurement of samples dispersed in
deionized water was performed on a BI-200SM (Brookhaven, NY,
USA) equippedwith a BI-900AT digital correlater at 636 nm. Sample
magnetization was measured as a function of the applied magnetic
field H with a 9600VSM (LDJ, USA) superconducting quantum
interference device (SQUID) magnetometer. The hysteresis of
the magnetization was obtained by changing H between þ6000
and �6000 Oe at 300 K.

2.4. Drug loading and release

Drug loading was performed as described below. The nano-
carrier suspensionwas dialyzed (MWCO 14,000) against phosphate
buffer (pH 7.4) for 12 h, followed by dialysis against water for 1 h.
An aqueous solution of ADR,HCl (3 mL, 2 mg/mL) was added
dropwise to the dialyzed suspension. After stirring overnight, the
suspensionwas dialyzed (MWCO 14,000) against water, which was
changed 10e15 times over 3 d to remove the free ADR. The loading
capacity was estimated by subtracting the amount of ADR in the
collected outside solution (determined by spectrophotometry at
234 nm) from the total amount of added ADR.

To determine the kinetics of ADR release from the nanocarriers,
an ADR-loaded nanocarrier suspension (3 mL, z1 mg/mL) was
dialyzed (MWCO 14,000) against phosphate buffer (10 mM phos-
phate, 50 mL) with 0.9% NaCl at pHs ranging 3.5e7.4 at 37 �C. At
dialysis times of 1, 3, 5, 7, 10, and 24 h, ADR concentrations in the
outside solution were determined by spectrophotometry at
a wavelength of 234 nm.

2.5. Cell culture

HeLa cells were grown and maintained in RPMI 1640 medium
with 10% FBS and 5% penicillin-streptomycin in a humidified
atmosphere with 5% CO2 at 37 �C.

2.6. Flow cytometry

Cells (5 � 104 cells/mL) were harvested from monolayers by
a 0.25% (w/v) trypsine0.03% (w/v) EDTA solution. After 1 mL of
RPMI 1640 was added to each well of a 12-well plate, cells in 200 mL
of RPMI 1640 (with or without folic acid) were seeded in each well
and were incubated for 24 h. When the cells reached 90% conflu-
ence, the medium was removed and the cells were washed twice
with phosphate buffered saline (PBS, pH 7.4). The cells were then
treatedwith ADR-loaded nanoparticles or free ADR (40 mg/mL ADR)
in a humidified incubator with 5% CO2 atmosphere at 37 �C. After
3 h of incubation, the medium was discarded and the cells were
washed twice with 2 mL of PBS. Cells were then detached by 0.25%
(w/v) trypsine0.03% (w/v) EDTA solution and dispersed in 0.5mL of
PBS for flow cytometric measurements. Nanocarrier uptake was
analyzed based on the ADR fluorescence using a FACSCalibur flow
cytometer (BD Biosciences). A minimum of 1 � 104 cells was
analyzed from each sample, with fluorescence intensity displayed
on a four-decade log scale.
2.7. Confocal image analysis

For confocal laser scanning microscopy (CLSM) studies, HeLa
cells cultured in RPMI 1640 (with or without folic acid) were seeded
onto 22 mm round glass coverslips, placed in a 6-well plate, and
grown overnight. The medium was then removed and the cells
were washed twice with PBS. Cells were treated with ADR-loaded
nanoparticles or free ADR (40 mg/mL ADR) for 3 h at 37 �C and 5%
CO2. Cells were washed twice with PBS and fixed with 1.5% form-
aldehyde. Coverslips were placed onto the glass microscope slides
and sample uptake was visualized at excitation and emission
wavelengths of 535 and 590 nm, respectively, by a Leica TCS SP5
Confocal System installed on an upright compound microscope
(Leica, Wetzler, Germany). Digital monochromatic images were
acquired using Leica Confocal Software.
2.8. Cytotoxicity assay

HeLa cells were seeded in a 96-well plate at a density of
1�104 cells/well in RPMI 1640medium (with or without folic acid)
containing 10% FBS at 37 �C and 5% CO2. After 24 h of culture,
medium in the wells was replaced with 200 mL of fresh medium
containing the ADR-loaded nanoparticles or free ADR (0.5, 5, 10, 15,
25 and 40 mg/mL ADR). Each sample with the same ADR concen-
tration was added to six wells in the same column.

After incubation for 24 h, the medium was removed and the
cells were washed three times with PBS. Twenty microliters of
the combined 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium(MTS)/phenazinemetho-
sulfate (PMS) solution (20: 1, v/v, Cell-Titer 96� AQueous kit) was
added to eachwell of the 96-well assay plate containing cells in 100 mL
of RPMI 1640 without phenol red. After incubation for 1 h at 37 �C in
a humidified 5% CO2 atmosphere, the absorbance at 490 nm in each
well was recorded using a SpectraMax M5 microplate reader. The
spectrophotometer was calibrated to zero absorbance using culture
medium without cells. The relative cell viability compared to control
wells containing cell culture medium without nanoparticles was
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calculated by [A]test/[A]control, where [A]test and [A]control are the
average absorbances of the test and control samples, respectively.

A cytotoxicity assay was performed without folic acid at a fixed
equivalent concentration of ADR and various incubation times.
HeLa cells were seeded in a 96-well plate at 1 � 104 cells/well in
RPMI 1640 medium (without folic acid) containing 10% FBS. After
24 h of culture at 37 �C and 5% CO2, ADR-loaded nanoparticles or
free ADR solution were added to the wells. Medium in wells of the
same column (six duplicates) was replaced with fresh medium
(without folic acid) containing the ADR-loaded nanoparticles or
free ADR (200 mL, 40 mg/mL ADR) at specific times (i.e. to yield
sample incubation times of 1, 3, 5, 7, 15, and 24 h). An MTS assay
was used to measure the tumor cell viability.
3. Results and discussion

3.1. Preparation and characterization of the nanocarriers

Block copolymers containing PMAA, PGMA, and PnBMA
segments were synthesized by copolymerization of the corre-
sponding tBMA, SMA, and nBMA monomers. Synthesis was initi-
ated by PEG macroinitiators and performed by ATRP, followed by
deprotection of the PtBMA and PSMA segments [24,26,27]. The
block copolymer structure is shown in Table 1. Chain lengths of the
Fig. 1. 1H NMR spectr
PtBMA, PnBMA and PSMA segments were determined by 1H NMR
using the MPEG or PEG segment as a reference.

In preparing the macroinitiator FA-PEG-Br from OH-PEG-OH
and 2-bromoisobutyryl bromide (1:1 M ratio), three products may
be generated: OH-PEG-Br, Br-PEG-Br, and unreacted OH-PEG-OH.
After coupling the polymer mixture with folic acid, the polymer
product should contain the desired macroinitiator FA-PEG-Br, and
Br-PEG-Br and FA-PEG-FA. Fig. 1 shows the 1H NMR spectrum of the
macroinitiator mixture, which displayed a broad peak at d 3.7 ppm
attributed to PEG and characteristic peaks at d 2.3 ppm (g-CH2,
glutamic acid), d 6.6 and 7.6 ppm (aromatic protons), and d 8.6 ppm
(pteridine proton) attributed to FA. Based on the FA calibration
curve, the molar percent of FA in the macroinitiator was 115 mol%.
After initiation and propagation of SMA by the macroinitiator and
further hydrolysis of the PSMA segment to form PGMA, the
resulting polymer mixture may contain FA-PEG-b-PGMA, PGMA-b-
PEG-b-PGMA and FA-PEG-FA.

Block copolymer-coated Fe3O4 nanoparticles were prepared by
alkaline coprecipitation of Fe2þ/Fe3þ (1:2 M ratio) in the presence of
copolymers in an aqueous solution according to our previously
reported procedures [24,27]. The PGMA segment of the copolymers
should attach to the surface of the Fe3O4 nanoparticle core, while
the other segments stretch into the water based on our previous
researches [24,25,27]. The size and size distribution of the nano-
particles were studied by TEM and DLS. Fe3O4 nanoparticles coated
um of FA-PEG-Br.
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with all these block copolymers appeared similar in the TEM
micrographs. Fig. 2 shows the TEM images of MPEG-b-PMAA18-b-
PGMA15-Fe3O4 and MPEG-b-P(MAA19-co-nBMA4)-b-PGMA25-Fe3O4
nanoparticles. The average diameters of the core Fe3O4 nano-
particles were estimated to be 7e8 nm from the images, which did
not clearly depict the outside copolymers. The average hydrody-
namic diameters of MPEG-b-PMAA18-b-PGMA15-Fe3O4 and MPEG-
b-P(MAA19-co-nBMA4)-b-PGMA25-Fe3O4 nanoparticles dispersed
in aqueous mediumwere 23 and 25 nm, respectively, with a similar
size and narrow size distribution determined by DLS. The zeta
potential of the nanoparticle dispersions was almost the same with
that of distilled water (e.g.,�5.7 mV for the dispersion of MPEG-b-P
(MAA19-co-nBMA4)-b-PGMA25-Fe3O4) because of the shielding of
the negatively charged carboxylate anions by the uncharged MPEG
outmost shell. The high affinity of the PGMA segment for Fe3O4
nanoparticles [27] and the steric shielding by the hydrophilic MPEG
Fig. 2. TEM images of (a) MPEG-b-PMAA18-b-PGMA15-Fe3O4 nanoparticles and (b)
MPEG-b-P(MAA19-co-nBMA4)-b-PGMA25-Fe3O4 nanoparticles.
outmost shell make the dispersions very stable. After more than 6
months of storage in refrigerator, no precipitation in the disper-
sions was observed and the hydrodynamic diameters determined
by DLS remained unchanged (23e26 nm) within the error. The
copolymer-coated Fe3O4 nanoparticles showed superparamagnetic
behavior without magnetic hysteresis according to SQUID magne-
tization at 300 K (Fig. 3).
3.2. Drug loading and release studies

ADR was loaded into the copolymer-coated Fe3O4 nanoparticles
containing carboxylic acid groups at neutral pH (7.4).We previously
found that ADR loading into PMAA- or poly(acrylic acid) containing
carriers is driven by both ionic bonding and hydrophobic interac-
tions. The pH-responsive release kinetic profiles of loaded ADR
from PMAA- or poly(acrylic acid) containing carriers are well-
correlated with the pKa of polycarboxylates [24]. Since ADR binding
to the nanocarriers includes ionic bonding, the release should also
be responsive to the ionic strength of the release medium in
addition to pH.

Fig. 4 shows the release kinetic profiles fromADR-loadedMPEG-
b-PMAA18-b-PGMA15-Fe3O4 nanoparticles in phosphate buffer
(10 mM) without the addition of salt and with 0.9% NaCl, which
mimics the physiological condition of blood. The release of the
loaded ADR appeared to be responsive to the pH of the medium.
Release at pH 7.4 in buffer without salt was very low, but increased
significantly at lower pH values (Fig. 4a). However, release under
the condition mimicking the blood environment (pH 7.4 with 0.9%
NaCl) was quite high (up to 46.5% accumulation in 24 h, Fig. 4b).
This would lead to severe premature release in the bloodstream if
the delivery system were applied in vivo.

To avoid this problem, a hydrophobic moiety (PnBMA) was
introduced into the PMAA-containing segments of the nano-
carriers, i.e. MPEG-b-P(MAA19-co-nBMA4)-b- PGMA25-Fe3O4 and
MPEG-b-P(MAA17-co-nBMA10)-b-PGMA17-Fe3O4. The ADR loading
capacities of these nanocarriers decreased with a decrease in
theeCOOH content after introduction of PnBMA (the last column of
Table 2). However, the molar ratio of loaded ADR to the carboxyl
groups in the carriers with PnBMA was higher than that in nano-
carriers without PnBMA. The relative higher loading capacity (in
the unit of moles of loaded ADR per mole of eCOOH of carrier) of
the carriers with PnBMA indicated that the ADR loading involved
Fig. 3. SQUID magnetization of MPEG-b-PMAA18-b-PGMA15-Fe3O4 and MPEG-b-P
(MAA19-co-nBMA4)-b-PGMA25-Fe3O4 nanoparticles at 300 K.



Fig. 4. Release of loaded ADR from MPEG-b-PMAA18-b-PGMA15-Fe3O4 nanoparticles in
phosphate buffer (10 mM) (a) without the addition of NaCl and (b) with 0.9% NaCl at
37 �C. Results are means � SD (n ¼ 3).

Fig. 5. Release of the loaded ADR from MPEG-b-P(MAA19-co-nBMA4)-b-PGMA25-Fe3O4

nanoparticles in phosphate buffer (10 mM) with 0.9% NaCl at 37 �C. Results are
means � SD (n ¼ 3).
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both hydrophobic interactions and ionic bonding, with coopera-
tivity between the two.

The pH-responsive release of loaded ADR from PnBMA-contain-
ing nanocarriers under physiological-like conditions is shown in
Figs. 5 and 6. Release from either nanocarrier was responsive to the
pH value of the media. The release rate under bloodstream-like
conditions (pH 7.4 with 0.9% NaCl) was much lower for carriers
containing hydrophobic PnBMA segments (25.2% and 20.5% accu-
mulation in 24 h from MPEG-b-P(MAA19-co-nBMA4)-b-PGMA25-
Table 2
ADR loading capacities of the copolymer-coated Fe3O4 nanoparticles.

Copolymer -COOH
content
mmol/g

ADR loading capacity

mg/mg carriera mol/molb -COOH

MPEG-b-PMAA18e

b-PGMA15

1.32 0.201 � 0.016 0.28

MPEG-b-P(MAA19ecoenBMA4)-
b-PGMA25

0.54 0.156 � 0.009 0.53

MPEG-b-P(MAA17ecoenBMA10)-
b-PGMA17

0.65 0.147 � 0.011 0.42

a Milligrams of loaded ADR per milligram of carrier. Results are means � SD
(n ¼ 3).

b Moles of loaded ADR per mole of eCOOH of carrier.
Fe3O4 and MPEG-b-P(MAA17-co-nBMA10)-b-PGMA17-Fe3O4, respec-
tively, compared to 46.5% from MPEG-b-PMAA18-b-PGMA15-Fe3O4).
The ADR release rate was positively correlated with the ratio of the
nBMA segment to the PMAA segment in the nanocarriers. These
results further indicate that ADR binding to the carriers included
both ionic bonding and hydrophobic interactions. The release rate
may therefore be controlled by varying the proportion of nBMA
segments in the drug-loading layer of the carriers according to the
hydrophobicity of the drug loaded.

3.3. Folate-containing nanocarrier

To conjugate folate to the surface of the pH-responsive nano-
carriers, a mixture of the copolymers MPEG-b-P(MAA19-co-
nBMA4)-b-PGMA25 and folate-PEG-PGMA34 (9:1 M ratio) was used
to prepare the magnetic nanocarrier, i.e. MPEG-b-P(MAA19-co-
nBMA4)-b-PGMA25/FA-PEG-GMA34-Fe3O4 (denoted FA-Carrier).
Flow cytometry analysis was used to compare cellular uptake of
ADR-loaded MPEG-b-P(MAA19-co-nBMA4)-b-PGMA25/FA-PEG-
GMA34-Fe3O4 (denoted FA-Carrier-ADR) with those of ADR-loaded
MPEG-b-P(MAA19-co-nBMA4)-b-PGMA25-Fe3O4 (denoted Carrier-
Fig. 6. Release of the loaded ADR from MPEG-b-P(MAA17-co-nBMA10)-b-PGMA17-
Fe3O4 nanoparticles in phosphate buffer (10 mM) with 0.9% NaCl at 37 �C. Results are
means � SD (n ¼ 3).



Fig. 8. Flow cytometric histogram profiles of change in fluorescence intensity when
HeLa cells were exposed to (a) control, (b) Carrier-ADR, (c) FA-Carrier-ADR, or (d) free
ADR in folate-free medium for 3 h.
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ADR) and free ADR, using a folate receptor-expressing HeLa cell
line.

FA-Carrier-ADR, Carrier-ADR, and free ADR (each with 40 mg/mL
ADR) were incubated with cells in folate-containing or folate-free
culture media for 3 h. The amount of each sample internalized by
the cells should be proportional to the fluorescence intensity of
ADR (as a fluorescent marker). Fig. 7 shows the flow cytometry
results of FA-Carrier-ADR and Carrier-ADR in the presence and
absence of folate in the medium. Little difference was observed in
the cellular uptake of ADR when HeLa cells were incubated with
Carrier-ADR, regardless of folate addition (Fig. 7A). However, when
HeLa cells were incubated with FA-Carrier-ADR, much greater
cellular uptake was observed in the folate-free than in the folate-
containing medium (Fig. 7B). Presumably, folate in the medium
prevented FA-Carrier-ADR from transporting into HeLa cells by
competitive binding to folate receptors on the cell surface, indi-
cating that the FA-Carrier-ADR was transported into the cells by
a folate receptor-mediated endocytosis process.

The flow cytometry profiles of HeLa cells incubated for 3 h with
FA-Carrier-ADR, Carrier-ADR, or free ADR are shown in Fig. 8. Cells
without any ADR sample treatment were used as a negative control.
With the equivalent ADR concentration in each formulation (40 mg/
mL ADR) and the same incubation time, FA-Carrier-ADR displayed
a higher fluorescence intensity than Carrier-ADR, verifying that the
FA-Carrier-ADR was targeted to HeLa cells by folate receptor-
mediated endocytosis. These results indicate that the cellular
Fig. 7. Flow cytometry results of (A) Carrier-ADR and (B) FA-Carrier-ADR in (a) folate-
containing or (b) folate-free media.
uptake of the drug-loaded carriers is enhanced by attaching folate
to their surface. The higher cellular uptake of free ADR compared to
FA-Carrier-ADR or Carrier-ADR can be attributed to the faster
diffusion of the small molecules than the nanoparticles in the cells
in the in vitro assay, in which the passive targeting (the EPR effect)
should not exist.

Folate receptor-mediated cellular uptake of FA-Carrier-ADR was
also evaluated using CLSM analysis (Fig. 9). There was no detectable
change in the fluorescence intensity of HeLa cells cultured in folate-
containing or folate-free media after a 3-h incubation with Carrier-
ADR (Fig. 9a and b), indicating that Carrier-ADR might be taken up
by the cells through a non-specific endocytosis mechanism. In
contrast, more fluorescently marked cells were clearly visualized in
the folate-free medium than in the folate-containing medium after
incubation with FA-Carrier-ADR (Fig. 9c and d), consistent with our
flow cytometry results. The fluorescence intensity of HeLa cells
cultured with FA-Carrier-ADR in folate-free medium (Fig. 9d) was
much higher than that of cells cultured with Carrier-ADR (Fig. 9b),
and was similar to that of cells cultured with free ADR (Fig. 9f). FA-
Carrier-ADR could therefore be targeted to HeLa cells by a folate
receptor-mediated endocytosis process. The rate of the endocytosis
was comparable to that of the diffusion process of free ADR, but
much faster than that of the non-specific endocytosis process of
Carrier-ADR. All of these studies reconfirmed that the cellular
uptake of drug-loaded carriers could be significantly accelerated by
the surface-conjugation of folate.

3.4. Cytotoxicity analysis

Flow cytometry and confocal microscopy analyses showed that
FA-Carrier-ADR could be targeted and endocytosed into HeLa cells
by a fast folate receptor-mediated endocytosis process. Upon
uptake, the loaded ADR would be released in endosomes and
lysosomes due to the acidic conditions, and thereby inhibit cancer
cell growth. Fig. 10a shows the growth inhibition of HeLa cells by
Carrier-ADR, FA-Carrier-ADR, and free ADR in folate-containing
medium. Carrier-ADR and FA-Carrier-ADR exhibited similar cellular
growth inhibition levels that were lower than that of free ADR. The
overexpressed surface folate receptors on the cancer cells should
have been presaturated with free folate in the medium, thereby
blocking folate receptor-mediated endocytosis. FA-Carrier-ADR
should only be taken up through a slow non-specific endocytosis
mechanism like Carrier-ADR.



Fig. 9. Confocal microscopic images of HeLa cells incubated with (a, b) Carrier-ADR, (c, d) FA-Carrier-ADR, or (e, f) free ADR in (a, c, e) folate-containing or (b, d, f) folate-free media.
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Both of the ADR-loaded carriers showed lower cytotoxicities
than free ADR, perhaps due to the slower endocytosis process of
ADR-loaded carriers compared to the diffusion process of free ADR.
In contrast, FA-Carrier-ADR exhibited a higher cytotoxicity than
Carrier-ADR, but similar cytotoxicity with free ADR in the folate-
free medium (Fig. 10b). This can be attributed to the higher uptake
of FA-Carrier-ADR than Carrier-ADR by HeLa cells, followed by the
ADR release after entering into the cells.



Fig. 10. Viability of HeLa cells incubated with Carrier-ADR, FA-Carrier-ADR, or free ADR
at different concentrations in (a) folate-containing medium and (b) folate-free
medium.

Fig. 11. Time-dependent growth inhibitory effects of Carrier-ADR, FA-Carrier-ADR, and
free ADR in folate-free medium.
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Considering that the cytotoxicity of intracellular environ-
mentesensitive drug carriers tends to be time-dependent
[29,30,31], we also incubated HeLa cells in folate-free medium
containing FA-Carrier-ADR, Carrier-ADR, or free ADR (all 40 mg/mL
ADR) with exposure times of 1, 3, 5, 7, 15 and 24 h. The cytotoxicity
of FA-Carrier-ADR was similar to that of Carrier-ADR, but much
lower than that of free ADR before 5 h. With longer incubation
times, the cytotoxicity of FA-Carrier-ADR approached that of free
ADR and gradually became higher than that of Carrier-ADR (Fig. 11).
The fact that FA-Carrier-ADR could be targeted and endocytosed
into HeLa cells by a fast folate receptor-mediated endocytosis
process was shown in our flow cytometry and confocal microscopy
analyses. However, endocytosed FA-Carrier-ADR only released
a small quantity of the loaded ADR and exhibited a much lower
cytotoxicity than free ADR at short exposure times. FA-Carrier-ADR
showed a gradually increasing cytotoxicity with the increase in
ADR release, achieving a similar cytotoxicity to free ADR. These
results confirm the time-dependent growth inhibitory mechanism
and folate-mediated cancer cell targeting properties of FA-Carrier-
ADR.
4. Conclusions

Nanoparticles with an Fe3O4 core and MPEG-b-P(MAA19-co-
nBMA4)-b-PGMA25/FA-PEG-PGMA34 shell were prepared as
a tumor-targeted drug delivery system. As a model drug, ADR was
loaded into the carboxyl-containing inner shell composed of P
(MAA-co-nBMA) by a combination of ionic bonding and hydro-
phobic interactions at pH 7.4. The release of the loaded drugs from
the nanocarriers was pH-responsive. At endosomal/lysosomal
acidic pH (<5.5), the protonation of the polycarboxylate anions of
PMAA broke the ionic bond between the carrier and ADR, leading to
ADR release. This is because the hydrophobic interaction alone is
weak due to the relatively hydrophilic nature of the nanocarrier.
Cellular uptake and cytotoxicity studies showed that FA-Carrier-
ADR displayed a greater cellular uptake than Carrier-ADR. FA-
Carrier-ADR was taken up by a folate receptor-mediated endocy-
tosis process, resulting in enhanced cytotoxicity against HeLa cells.
These results indicate that the MPEG-b-P(MAA-co-nBMA)-b-
PGMA/FA-PEG-PGMA-Fe3O4 nanoparticles could be used as
a potential folate-mediated, pH-responsive drug-releasing nano-
carrier for anticancer drug delivery. The promising results
encourage us to perform further in vivo delivery in an animal model
in the future.
Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant No. 20974052), the National Key
Technologies R & D Program for New Drugs of China (Grant No.
2009ZX09301-002), and the Natural Science Foundation of Tianjin
Municipality (Grant No. 09JCZDJC22900).
Appendix

Figure with essential color discrimination. Figs. 4e11 in this
article is difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2010.09.077.
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