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Superparamagnetic magnetic nanoparticles were successfully functionalized with
poly(methacrylic acid) via atom transfer radical polymerization, followed by conjuga-
tion to doxorubicin (Dox). Because of pH-sensitive hydrazone linkages, the rate and
extent of Dox release from the particles was higher at a lower pH and/or a higher
temperature than at physiological conditions. Appropriate changes to the pH and tem-
perature can increase the drug release from the particles. Because of the released
drug, the particles were found to be cytotoxic to human breast cancer cells in vitro.
Such magnetic nanoparticles, with the potential to retain drug under physiological
conditions and release the drug in conditions where the pH is lower or temperature is
higher, may be useful in magnetic drug targeting by reducing the side effects of the
drug caused to healthy tissues. In addition, they may serve as hyperthermia agents
where the high temperatures used in hyperthermia can trigger further drug release.
© 2010 American Institute of Chemical Engineers AIChE J, 57: 1638—-1645, 2011
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Introduction

Magnetic drug targeting is a relatively new concept, which
gained recognition in the 1970s"? as it has the potential to
address the nonspecificity of most chemotherapeutics. With
drugs conjugated to magnetic carriers, an external magnet
can then direct the drug to the target site (e.g., cancerous
tumors). With such a site-specific drug delivery system, the
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local concentration of the cytotoxic drug at the target site
can be maintained at appropriate levels while reducing the
overall dosage or systemic concentration. This in turn helps
to reduce the drug-associated side effects to healthy or nor-
mal tissues.

Doxorubicin (Dox) is an anthracycline antibiotic widely
used in cancer chemotherapy and works by interacting with
DNA through intercalation and inhibition of macromolecular
biosynthesis.> It is commonly used for the treatment of
many types of cancers including bladder,” breast,” liver,*’
ovarian,® and multiple myeloma.9 However, it has several
side effects including neutropenia and cardiotoxicity. To
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minimize the side effects, many groups have reported con-
trolled release of Dox using various methods, the most popu-
lar being using acid or pH-sensitive linkages,'®"® or its
combination with temperature sensitivity,14 when compared
with traditional therapies. In many of these studies, Dox has
been introduced by encapsulation into micelles or copoly-
merization to form bigger conjugates. Direct conjugation to
nanoparticles has not been investigated. Furthermore, the use
of acid-sensitive linkages in the conjugation of Dox to
magnetic nanoparticles of ~10 nm in size has not been
reported.

Hyperthermia is a highly promising form of cancer treat-
ment, usually administered with radiotherapy or chemother-
apy. When compared with normal healthy tissues, tumors are
more susceptible to heat due to their poorly developed vas-
culature and nervous systems.15 Magnetic fluid hyperthermia
(MFH), which involves injecting biocompatible superpara-
magnetic nanoparticles (e.g., iron oxides such as magnetite)
into the target region and externally applying an alternating
current (AC) magnetic field to selectively heat up the region,
is gaining attention as a potential form of cancer treatment.
MFH is based on the transfer of power onto magnetic nano-
particles and is determined by the type of particles, AC fre-
quency, and magnetic field strength. Among the various
types of hyperthermia including those utilizing radiofre-
quency, microwave, and ultrasound, MFH is particularly
attractive because it can offer localized heating with no sys-
temic effect and reduced side effects when compared with
traditional therapies. Unlike the electric field used in radio-
frequency hyperthermia, the AC magnetic field has negligi-
ble effects on tissues in the absence of magnetic nanopar-
ticles. The use of MFH can also avoid efficacy problems due
to reflection and absorption phenomena, which can some-
times be observed with deep regional hyperthermia using
microwave and ultrasound techniques.m’17 With the use of
magnetic nanoparticles, greater temperature homogeneity
within the tumor can potentially be achieved, which is criti-
cal to the effectiveness of hyperthermia.

On the other hand, the physiology of solid tumors is dif-
ferent from normal tissues. Tumor cells have a pH around
6.5-6.8, as opposed to 7.4 for a normal cell.’®? A hostile
metabolic microenvironment exists with hypoxia, hypogly-
caemia, bicarbonate depletion, hypercapnia, high lactate lev-
els, and acidosis. As the environment around many types of
solid tumors is slightly acidic compared with normal tissue,
it may be possible to preferentially deliver drugs to the tu-
mor cells via pH-sensitive moieties that can release more
drug at an acidic pH.

In this article, we developed an acid-sensitive drug release
platform for the potential combination of cancer chemother-
apy and hyperthermia. Poly(methacrylic acid) [P(MAA)] was
first grafted onto magnetite nanoparticles (MNP) via a sur-
face-initiated atom transfer radical polymerization (ATRP)
and Dox was conjugated to P(MAA)-grafted MNP via a
hydrazone linkage. The release profiles of Dox from the par-
ticles in buffers of different pHs were investigated. An
increase in drug release was observed when the system was
subjected to higher temperatures and lower pHs. Together
with their magnetic capability, the pH-tuned release of the
Dox from the particles offers an avenue for selective drug
targeting.
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Experimental
Materials

Ferric chloride, ferrous chloride tetrahydrate, 2,2'-bipyr-
idyl (bpy), 3-chloropropionic acid (CPA), copper (I) chlo-
ride, hydrazine, MTT reagent (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide), and Dox hydrochloride
were purchased from Sigma-Aldrich. MAA was passed
through a silica gel column to remove the inhibitor and
stored at —20°C. The other solvents and reagents were of
analytical grade and wused without further purification.
Human breast cancer cells (MDA-MB-231) were obtained
from American Type Culture Collection (ATCC).

Synthesis of magnetite nanoparticles

The MNP were prepared using a coprecipitation method
reported in the literature?® with some modifications.?' FeCly
(7.0 g) and FeCl,-4H,0 (4.3 g) were dissolved in 400 ml of
deionized (DI) water under nitrogen gas protection with vig-
orous stirring at 60°C. Fifteen milliliter of 25% ammonia so-
lution was then added to the solution, followed immediately
by dropwise addition of 9 ml of oleic acid. After 5 min, the
magnetite particles were isolated from the solvent by centrif-
ugation at 3820g for 10 min. The particles were washed
with DI water twice to remove the excess oleic acid, redis-
persed in hexane, and precipitated with ethanol. The precipi-
tated particles were then washed twice with ethanol and
dried under reduced pressure. The average particle size was
6-20 nm as observed by transmission electron microscopy
(TEM).

Attachment of initiator and subsequent polymerization

The attachment of initiator on the MNP was achieved via
a ligand-exchange mechanism reported previously.22 Two
hundred milligram of MNP was dispersed in 100 ml of 0.25
M CPA in hexane and stirred for 24 h at room temperature.
The particles were collected by centrifugation at 2650g for 5
min and dispersed in 2 ml of tetrahydrofuran. Reprecipita-
tion of the particles with hexane was then performed. The
reprecipitated particles were washed thrice with hexane and
dried under reduced pressure. For ATRP of P(MAA), the
CPA-immobilized particles (60 mg) were dispersed in 6 ml
of dimethyl sulfoxide (DMSO). MAA (3 ml) was then
added, and the solution was purged with nitrogen for 10
min. CuCl (17.5 mg) and bpy (55.2 mg) were then added.
After an additional 5 min of purging, the reaction container
was sealed, and polymerization was allowed to take place at
40°C for 20 h. The resulting particles were washed five
times with DI water and precipitated with phosphate-buf-
fered saline (PBS; 137 mM NaCl and 10 mM phosphate).
The P(MAA)-grafted particles [MNP-P(MAA)] were kept in
solution in DI water.

Attachment of doxorubicin

Hydrazide groups were first introduced onto MNP-
P(MAA) in a hydrazinolysis reaction.'* MNP-P(MAA) were
precipitated from DI water and redispersed in 6 ml of
DMSO. Hydrazine (1.5 ml) and one drop of DI water (10
ul) were then added to the reaction mixture. The reaction
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was carried out at 95°C for 4 h. The resulting particles
[MNP-P(MAA)-NHNH,] were then washed with methanol
and dried at ~50°C for 4 h. MNP-P(MAA)-NHNH, (10-15
mg) were dispersed in 5 ml methanol via bath sonication.
Dox hydrochloride (1.5-2 mg) was then added to the reac-
tion mixture, followed by 5 ul of acetic acid. The reaction
was kept stirring for 48 h at room temperature. The Dox-
conjugated particles [MNP-P(MAA)-NH—N=Dox] were
collected by centrifugation at 2650g and washed with metha-
nol until negligible amount of Dox could be detected in the
rinse solution. The amount of Dox in the rinses was deter-
mined by absorbance measurements taken at 480 nm with an
ultraviolet-visible (UV-vis) spectrophotometer (Cary 50
Scan, Varian) and matched against a previously determined
calibration using a molecular extinction coefficient of 10,730
L/(mol cm) in the range of 0-20 pg/ml Dox in methanol.
Before the drug release experiments, MNP-P(MAA)-
NH—N=Dox were rinsed with 0.05% (v/v) Tween 80 and
stirred in PBS, pH 7.4, to remove any superficially bound
drug. The amount of Dox attached onto the particles was
taken as the difference between the initial added and the
sum of all rinses. The Dox-loading efficiency, which was
calculated from the percentage of the initial amount that was
attached onto the particles, is 74 + 16%.

In vitro Dox release studies

Samples of the MNP-P(MAA)-NH—N=Dox particles
were suspended in 30 ml of PBS, which was used as the
release medium in a shaker incubator maintained at the
stipulated temperature and pH with a constant stirring speed
of 50 rpm. Before the drug release experiments, the particles
were left in PBS, pH 7.4, for 6-8 h to allow equilibration.
Two sets of drug release experiments were performed. The
first included three pH conditions (pH 5.5, 6.6, and 7.4) at
37°C. After a stipulated period of time, with the temperature
kept constant at 37°C, some of the buffer solutions at pH 7.4
were adjusted to pH 5.5 or 6.6 and the subsequent release
was followed. The second set was similar to the first set
except that the temperature was changed simultaneously to
42°C. The adjustment of pH was done by the addition of hy-
drochloric acid. Two milliliter of the buffer was withdrawn
at predetermined time intervals and the amount of free Dox
determined using UV-vis absorbance measurements at 480
nm. The withdrawn buffer was returned to the system after
each measurement. The amount of released Dox was calcu-
lated from a previously determined calibration using stand-
ard aqueous solutions of Dox. All drug release experiments
were done in triplicates.

Characterization

Particle Size and Zeta-Potentials Measurements. Particle
size was obtained from dynamic light scattering (DLS)
measurements performed on the 90Plus Particle Size Ana-
lyzer (Brookhaven Instruments) at room temperature (25°C).
Triplicate samples were used and for each sample, five
measurements were collected. Similarly, the zeta potential of
the nanoparticles in DI water was determined using a 90Plus
Zeta Potential Analyzer (Brookhaven Instruments) at room
temperature.

1640 DOI 10.1002/aic

Published on behalf of the AIChE

Structural Properties. The success of the modification
steps in the preparation of MNP-P(MAA)-NH—N=Dox was
ascertained using X-ray photoelectron spectrometry (XPS)
on a Kratos Axis Ultra XPS using the monochromatized Al
Ko X-ray source (1486.6 eV photons) at a constant dwell
time of 100 ms and a pass energy of 40 eV. The anode volt-
age was 10 kV and the anode current was 10 mA. The pres-
sure in the analysis chamber was maintained at 3 x 10’ Pa
or lower during measurement. The core-level signals were
obtained at a photoelectron take-off angle of 90° (with
respect to the sample surface). To compensate for surface
charging effect, all core-level spectra were referenced to the
C 1s hydrocarbon peak at 284.6 eV. In spectral deconvolu-
tion, the linewidth (full width at half maximum) of the Gaus-
sian peaks was maintained constant for all components in a
particular spectrum.

Transmission Electron Microscopy and Thermogravimetric
Analysis. TEM images of the particles were obtained using
a Philips CM12 TEM instrument at an accelerating voltage
of 120 kV. The magnetite or Fe content of the particles was
determined using thermogravimetric analysis (TGA) on a
Mettler Toledo TGA/SDTAS851e. The samples were heated
up from room temperature to 800°C at a rate of 10°C/min
under an air atmosphere.

Magnetic Properties. The magnetization measurements
were performed at room temperature using a superconduct-
ing quantum interference device (Magnetic Property Mea-
surement System (MPMS), Quantum Design), with a saturat-
ing field of 1 T. The samples were dispersed in water with
1% agarose. The magnetization values were normalized to
the mass of Fe in the nanospheres to yield the specific mag-
netization, M, (Am?/g Fe). Specific power absorption rates
(SAR) of the samples in water were determined from the
time-dependent calorimetric measurements obtained using an
advanced AC magnetic field applicator in the Biomedical
Imaging Center at Beckman Institute, University of Illinois
at Urbana-Champaign. Measurements were taken at an AC
magnetic field frequency of 540 kHz and field amplitude of
10 KA/m.

Cytotoxicity assays

Human breast cancer cells (MDA-MB-231) were cultured
at 37°C in a humidified atmosphere with 5% CO, (in air), in
10-cm Petri dishes containing 10 ml of standard DMEM me-
dium, supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, and 100 U/ml penicillin—streptomycin.

The cytotoxicity of the nanoparticles was evaluated by
determining the viability of the MDA-MB-231 cells after
incubation with culture medium containing the nanoparticles.
Cell viability testing was carried out via the reduction of the
MTT reagent. The MTT assay was performed in a 96-well
plate following the standard procedure with minor modifica-
tions. The nanoparticles were sterilized with UV irradiation
for 30 min before use. For heating of the nanoparticles, the
particles were dispersed in culture medium and placed in a
42°C incubator for 30 min to allow the release of drug at
this higher temperature and at various pHs. These particles
were subsequently used in the MTT assays conducted at
37°C. Control experiments were carried out using the com-
plete growth culture medium only (nontoxic control) and
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Figure 1. Schematic for synthesis of Dox-conjugated particles.

with 1% Triton X-100 (Sigma—Aldrich, toxic control). Cells
were seeded at a density of 5 X 10% cells per well for 20 h
before the medium was replaced with one containing the
nanoparticles at 0.1 mg/ml. The cells were incubated at
37°C and 5% CO, for 4 or 24 h, before the medium was
replaced with fresh medium (without nanoparticles) for a
further 24 h. The culture medium from each well was then
removed and 90 ul of medium and 10 ul of MTT solution (5
mg/ml in PBS) were added to each well. After 4 h of incu-
bation at 37°C and 5% CO,, the medium was removed and
the formazan crystals were solubilized with 100 wul of
DMSO for 15 min. The optical absorbance was then meas-
ured at 570 nm on a SpectraMax 340pc microplate spectro-
photometer (molecular devices). The results were expressed
as percentages relative to the results obtained with the non-
toxic controls at pH 7.4. The differences in the results
obtained with the nanoparticles in various conditions and the
controls were analyzed statistically using the two sample ¢
test. The differences observed between samples were consid-
ered significant for P < 0.05.

Results and Discussion

Preparation and characterization of Dox-conjugated
particles

The as-synthesized oleic acid—coated MNP are roughly
spherical in shape, with diameters of 620 nm and could be
spontaneously dispersed in hexane. The characterization
work confirming the nanoparticles to be magnetite was men-
tioned in an earlier paper.”® Figure 1 shows the schematic
for the preparation of MNP-P(MAA)-NH—N=Dox. The
grafted P(MAA) chains were illustrated based on isocrotonic
monomers.

The MNP were first grafted with P(MAA) via ATRP to
give MNP-P(MAA). TGA of MNP-P(MAA) indicated a 35%
organic material by mass. From this, it can be estimated that
there were 9880 MAA molecules grafted on each nanopar-
ticle. Hydrazide groups were subsequently introduced onto
the methacrylate carboxyl moieties via a hydrazinolysis reac-
tion. Dox was then conjugated to the hydrazide groups via
the active ketone group of Dox, leading to the formation of
hydrazone bonds. This pH-sensitive hydrazone linkage has

AIChE Journal June 2011 Vol. 57, No. 6

Published on behalf of the AIChE

been used by several others for attaching Dox'""'* as well as

other drugs.24 XPS was used to ascertain the success of the
various functionalization steps including the Dox conjuga-
tion. The C 1s core-level spectrum of MNP-P(MAA)-
NHNH, (Figure 2a) consists of four peak components with
binding energies at about 284.6, 285.8, 288, and 288.6 eV,
which can be fitted to C—C/C—H, C—C=0, N—C=0, and
0—C=0, respectively.zs’26 The C—C=O species is due to

(a) C1s
| 282 284 286 288 290 292
2 |(b)
c C-C/C-H
S
g C-O/C=N
5 c=0
> 0-C=0
‘®
[ =4
3
£
282 284 286 288 290 292
(c)
282 284 286 288 290 292

Binding Energy (eV)

Figure 2. XPS C 1s core-level spectra of MNP-P(MAA)-
NHNH, (a), MNP-P(MAA)-NH—N=Dox (b), and
doxorubicin hydrochloride (c).
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Figure 3. Magnetization profiles of MNP-P(MAA)-
NH—N=Dox in the solid state (a) and as dis-
persed in 1% agarose (b).

the MAA chains and the N—C=O0 species is likely due to
the formation of amide bonds during the hydrazinolysis reac-
tion. The small O—C=O0 peak presumably corresponds to
the unreacted carboxyl groups of the grafted P(MAA).

After the attachment of Dox, as shown in Figure 2b, a
prominent peak corresponding to the C—O species in Dox at
286.2 eV (c.f. Figure 2¢) and possibly the C=N species of
the formed hydrazone linkages was observed. The C=0O
peak seen in Figure 2b is likely a combination of the
N—C=O0 and the C=0 groups found in the Dox ring. The
XPS results confirmed the success of Dox conjugation.

From absorbance measurements (4 = 480 nm) of the
rinses of MNP-P(MAA)-NH—N=Dox in methanol and PBS,
the amount of Dox bound onto MNP-P(MAA)-NH—N=Dox
was estimated to be ~100 ug/mg particles.

The room temperature magnetization profiles of MNP-
P(MAA)-NH—N=Dox are illustrated in Figure 3. Sigmoidal
My curves were observed that are typical for superparamag-
netic substances. To avoid a negative slope at high magnetic
field, a phenomenon that we have previously observed,?! a
high concentration (25—40 pg/ul) of the particles in 1% aga-
rose was used to mask the diamagnetic contribution from the
gel-like medium.

As shown in the figure, the apparent M of the particles
was greatly diminished in a more fluid environment (29
Am?*/kg Fe in 1% agarose solution when compared with 82
Am?/kg Fe in the solid state), consistent with our previous
report’’ as well as a few others.””*® The solid state M, of
the particles (82 Am?/kg Fe) compares favorably with the
literature®**° for applications in biomedicine and biotechnol-
ogy. The measured SAR of MNP-P(MAA)-NH—N=Dox in
water is 4.4 W/g Fe, which is 0.7 times that for MNP. This
lower SAR of MNP-P(MAA)-NH—N=Dox when compared
with MNP could be due to the better dispersion of MNP-
P(MAA)-NH—N=Dox in water leading to the absence of
large particle clusters, which exhibit higher SAR.

The zeta potential of MNP-P(MAA)-NH—N=Dox dis-
persed in DI water at pH 7 and room temperature was —23
+ 2 mV, and particles with such zeta potentials are expected
to exhibit little aggregation.®’ For instance, in combination
with steric stabilization, solid lipid nanoparticles with zeta
potentials of this range (about —25 mV) were observed to
remain in physically stabilized dispersions.*® The stability of
MNP-P(MAA)-NH—N=Dox in water is supported by the
DLS results, which indicated an effective particle size of
205 + 12 nm. This is greater than the ~100 nm observed
with MNP-P(MAA) and the increase in size could be due to
the greater extent of particles’ interaction after introduction
of Dox with its polar groups. As shown in Figure 4, the
TEM analysis, which show larger clumps of the particles
after Dox attachment, confirmed this observation. From
Figure 4b, the size of the aggregates is about ~100 nm
which is still applicable for drug targeting purposes. The

Figure 4. TEM images of MNP-P(MAA) (a) and MNP-P(MAA)-NH—N=Dox (b).
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Figure 5. In vitro Dox release from MNP-P(MAA)-
NH—N=Dox at 37°C. pH was changed from
7.4 to 5.5 or 6.6 at time = 0 h.

larger size observed in DLS could be due to the higher parti-
cle concentration used in the measurements. However, when
saline condition was imposed (with 154 mM NaCl), the
effective size of MNP-P(MAA)-NH—N=Dox increased to
375 + 43 nm, likely due to tendency of the negatively
charged particles to aggregate in the salt solution.

Dox release studies

The drug release behavior of MNP-P(MAA)-NH—N=Dox
was investigated using PBS at pH 5.5, 6.6, and 7.4 and tem-
peratures of 37 and 42°C. Washing the particles with 0.05%
(v/v) Tween 80 and PBS removed the physically adsorbed
drug molecules and eliminated the initial “burst” of drug,
which is frequently observed in drug release experi-
ments.'®* The subsequent slower controlled release of
the drug that was covalently bound to the P(MAA)
chains was then investigated and the results are given in
Figures 5 and 6.

To investigate the effects of pH changes on Dox release
from MNP-P(MAA)-NH—N=Dox, the particles were first
kept at pH 7.4 and 37°C. The pH of the buffer solutions was
then adjusted to 5.5 or 6.6 and the subsequent drug release
profiles were followed at the same constant temperature of
37°C. As shown in Figure 5, further drug release occurred
following the pH change. The amount of Dox released was
normalized to the quantity of particles (or Fe) present. After
the pH was changed to 5.5, the amount of Dox released was
13.6 mg/g Fe at 2 h when compared with 0.5 mg/g Fe when
the pH was kept constant at 7.4. Thereafter, the amount of
Dox released at pH 5.5 increased to 35.3 mg/g at 24 h. This
is more than three times the amount of Dox released (11.3
mg/g Fe) when the pH was kept constant at 7.4. Similarly,
when the pH was changed to 6.6, Dox released increased to
8.1 mg/g Fe within 2 h and continued to increase to 24.4
mg/g Fe thereafter. These results show that a decrease in pH
can trigger greater release of the drug and indicate the poten-
tiality of these particles as drug depots under physiological
conditions. The drug release response on simultaneous
changes in temperature and pH was also investigated. Figure
6 illustrates the drug release profiles after the pH of the
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buffer was changed simultaneously with an increase in tem-
perature from 37 to 42°C.

The drug release at pH 7.4 following the temperature
increase was 3.9 mg/g Fe in the first 2 h much higher than
the 0.5 mg Dox/g Fe observed when temperature was kept
constant. As temperature is increased, the rate of hydrolysis
of the hydrazone bonds correspondingly increased to effect a
greater release of Dox. This 5°C increase in temperature
causes a fivefold increase in the amount of Dox release by
24 h. When pH was adjusted to 5.5 with an accompanying
temperature increase to 42°C, the drug release was 48.8 mg/
¢ Fe within 2 h and increased to 94.1 mg/g after 24 h. These
values are also significantly higher than the amounts of drug
release when pH was solely changed (c.f. Figure 5).

A higher temperature and a decrease in pH can both
increase the drug release. While it cannot be concluded from
the experiments which of these two is the dominating factor
controlling the amount of Dox released, the results indicate
that under physiological environment, MNP-P(MAA)-
NH—N=Dox can retain the drug and release it on a change
in pH and/or temperature. These stimuli-responsive particles
can potentially permit selectivity of the drug delivery sys-
tems toward cancer tumors where pH is frequently lower
than the physiological pH due to low oxygen and high lac-
tate levels.”** Such particles can also be potentially used to
control both the site and release rate of drugs.

Cytotoxicity and cell-particle association

The cytotoxicity of MNP-P(MAA)-NH—N=Dox to
MDA-MB-231 cells at various pHs was investigated using
the MTT assay (Figure 7) to test the effect of the released
drug. In the acidic medium of pH 5.5 without any nanopar-
ticles, the MDA-MB-231 cells showed viabilities of 82% at
4 h and 91% at 24 h when compared with those at pH 7.4.
The respective values for the viabilities of cells at pH 6.6
are 85 and 100%. These indicate slight toxicity of the cells
in the more acidic environment which moderates with time,
probably due to the cells adapting to the environment. As
shown in Figure 7, the viability of the cells incubated with

0.12 4

-+-pH7.4 wpH7.4 -55 -+-pH7.4 -6.6
0.1 4
ca
w
5 008
il
E
£
s
S o004
o
=3
8
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0
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P Time (h)

Figure 6. In vitro Dox
NH—N=Dox.

Temperature was changed from 37 to 42°C and pH was
changed from 7.4 to 5.5 or 6.6 at time = 0 h.

release from MNP-P(MAA)-
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Figure 7. Viabilities of MDA-MB-231 cells incubated
with medium containing MNP-P(MAA)-
NH—N=Dox at different pHs and with or with-
out prior heating of the particles.

MNP-P(MAA)-NH—N=Dox was higher at a higher pH. Af-
ter 4 h, cell viability at pH 5.5 was 47 £ 8% when com-
pared with 57 £+ 4% at pH 6.6 and 76 + 12% at pH 7.4.
Similar differences were observed at 24 h, with cell viability
at pH 5.5 (48 £ 13%) significantly lower than that at the
higher pHs. The released Dox is at least partly responsible
for the observed cytotoxicity as MNP-P(MAA)-NHNH, was
found to be noncytotoxic at the measured time points after
factoring out the pH effects. When MNP-P(MAA)-
NH—N=Dox was being subjected to a higher temperature
of 42°C for 30 min before the cytotoxicity assay, cell viabil-
ities were significantly lower at all the tested pHs when
compared with those observed with the nonheated samples.
For instance, cell viability with the prior heat treatment was
41 £ 11% in pH 7.4 after 4 h, much lower than that without
the heat treatment (76 4+ 12%). In the same duration (4 h),
the cell viability at pH 5.5 was halved with the prior heat
treatment (25 + 2%) than without (47 4+ 8%). For all the
three tested pHs, similar trends were observed at both 4 and
24 h. These results indicate that, with MNP-P(MAA)-
NH—N=Dox, cell viabilities were lower at a lower pH and/
or a higher temperature, in agreement with the drug release
results which show a greater amount of drug released at
these conditions. In separate experiments, the MNP-
P(MAA)-NH—N=Dox was also found to be cytotoxic to-
ward another breast cancer cell line, SK-Br-3. All these indi-
cate the efficacy of the released drug.

As mentioned, the zeta potential of MNP-P(MAA)-
NH—N=Dox was found to be —23 4+ 2 mV. Due to protona-
tion of the free carboxyl groups of the P(MAA) chains, these
particles are expected to exhibit a less negative effective
charge at a lower pH, and therefore a greater degree of associ-
ation with the cells at pH 5.5 and 6.6 when compared with
those at the higher pH of 7.4 as cell membranes are negatively
charged. Visual observations indicated a greater amount of
Prussian blue iron staining of the cells at pH 5.5 when com-
pared with pH 7.4; these confirm the greater degree of associ-
ation of the particles with the cells at lower pH.
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In view of the experimental observations, a change in pH
can alter the drug release profiles of MNP-P(MAA)-
NH—N=Dox which can induce cytotoxicity in breast cancer
cells as well as their surface charge. These suggest that the
particles can be made useful in drug targeting. As MNP-
P(MAA)-NH—N=Dox aggregate in salines to form clusters,
strategies to prevent such aggregation are required to facili-
tate their use in vivo. One possible way could be to stabilize
these particles with a biocompatible surfactant such as lauric
acid without affecting the release of drug from the particles.
Instead of homopolymer, the use of a diblock copolymer
that contains a charged polymer (like MAA) and another
protecting moiety like poly(ethylene glycol) or a carbohy-
drate may also help to alleviate the aggregration.

Conclusions

Dox was conjugated onto P(MAA)-grafted MNP via hy-
drazone linkages. The Dox-conjugated particles remained
magnetic and exhibited controlled drug release. The release
of Dox from these nanoparticles at different temperature and
pH was investigated. The release of Dox was found to be
much greater at a lower pH and/or a higher temperature. In
addition, the particles were found to be cytotoxic to human
breast cancer cells in vitro, with lower cell viabilities at
lower pH and/or with prior particles’ heating. Such particles
can retain the drug and release it on a change in pH or tem-
perature. Therefore, they can potentially be exploited as drug
depots under physiological conditions where they release
more drug when acidic conditions arise (e.g., in tumor envi-
ronments). The magnetic properties of the particles are also
promising for various biomedical applications including
magnetic drug targeting and hyperthermia.
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