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Abstract

Previously uncharacterized poly(N-isopropylacrylamide-acrylamide-allylamine)-coated magnetic nanoparticles (MNPs) were synthesized
using silane-coated MNPs as a template for radical polymerization of N-isopropylacrylamide, acrylamide, and allylamine. Properties of these
nanoparticles such as size, biocompatibility, drug loading efficiency, and drug release kinetics were evaluated in vitro for targeted and
controlled drug delivery. Spherical core-shell nanoparticles with a diameter of 100 nm showed significantly lower systemic toxicity than did
bare MNPs, as well as doxorubicin encapsulation efficiency of 72%, and significantly higher doxorubicin release at 41°C compared with
37°C, demonstrating their temperature sensitivity. Released drugs were also active in destroying prostate cancer cells (JHU31). Furthermore,
the nanoparticle uptake by JHU31 cells was dependent on dose and incubation time, reaching saturation at 500 μg/mL and 4 hours,
respectively. In addition, magnetic resonance imaging capabilities of the particles were observed using agarose platforms containing cells
incubated with nanoparticles. Future work includes investigation of targeting capability and effectiveness of these nanoparticles in vivo using
animal models.
© 2010 Elsevier Inc. All rights reserved.
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Magnetic nanoparticles (MNPs) coated with temperature-
sensitive polymers have been attracting great attention because
of their various applications in the fields of biotechnology and
medicine. In particular, temperature-sensitive coated MNPs have
been used extensively in controlled and targeted drug release
systems.1-4 These nanocomposites are superior to the traditional
stimuli-responsive systems such as pH and temperature-sensitive
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polymers, because they offer the advantage of noncontact force
(e.g., an external magnetic field).4,5 The external magnetic field
is used to guide nanocomposites to a disease site and induce heat
as a stimulus to the polymer shell.4,6-8 These magnetic targeted
carriers have also been designed with dual functionality as
imaging agents and drug carriers.5 In general, these systems are
capable of site-specific targeting and controlled and sustained
drug release with high biocompatibility because of the reduction
in systemic toxicity.9,10

Of these temperature-sensitive polymer-coated MNPs, poly-
(N-isopropylacrylamide) (PNIPAAm)-coated MNPs are of
particular interest because of their stimuli (temperature) respon-
siveness and enhanced drug-loading ability.11,12 These charac-
teristics are due to their large inner volume, amphiphilicity,
capacity for manipulation of permeability, and response to an
external temperature stimulus with an on-off mechanism.6,11,12
mer-coated magnetic nanoparticles for controlled drug delivery. Nanome-
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However, one potential problem with using PNIPAAm as a
polymer coat is that its lower critical solution temperature
(LCST), the temperature at which a phase transition occurs, is
below body temperature (32°C). To increase the LCST of
PNIPAAm above body temperature, it has been co-polymerized
with different monomers, such as acrylamide (AAm).13-15 To
increase the site-specific targeted capability of PNIPAAm-
AAm, it is necessary to incorporate monomers consisting of
functional groups such as amine for conjugation of antibodies
specific for target cells. Functionalization of the polymer would
introduce impurities and change the LCST dramatically.
Therefore, there is a need to suitably functionalize the
nanoparticles without changing the LCST. It has been shown
that polymerization of PNIPAAm with allylamine (AH) has an
insignificant effect in change of the LCST of the PNIPAAm
polymer.16 Furthermore, the presence of amine groups in AH
would provide more sites for bioconjugation. Therefore, it is
more advantageous to polymerize PNIPAAm with both AAm
and AH, because this co-polymer would increase the LCST
above body temperature and provide amine groups for
conjugation of bioactive molecules.

We have recently developed a process for covalently coating
MNPs with PNIPAAm and PNIPAAm-AAm-AH.8,17 We have
shown that these previously uncharacterized PNIPAAm-AAm-
AH-coated MNPs have a LCST above body temperature and
functional groups on their surface for conjugation of
biomolecules.18 In this research we intend to investigate the in
vitro characteristics of our nanoparticles for drug delivery
applications. To manufacture the PNIPAAm-AAm-AH-coated
MNPs, two synthetic steps were used. First, MNPs were
covalently bound with a silane coupling agent, vinyltrimethox-
ysilane (VTMS), to produce a template site for a radical
polymerization. NIPA, AAm, and AH were then polymerized on
the silicon layer around the MNPs via methylene-bis-acrylamide
and ammonium persulfate as a cross-linking agent and an
initiator, respectively. The nanoparticle size and morphology
were analyzed using transmission electron microscopy (TEM).
The biocompatibility of the synthesized nanoparticles against
fibroblast cells was studied using lactate dehydrogenase (LDH)
assays. The drug release behavior of doxorubicin (DOX, an
anticancer drug model) from the nanoparticles at temperatures
below and at the LCST was also analyzed. Furthermore, the
pharmacological activity of drug-loaded nanoparticles on
prostate cancer cells (JHU31) was determined using cell
proliferation (e.g., MTS) assays. Additionally, we performed
prostate cancer cellular uptake studies of these nanoparticles via
iron assays to determine the optimal dosage and incubation time.
Confocal microscopy was also used to observe the location of
our nanoparticles once inside prostate cancer cells. Finally,
magnetic resonance imaging (MRI) studies were performed to
determine the imaging capability of these nanoparticles. Being
able to monitor the location of the drug-loaded nanoparticles
after administration proved to be a considerable advantage in
cases such as cancer therapy, in which the drug has serious side
effects on healthy tissues.19 Furthermore, it would be possible to
image the cancer in vivo and discern the effect of the therapy on
the tumor.20 This type of multifunctionality (ability to image and
provide therapy) in MNPs has recently been gaining interest.21
Methods

Materials

Ferric chloride hexahydrate and ferrous chloride tetrahy-
drate were purchased from Fluka (Buchs, Switzerland).
Sodium hydroxide (NaOH), sodium dodecyl sulfate (SDS),
docusate sodium salt, ammonium persulfate, N,N,N,N-tetra-
methylethylenediamine (TEMED), methylene-bis-acrylamide
(BIS), VTMS, acetic acid, ethanol, AAm, AH, N-hydroxysuc-
cinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride (EDC), NIPA, and agarose were purchased
from Sigma-Aldrich (St. Louis, Missouri) and used as received.
Mounting medium and bovine antibody to rabbit IgG–Texas
Red were purchased from Santa Cruz Biotechnology (Santa
Cruz, California). Cells (i.e., NIH 3T3 fibroblast and JHU31
prostate cancer cell lines) were obtained from American Type
Culture Collection (ATCC, Manassas, Virginia), and cell
culture media and supplements were purchased from Invitro-
gen (Carlsbad, California).

Preparation of magnetic nanoparticles

MNPs were manufactured by a conventional co-precipitation
method as described previously.8 In brief, ferric chloride
hexahydrate and ferrous chloride tetrahydrate (2:1) were
dissolved in 600 mL of deionized (DI) water. After purging
the solution with argon gas, 0.36 g of docusate sodium salt in 16
mL of hexane was added as a surfactant, and the solution was
heated to 85°C. At this temperature, 7.1 M NaOH was added.
After a 2-hour reaction period, particles were washed extensively
with ethanol and then centrifuged at 25,000 rpm for 45 minutes.
The MNPs were dried in a vacuum oven.

Preparation of VTMS-coated MNPs

The MNPs were coated with VTMS via acid catalyst
hydrolysis, followed by electrophilic substitution of ferrous
oxide on the surface of MNPs as shown in our previous study.8

In brief, 0.487 mL of VTMS was hydrolyzed using 3 mL of
acetic acid in the presence of water and ethanol (1:100 vol/vol).
A measured quantity (0.074 g) of MNPs was then dispersed by
sonication at 100 W for 30 minutes in this solution. After 24
hours of vigorous mechanical stirring at room temperature
(23-25°C), VTMS-coated MNPs were obtained, excessively
washed with a mixture of water and ethanol (1:100 vol/vol), and
collected using an external magnet. The particles were dispersed
in water before the next step.

Immobilization of PNIPAAm-AAm-AH on the surface of MNPs

VTMS-coated MNPs were used as a template to polymerize
PNIPAAm-AAm-AH in an aqueous micellar solution. SDS and
BIS were used as surfactant and as cross-linking agent,
respectively, as previously described with a small
modification.8,17,22 In brief, 0.028 g of VTMS-coated MNPs,
0.1 g of NIPA, 0.0129 g of AAm, 0.0345 mL of AH, 0.0131 g of
BIS, and 0.041 g of SDS were sonicated in 100 mL cold water for
30minutes. Then, 0.078 g of ammonium persulfate and 101 μL of
TEMED were added to the solution, and the reaction was carried
out at room temperature under argon gas for 4 hours. The product
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was purified several times with DI water by using a magnet to
collect only PNIPAAm-AAm-AH-coated MNPs. PNIPAAm-
AAm-coated MNPs and PNIPAAm-coated MNPs were also
formulated using the same synthesis process as with PNIPAAm-
AAm-AH-coated MNPs, but without addition of AH and without
addition of both AH and AAm monomers, respectively.

TEM studies

TEM (JEOL 1200 EX; JEOL, Tokyo, Japan) was used to
determine the size and core-shell structure of PNIPAAm-AAm-
AH-coated MNPs. In general, nanoparticle samples were
prepared by drop-casting an aqueous dispersion of nanoparticles
onto a carbon-coated copper grid, and the grid was dried at room
temperature before viewing under the microscope. The nano-
particles were stained with phosphotungstic acid at a concentra-
tion of 0.01% (vol/vol) before analysis.

Nanoparticle biocompatibility

To assess the biocompatibility of PNIPAAm-AAm-AH-
coated MNPs, the cytotoxicity was tested by measuring LDH
released from damaged cells after exposure to these nanoparti-
cles. Fibroblast cells (NIH 3T3) were cultured to confluence,
harvested by trypsinization, and dispersed in Dulbecco's minimal
essential medium supplemented with 10% serum and 1%
penicillin-streptomycin. Cells were seeded at a density ∼10,000
cells per well in 24-well plates and incubated for 24 hours at
37°C. Nanoparticles were then added and incubated in wells with
fibroblasts for 6 and 24 hours at various concentrations (0, 16, 31,
62, 125, 250, and 500 μg/mL). Two types of nanoparticles were
used for this study: the original MNPs and PNIPAAm-AAm-AH-
coated MNPs. LDH released in medium from damaged cells was
analyzed using an LDH Assay (Promega, Madison, Wisconsin),
following the manufacturer's instructions.

Drug loading

For drug-loading and drug release studies, DOXwas used as a
model drug. In brief, 10 mg of freeze-dried PNIPAAm-AAm-
AH-coated MNPs and 5 mg of DOXwere dispersed in phosphate
buffer solution (PBS). The solution was stirred at 4°C for 3 days.
The DOX-loaded PNIPAAm-AAm-AH-coated MNPs were
separated from the solution using an external magnet. The
solution was then analyzed using an ultraviolet-visible (UV-Vis)
spectrofluorometer (Infinite M200 plate reader; Tecan, Durham,
North Carolina) to determine the amount of unencapsulated
DOX (λex 470 nm and λem 585 nm). This value was then
compared to the total amount of added DOX to determine the
DOX-loading efficiency of the nanoparticles. Loading efficiency
was calculated according to the following formula:

Loading Efficiency =
Total DOX½ � used − unencapsulated DOX½ �

Total DOX½ � used
× 100%

In vitro drug release kinetics

To study the drug release profile of synthesized PNIPAAm-
AAm-AH-coated MNPs, drug-loaded nanoparticles dispersed in
PBS as described earlier were placed inside dialysis bags with a
molecular weight cutoff (MWCO) of 10,000 Da. Samples were
incubated at various temperatures: 4°C, 37°C, and 41°C. At
designated time intervals, 1 mL of dialysate was removed from
each sample and stored at –20°C for later analysis. Dialysate
volume was reconstituted by adding 1 mL of fresh PBS to each
sample. After the experiment the dialysate samples were
analyzed using a UV-Vis spectrofluorometer (Tecan) to
determine the amount of DOX released into the dialysate (λex

470 nm and λem 585 nm for DOX measurement).

Pharmacological activity of DOX-loaded
PNIPAAm-AAm-AH-coated MNPs

To investigate the pharmacological activity of DOX released
from our nanoparticles, cancer cell viability was conducted using
MTS assays (Promega) according to the manufacturer's instruc-
tions. JHU31 cells were cultured to confluence, harvested by
trypsinization, and dispersed in RPMI medium supplemented
with 10% (vol/vol) serum and 1% (vol/vol) penicillin-strepto-
mycin. Cells were seeded at a density of approximately 10,000
cells per well in 24-well plates for 24 hours at 37°C. Cells were
then incubated with either nanoparticles, DOX-loaded nanopar-
ticles, or free DOX. The concentration of nanoparticles and
DOX-loaded nanoparticles was 500 μg/mL. We selected this
nanoparticle concentration according to drug release results from
our nanoparticles and the optimal inhibition dose of DOX on
JHU31 cell growth studies. The cells were incubated with each
group at 37°C, 41°C, and temperature cycles between 37°C and
41°C (1 hour at each temperature for one cycle) for 24 hours.
After the incubation period, cells in each group were processed
to MTS assays for cell viability.

Cellular uptake studies of PNIPAAm-AAm-AH-coated MNPs

To characterize in vitro behavior of our nanoparticles uptaken
by JHU31 cells, cellular uptake studies were performed. Cells
were seeded at a density of ∼10,000 cells per well in 24-well
plates and allowed to adhere and grow for 24 hours at 37°C. To
investigate effects of the nanoparticle optimal dosage and
incubation time, PNIPAAm-AAm-AH-coated MNPs were
added at various concentrations (0, 125, 250, 300, 500, 800,
and 1000 μg/mL) to the cell-seeded wells and incubated for 6
hours. After the incubation period, cells were lysed with 1%
Triton X-100 in PBS. To test for the optimal incubation time, 500
μg/mL of PNIPAAm-AAm-AH-coated MNPs were added to a
24-well plate and incubated for varying durations (0, 0.5, 1, 2, 4,
6, and 8 hours). At predetermined time intervals, the cells were
lysed with 1% Triton X-100 in PBS.

To determine the amount of iron uptake, we performed an
iron content assay as previously described.23 In brief, 500 μL of
cell lysate were incubated in 30% (vol/vol) hydrochloric acid at
55°C for 2 hours, and then 0.05 mg of ammonium persulfate was
added. After shaking for 15 minutes, 50 μL of a 0.1 M solution of
potassium thiocyanate were added and the samples shaken for
another 15 minutes. These samples were read for absorbance
using a UV-Vis spectrophotometer (Tecan) at 478 nm to
determine the amount of iron in our samples, which correlates
with the iron uptake within the cells. The cell lysate was also



Figure 1. Transmission electron micrograph of PNIPAAm-AAm-AH coated
magnetic nanoparticles (inset is a higher magnification image).

Figure 2. Cytotoxicity study of magnetic nanoparticles (MNPs) and
PNIPAAm-AAm-AH coated MNPs on fibroblasts. Cells treated with 1%
Triton X-100 were used as a positive control (100% cytotoxicity).

4 M. Rahimi et al / Nanomedicine: Nanotechnology, Biology, and Medicine xx (2010) xxx–xxx

ARTICLE IN PRESS
analyzed for the total DNA content using a Picogreen DNA
Assay (Invitrogen), and these data were used to normalize the
iron content.

To visualize the uptake of PNIPAAm-AAm-AH-coated
MNPs, Texas Red (bovine antibody to rabbit IgG–Texas Red)
was conjugated to our nanoparticles via carbodiimide chemistry.
In brief, 0.01 g of PNIPAAm-AAm-AH-coated MNPs was
dissolved in 0.5 mL of 2-(N-morpholino)ethanesulfonic acid
(MES) (0.1 M) buffer solution, and 0.01 g of each, NHS and
EDC, were added. The reaction was mixed for 10 minutes at
room temperature, after which 0.2 mg of Texas Red was added to
the above solution and the reaction stirred vigorously for 2 hours
at room temperature under dark conditions. To remove unreacted
Texas Red the product was washed and purified several times
with DI water using an external magnet.

MRI studies of prostate cancer cells loaded with
PNIPAAm-AAm-AH-coated MNPs

Prostate cancer cells were cultured and grown to confluence
as described above. The confluent cell culture was incubated
with a 300-μg/mL concentration of the PNIPAAm-AAm-AH-
coated MNPs for 3 hours. Following incubation, the cells were
washed three times with fresh medium. After trypsinization the
cells were suspended in 10 mL Dulbecco's minimal essential
medium and centrifuged for 10 minutes at 1000 rpm. The
resultant pellet was then resuspended in 10 mL fresh medium
to make a stock cell suspension. To prepare the agarose
platform for MRI study, agarose was added to a 0.9% (wt/vol)
sodium chloride solution and was heated to 100°C to ensure
complete melting. After cooling the stock agarose solution to
37°C, a cell suspension was added with the agarose solution to
reach a final cell concentration of 106 cells/mL and an agarose
concentration of 1% (wt/vol) in the test tube (a total volume of
10 mL), and the solution was allowed to cool to room
temperature. Control agarose platform is the 1% agarose
without cells. MR images were obtained for the agarose
platform controls and samples using a Varian unity INOVA
4.7T 40-cm horizontal MR system equipped with actively
shielded gradients (Varian, Palo Alto, California) (205 mm
with 22G/cm). The sample was put into a home-built 35-mm
volume radiofrequency coil. Multislice T2-weighted images
(TR = 2000 msec; TE = 15 msec; field of view of 30 mm × 30
mm; matrix = 128 × 128; slice thickness = 2 mm) were
acquired with spin echo pulse sequence.
Results

Size, morphology, and core-shell structure of nanoparticles

The average size of the synthesized PNIPAAm-AAm-AH-
coated MNPs was analyzed using TEM. We have previously
investigated synthesized MNPs and silane-coated MNPs.8 The
synthesized PNIPAAm-AAm-AH-coated MNPs were ∼100 nm
in diameter as shown in Figure 1. The image also reveals the core
(dark center) of magnetic nanoparticles and the shell structure of
the coated polymer (surrounding penumbra).
Nanoparticle biocompatibility

LDH cell viability assay was used to investigate the
biocompatibility of PNIPAAm-AAm-AH-coated MNPs along
with bare MNPs as control by quantifying the LDH released from
damaged fibroblasts after exposure to these nanoparticles.
Results from the LDH assay after 6 hours of nanoparticle
exposure showed that the presence of bare MNPs at low
concentrations ranging from 16 to 31 μg/mL reduced the cell
viability by less than 20% (Figure 2). However, further increase in
concentrations resulted in a significant drop in cell viability by as
much as 62% for a concentration of 500 μg/mL. Bare MNPs
present after a 24-hour incubation period showed significantly
higher cytotoxicity as compared with those present after a 6-hour
incubation—even at a low concentration of 31 μg/mL. In contrast
to the bare MNPs, the PNIPAAm-AAm-AH-coated MNPs
showed much less toxicity with cell viability greater than 80%
when incubated with particles for 24 hours, including those at
high concentrations (Figure 2).



Figure 3. In vitro release profiles of doxorubicin (DOX) at 4°C, 37°C, and 41°C. Cumulative percentage release of DOX over 72 hours. The inset is the
cumulative percentage release of DOX over 30 minutes.
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Drug-loading efficiency and release kinetics

The loading efficiency of DOX-loaded PNIPAAm-AAm-AH-
coatedMNPs was determined according to the formula illustrated
earlier in theMethods section. The results indicated that∼72% of
the incubated DOX was loaded into the PNIPAAm-AAm-AH-
coatedMNPs, similar to other studies,20,21 in which a hydrophilic
drug was loaded into PNIPAAm-based MNPs. The release
behavior of the nanoparticles was studied for ∼72 hours in PBS
(0.1 M, pH 7.4) at 4°C, 37°C, and 41°C. The percentage of
cumulative release of DOX at 41°C was significantly higher than
at 4°C and 37°C (Figure 3).

Pharmacological activity of DOX-loaded
PNIPAAm-AAm-AH-coated MNPs

To investigate the pharmacological activity of the released
drugs from our nanoparticles, the viability of JHU31 cells
exposed to DOX-loaded nanoparticles was assessed. As shown
in Figure 4, A, the free DOX decreased cell viability to 20% in
comparison with the control, whereas DOX-loaded nanoparti-
cles decreased cell viability to 70% at 37°C. However, when
cells were exposed at 41°C or temperature cycles between
37°C and 41°C (1 hour each at each temperature for 24 hours),
DOX-loaded nanoparticles could decrease the cell viability to
12% or 36%, similar to those of free DOX, respectively
(Figure 4, B and C).
Cellular uptake studies

To determine the optimal concentration of nanoparticles and
the optimal incubation time required for an effective treatment,
the cellular uptake of PNIPAAm-AAm-AH-coated MNPs by the
prostate cancer cells was investigated. The uptake of PNIPAAm-
and PNIPAAm-AAm-coated MNPs was also studied for
comparison. As shown in Figure 5, A, JHU31 cells took up
polymer-coated MNPs in a manner that was dependent on both
concentration and incubation time. The highest cellular uptake
was observed when the cells were treated with PNIPAAm-
AAm- and PNIPAAm-AAm-AH-coated MNPs. The lowest
uptake was observed when cells were treated with PNIPAAm-
coated MNPs. The cellular uptake of PNIPAAm-coated MNPs
formed a plateau at 300 μg/mL, whereas the cellular uptake of
PNIPAAm-AAm-coated and PNIPAAm-AAm-AH-coated
MNPs formed a plateau at 500 μg/mL. The incubation time
studies indicated that each of the polymeric-coated MNPs
reached a plateau after 4 hours (Figure 5, B).

To image the cellular uptake of PNIPAAm-AAm-AH-coated
MNPs, Texas Red was conjugated to nanoparticles, and they
were incubated with JHU31 cells for 1 hour. The results indicated
that nanoparticles were internalized by the cells and accumulated
in the cytoplasm (Figure 6). The success of Texas Red antibody
conjugation also suggests that our nanoparticles have the
functional amine groups for conjugation of biomolecules.



Figure 4. Pharmacological activity of doxorubicin (DOX)-loaded PNI-
PAAm-AAm-AH coated magnetic nanoparticles (DOX-NPs) in comparison
with empty nanoparticles (NPs) and free DOX (DOX) in prostate cancer cells
JHU31. The cell viability was investigated using MTS assays at (A) 37°C,
(B) 41°C, and (C) temperature cycles between 37°C and 41°C.
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Imaging capacity of the PNIPAAm-AAm-AH-coated MNPs

In Figure 7, A the MR imaging was carried out using JHU31
cells loaded with PNIPAAm-AAm-AH-coated MNPs. A
dispersed stronger signal was observed when the cells were
incubated with PNIPAAm-AAm-AH-coated MNPs (Figure 7, A)
compared with the control preparation of agarose medium
(Figure 7, B), which has a uniform signal distribution. The
dispersed signal might be due to an excessive concentration of
cells engulfing the PNIPAAm-AAm-AH-coated MNPs.
Figure 5. Cellular uptake studies. (A) Effects of nanoparticle concentrations
on cellular uptake and (B) effects of incubation time on cellular uptake.
Discussion

In this work we have characterized in vitro behavior of
PNIPAAm-AAm-AH-coated MNPs for targeted and controlled
drug delivery applications. These nanoparticles are to our
knowledge unique, in that they consist of a new temperature-
sensitive polymer shell that has the LCST above body
temperature and contains functional groups on their surface for
bioconjugation. The polymeric shell consists of a copolymer of
NIPA, AAm, and AH. The PNIPAAm-AAm-AH is polymerized
onto the surface of the MNPs via a silane coupling agent and a
free-radical polymerization. The size and morphology of the
synthesized nanoparticles were analyzed by TEM. In addition, in
vitro behaviors such as toxicity, drug-loading efficiency, drug
release profile, pharmacological activity, and cellular uptake of
the manufactured nanoparticles were assessed. Moreover, the
MR imaging capabilities of the particles was explored. The
results are discussed in detail below.

TEMwas carried out to study the size, morphology, and core-
shell structure of the nanoparticles. A close examination of the
TEM image (inset in Figure 1) reveals the presence of MNPs
(∼10 nm diameter) at the center with a PNIPAAm-AAm-AH
coating surrounding them. The size of the magnetic core was
similar to earlier reported values of MNPs synthesized by similar
methods.8,17,24 In comparison to our previous study with
PNIPAAm-coated MNPs,8 there was clearly less agglomeration
of MNPs in the core. This might be a result of the higher mixing
capability due to utilization of a mechanical stirrer and the
electrostatic charge repulsion from the amine group of AH in the



Figure 6. Uptake of nanoparticles by JHU31 prostate cancer cells using confocal microscopy. (A) Detection of Texas Red–conjugated nanoparticles within the
cells. (B) Detection of nucleus (DAPI, a fluorescent stain that binds strongly to DNA). (C) Superimposed image of these two images.
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PNIPAAm-AAm-AH coating, which would further reduce the
magnetic dipole interactions and promote stability.17

The LDH assay for nanoparticle biocompatibility shows that
MNPs and PNIPAAm-AAm-AH-coated MNPs possess similar
cell compatibility at low concentrations (b31 μg/mL). Even at
high concentrations, polymer-coated MNPs still demonstrated
significant biocompatibility. Furthermore, cell viability at a
longer incubation period still appeared favorable for the
polymer-coated MNPs. Similar to our previous biocompatibility
studies of PNIPAAm-coated MNPs,24 we believe that coating
MNPs with a biocompatible polymer is necessary when high
concentrations of MNPs are used.

The drug release study indicates that the PNIPAAm-AAm-
AH is a temperature-sensitive polymer, whereby at its LCST the
nanoparticles go through the phase change to collapse and release
more drugs. After 72 hours, 78% of the encapsulated DOX was
released at 41°C, whereas at 4°C and 37°C∼26% and∼43%was
released, respectively. This type of release is consistent with our
previous studies,8,17,24 which show the temperature sensitivity of
PNIPAAm coated onto MNPs. The release profile of the DOX
over the first 30 minutes is also shown in Figure 3. After 30
Figure 7. MR detection of prostate cancer cells JHU31 loaded with PNIPAAm-A
plane resolution 230 μm × 230 μm; slice thickness = 2 mm). (A) Prostate cancer
Control (1% agarose only).
minutes the percentages of cumulative release of DOX were only
0% and 0.046% at 4°C and 37°C, respectively, whereas at 41°C it
was 2.4%. The system is shown to release its payload over a short
burst release period with changes in temperature. In contrast,
other MNPs that make use of different polymer coatings such as
poly(D,L-lactic-co-glycolic) acid show a much slower sustained
release over extended periods of time.25,26 This burst release in
response to temperature indicates that such a stimuli-responsive
system would prove to be a useful treatment for applications such
as cancer treatment, in which aggressive release is required to
combat cancer cell proliferation.

The effect of loading DOX into our nanoparticles on JHU31
cells was also studied with a promising outcome. As shown in
Figure 4, the decreases in cell viability are much more
significant, especially at 41°C in comparison to 37°C, which is
an indication that our drug delivery system is sensitive to
temperature and that the encapsulated drug is released at its
LCST. These results also indicate that the released drug does
not interact with the polymer, is not denatured, and is
pharmacologically active. Similar to our nanoparticles, it has
also been reported that DOX-loaded polymer-coated MNPs
Am-AH-coated magnetic nanoparticles (TR = 2000 msec; TE = 15 msec; in-
cells loaded with PNIPAAm-AAm-AH-coated magnetic nanoparticles. (B)
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(e.g., DOX-loaded polyethylene glycol–coated MNPs) release
pharmacologically active DOX with a remarkable level of
cell destruction.27

Previous studies on cellular uptake of magnetic nanoparti-
cles show that the uptake depends on several factors such as
particle concentration, particles size, incubation time, and the
type of particle coating.28-30 Thus, cellular uptake of nano-
particles by prostate cancer cells in vitro was investigated in
this study to determine the effects of these factors. Similar to
other studies, we also observed the dependence on dose and
incubation time in the cellular uptake of our polymer-coated
MNPs. The low uptake of PNIPAAm-coated MNPs might be
due to the low LCST of PNIPAAm (below incubation
temperature), which results in aggregation of the nanoparticles
due to hydrophobic attraction and hinders their cellular uptake.
The higher threshold of particle uptake might be attributed to
the elevated LCST of the PNIPAAm-AAm-coated MNPs and
PNIPAAm-AAm-AH-coated MNPs, which would prevent
agglomeration. Indeed, results from a particle sizer using
laser scattering technology indicated that aggregation of
PNIPAAm-coated MNPs at 37°C caused an eightfold increase
in size, whereas PNIPAAm-AAm-coated and PNIPAAm-
AAm-AH-coated MNPs remained in the original size range.
Furthermore, preferential uptake of PNIPAAm-AAm-AH-
coated MNPs could also be explained by the presence of
electropositive amine groups on the particle surface, which
would have a favorable electrostatic interaction with the
negatively charged cell membrane.

Comparing the labeled cell images of Figure 7, A with the
control of Figure 7, B, this result clearly shows the extremely
dense concentration of the PNIPAAm-AAm-AH-coated MNPs
inside the cells using MRI. The large amount of signal produced
in the labeled cells might be the result of a large number of
particles packed within the endocytosed vesicles within the
labeled cells. An advantage of labeling prostate cancer cells with
polymer-coated MNPs is that the agglomeration of particles
within the endocytotic vesicles causes the nanoscale particles to
act as a much larger single magnetic unit. This has two main
effects: MR imaging of the tumor could be achieved at a higher
resolution with regional variations of the tumor being
detected,31-33 and localized accumulation of the particles
would allow for an enhanced magnetic resonance and subse-
quent temperature escalation.34-37

In this study, previously uncharacterized PNIPAAm-AAm-
AH-coated MNPs were synthesized and characterized in vitro.
Our results indicated that these nanoparticles consist of a core
(magnetic) shell (polymer) structure with the average size of
∼100 nm in diameter. LDH studies revealed that the nanopar-
ticles were relatively biocompatible. The DOX release profiles
from our nanoparticles demonstrated that our nanoparticles were
sensitive to temperature with a significantly higher release at
41°C than at either 4°C or 37°C. In addition, the MTS assays
indicated that the DOX released from the nanoparticles was
pharmacologically active and that release was dependent on
temperature. Furthermore, as a result of the properties of
PNIPAAm-AAm-AH-coated MNPs, the cellular uptake of our
nanoparticles was much higher than that for the PNIPAAm- and
PNIPAAm-AAm-coated MNPs. The confocal images of the
uptake of nanoparticles by prostate cancer cells indicated that
nanoparticles accumulated mostly in the cytoplasm. MRI further
supported the use of our polymer-coated MNPs for imaging and
controlled drug delivery applications. In the future we will
investigate the pharmacological behavior of the nanoparticles in
vivo and the conjugation of specific antibodies for targeting drug
delivery applications.
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