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Dual-Imaging Enabled Cancer-Targeting Nanoparticles
 Cancer is a commonly diagnosed disease and the second 
leading cause of deaths in the U.S. Common diagnostic modal-
ities such as magnetic resonance imaging (MRI), computed 
tomography (CT), positron emission tomography (PET), and 
optical imaging have mixed results as a stand-alone system due 
to individual limitations such as low sensitivity, low spatial reso-
lution, toxicity of contrast agents, and inaccurate diagnosis due 
to non-specifi c targeting of contrast agents to the cancer site. [  1  ]  
Dual-/multi-modal imaging systems bearing the advantages of 
specifi c individual imaging modalities may overcome the limi-
tations associated with the stand-alone systems. [  2  ]  For instance, 
MRI provides exceptional tissue contrast, penetration depth, 
and high spatial resolution, whereas fl uorescence imaging 
provides extremely high sensitivity. Therefore, a dual-imaging 
modality combining MRI contrast and fl uorescent agents will 
be able to diagnose cancers in early stage pre-operatively and 
intra-operatively with better accuracy. 

 To improve the diagnostic accuracy and reduce the signifi -
cant side effects to normal healthy cells, site-specifi c targeting 
of imaging contrast agents is required. [  3  ]  Although passive 
delivery of nanoparticles through leaky tumor vasculature 
shows some success, active targeting strategies will add more 
specifi city for cancer targeting. [  4  ]  Cell-selective nanoparticles 
specifi cally target and deliver the payloads to cancer cells, mini-
mizing the side effects observed in systemic drug administra-
tion due to the delivery of payloads to healthy cells. Research 
on the development of cancer targeting nanoparticle systems 
has been focused mainly on conjugating antibodies, peptides, 
or aptamers for actively transporting nanoparticles to cancer 
cells. Other targeting strategies include magnetic targeting that 
aids in the nanoparticle accumulation at the targeted site under 
a magnetic fi eld. [  5  ]  Herein, we report the development of dual-
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imaging enabled cancer-targeting nanoparticles (DICT-NPs) 
based on the breakthrough development of biodegradable pho-
toluminescent polymers [  6  ]  and the use of superparamagnetic 
iron oxide (Fe 3 O 4 ) nanoparticles. 

 Dual-imaging nanoparticles have gained signifi cant atten-
tion in recent years. Examples include rhodamine/FITC-labeled 
paramagnetic nanoparticles, [  7  ]  DiI/DiR dye loaded-polyacrylic 
acid-coated iron oxide nanoparticles, [  8  ]  quantum dot-coated iron 
oxide nanoparticles, [  9  ]  and Cy5.5-labeled PEG/chitosan-coated 
iron oxide nanoparticles. [  10  ,  11  ]  However, the fl uorescent tags 
used in these systems are known to either be toxic or display 
photobleaching. Moreover, incorporating imaging agents in 
nanoparticles may result in increased particle sizes, added com-
plexity, and higher risk of adverse biological reactions. We have 
recently developed water-soluble and water-insoluble biodegrad-
able photoluminescent polymers (WBPLP and BPLP, respec-
tively), which do not contain photobleaching organic dyes and 
cytotoxic quantum dots. [  6  ]  The degradability of the polymers 
and the superior photoluminescent properties such as high 
quantum yield, photobleaching resistance, and tunable emis-
sion up to near infrared area, makes them unique. BPLPs have 
demonstrated excellent biocompatibility and great potential for 
bioimaging both  in vitro  and  in vivo . [  6  ]  Along with the devel-
opment of BPLPs, we have also developed a series of poly( N -
isopropylacrylamide) (PNIPAAm)-coated magnetic nanoparti-
cles (MNPs) for controlled and targeted drug delivery. [  12  ,  13  ]  In 
addition to their use as contrast agents for MRI, MNPs have 
also been used as carriers to deliver, recruit, and retain thera-
peutic agents to specifi c disease sites where rapid clearance 
of particles by the mononuclear phagocytes can be avoided by 
applying an external magnetic fi eld. [  14  ,  15  ]  Moreover, MNPs have 
also shown some success in cancer treatment through hyper-
thermia, as they can be used to provide an induced heat locally 
under an oscillating magnetic fi eld. [  15  ,  16  ]  

 Taken together, the aim of this work was to develop dual-
imaging nanoparticles with magnetic targeting capabilities. 
The rationales behind WBPLP-conjugated MNPs (WBPLP-
MNPs) and BPLP-conjugated MNPs (BPLP-MNPs) or DICT-
NPs are that: 1) DICT-NPs provide dual-imaging capability, 
through which WBPLP/BPLP enables fl uorescence imaging 
while MNPs are used as negative contrast agents for MRI; 2) 
DICT-NPs could also provide dual-targeting capability, through 
magnetic targeting and receptor-mediated targeting if active tar-
geting ligands such as antibodies are conjugated; 3) DICT-NPs 
are fully degradable, thus eliminating long-term toxicity con-
cerns. We have demonstrated the degradability and biocompat-
ibility of BPLPs both in vitro and in vivo. [  6  ]  Iron oxide MNPs are 
also known to be non-toxic at a low dose and approved by the 
FDA as contrast agents (a dose of 45  μ mole Fe kg  − 1  is recom-
mended for human use). [  17–19  ]  Degradable DICT-NPs address 
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     Figure  1 .     A) Schematics of WBPLP-MNPs and BPLP-MNPs showing formulation process. TEM 
image of B) WBPLP-MNPs (avg. size 220 nm), C) BPLP-MNPs (avg. size 212 nm), and D) 
bare MNPs (avg. size 10 nm). E) FTIR spectra of iron oxide nanoparticles, WBPLP, BPLP, 
WBPLP-MNPs, and BPLP-MNPs. F) Degradation profi les of WBPLP and BPLP coatings on 
MNPs showing complete degradation in 3 weeks.  
the particle size and in vivo clearance concerns in the traditional 
design of tumor-targeting nanoparticles using non-degradable 
materials where the diameter of nanoparticles should be lim-
ited to  ∼ 5.5 nm for rapid renal excretion. [  20  ]  4) DICT-NPs can 
act as a drug carrier for controlled drug delivery as many other 
polymer-based nanoparticle drug delivery systems. 

 Polymer-coated MNP structures using various types of 
polymers have been extensively developed and investigated for 
cancer imaging and treatment. [  12  ,  13  ,  21  ,  22  ]  Herein, we demon-
strated WBPLP-/BPLP-conjugated MNP structures of the DICT-
NPs.  Figure    1  A shows schematic representation of WBPLP-
MNPs and BPLP-MNPs. As shown in Figure  1 B and  1 C, trans-
mission electron microscopy (TEM) images (insets) show a 
spherical morphology of the nanoparticles. Approximately, 110 
and 130 MNPs were present in the darker area of one nanopar-
ticle. These numbers were determined by dividing the volume 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Healthcare Mater. 2012, 1, 450–456
of darker area of a nanoparticle by the volume 
of a bare MNP, considering 25% void space 
among MNPs. The presence of Fe 3 O 4  in the 
darker area was also confi rmed via energy 
dispersive X-ray spectroscopy (EDS) anal-
ysis (Supporting Information, Figure S1). 
Figure  1 D is a TEM image of bare MNPs 
that tend to aggregate in the absence of any 
polymer coatings. As determined by dynamic 
light scattering (DLS) measurements in DI 
water and cell culture media containing 10% 
serum, average hydrodynamic diameters of 
WBPLP-MNPs (238 nm and 236 nm) and 
BPLP-MNPs (235 nm and 229 nm), respec-
tively, did not vary irrespective of the solvent 
(Supporting Information, Table S1). The 
polydispersity index (PDI) of WBPLP-MNPs 
and BPLP-MNPs in both the solvents was in 
mid-range polydispersity (0.08–0.7). [  23  ]  The 
nanoparticle size and PDI were also meas-
ured over a period of nine days in the cul-
ture medium to validate the stability of the 
nanoparticles. The nanoparticles were stable 
and did not aggregate as observed from the 
size and PDI readings (Supporting Informa-
tion, Figure S2). The larger size of nanopar-
ticles is usually associated with rapid clear-
ance of nanoparticles by reticulo-endothelial 
system (RES). However, DICT-NPs are fully 
degradable and can be administered locally, 
followed by magnetic targeting to quickly 
recruit the nanoparticles to the target site. In 
addition, after the nanoparticle formulation, 
DICT-NPs can be fi ltered using 0.2 micron 
fi lter to collect approximately 100 nm sized 
particles (Supporting Information, Table S1). 
Further, surface charge on the WBPLP-
MNPs and BPLP-MNPs was –25.85 mV and 
–31.32 mV, respectively, as determined by 
zeta potential analyzer. The nanoparticle sur-
face charge was changed from –5.13 mV for 
bare MNPs to –25.85 or –31.32 mV for DICT-
NPs. The increase in surface charge suggests 
that the stability of the nanoparticles increased after polymer 
coatings. However, in the cell culture media, the zeta poten-
tial of WBPLP-MNPs and BPLP-MNPs reduced to –16.19 mV 
and –12.09 mV. The change in zeta potential results from the 
serum present in the media. [  24  ]  Although the zeta potential of 
nanoparticles reduced in culture medium, they were still stable 
and did not aggregate due to electrostatic repulsion among the 
negatively charged polymer coatings.  

 Chemical structures of the nanoparticles were characterized 
using Fourier transform infra-red spectroscope (FTIR), which 
showed the characteristic peaks of Fe–O at 550 cm  − 1 , –CH 2  
from polymer backbone at 2919 cm  − 1 , –C = O from citric acid at 
1707 cm  − 1 , and –C( = O)NH between polymer and amino acid at 
1550 cm  − 1  (Figure  1 E). These fi ndings were in agreement with 
our previous observations confi rming the presence of MNPs [  12  ]  
and all the corresponding bonds from WBPLP/BPLP coating. [  6  ]  
451heim wileyonlinelibrary.com
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     Figure  2 .     Photographs of A) WBPLP-MNPs and B) BPLP-MNPs showing (1) nanoparticle sus-
pension and (2), (3) recruitment of nanoparticles in the magnetic fi eld (1.3 T) generated by 
a magnet. C) Magnetization hysteresis loops of nanoparticles showing superparamagnetic 
behavior.  
Further, degradation of the polymer coating on MNPs in DI 
water was studied over time. It was observed that the WBPLP 
and BPLP coating was degraded completely within 21 and 24 
days, (Figure  1 F) respectively, which was in agreement with our 
previous study on pure BPLP degradation. [  6  ]  BPLPs underwent 
hydrolysis and degraded into their monomeric units including 
PEG or octanediol, citric acid, and amino acids. There was a 
faster degradation of BPLP than WBPLP within initial fi ve days, 
which can be attributed to the loose binding of BPLP over MNP 
surfaces during the emulsion process, compared to covalent 
binding of WBPLP to MNPs via carbodiimide conjugation. 

 The nanoparticles possess strong superparamagnetic prop-
     Figure  3 .     A) MR images of agarose phantoms containing (1) 5 mg ml  − 1  BPLP nanoparticles, 
(2) 10 4  PC3 cells, and (3) 0.1 mg ml  − 1  MNPs as control samples; experimental agarose phan-
toms containing (4) 0.1 mg ml  − 1 , (5) 0.3 mg ml  − 1 , and (6) 0.6 mg ml  − 1  of WBPLP-MNPs; 
agarose phantoms containing 0.3 mg ml  − 1  WBPLP-MNPs uptaken by (7) 10 4 , (8) 10 6 , and (9) 
5  ×  10 6  PC3 cells; agarose phantoms containing (10) 0.1 mg ml  − 1 , (11) 0.3 mg ml  − 1 , and (12) 
0.6 mg ml  − 1  of BPLP-MNPs; and agarose phantoms containing 0.3 mg ml  − 1  BPLP-MNPs 
uptaken by (13) 10 4 , (14) 10 6 , and (15) 5  ×  10 6  PC3 cells. B) Photographs of nanoparticle sus-
pensions in white light and UV light. Fluorescence from WBPLP-MNPs and BPLP-MNPs was 
observed in UV light only. C) Photomicrographs of fl uorescent WBPLP-MNPs and BPLP-MNPs 
observed via an enhanced optical microscope at 400x magnifi cation.  
erties. WBPLP-MNPs and BPLP-MNPs 
were comprised of approximately 75% and 
80% mass of iron, respectively (Supporting 
Information, Table S2). Further, in the 
absence of an external magnet, nanopar-
ticles were suspended and well-dispersed 
in water ( Figure    2  A.1 and  2 B.1). While in 
the presence of an external magnet, nano-
particles concentrated toward the magnet 
(Figures  2 A2–3 and  2 B2–3), demonstrating 
the recruitment of nanoparticles via magnetic 
targeting. Moreover, the saturation magneti-
zation of the WBPLP-MNPs and BPLP-MNPs 
(51.42 and 52.04 emu g  − 1 , respectively) was 
lower than that of bare MNPs (57.88 emu g  − 1 ) 
(Figure  2 C and Supporting Information, 
Table S2). This decrease in the saturation 
magnetization is due to the presence of 
polymer coating on the surface of MNPs, 
which also increased response time of nano-
particles when placed in the magnetic fi eld. 
A decrease in the saturation magnetization 
and an increase in the response time would 
decrease the aggregation of nanoparticles and 
increase the required external magnetic fi eld 
to guide the nanoparticle movement. It was 
frequently observed that there was a decrease 
in saturation magnetization when MNPs 
were coated with various polymers such 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wewileyonlinelibrary.com
as polystyrene, [  25  ]  PNIPAAm, [  12  ]  PLGA, [  21  ]  
and PEG. [  22  ]  The remanence of WBPLP-
MNPs and BPLP-MNPs was 5.14 and 5.77 
(M r  M s   − 1 ), respectively, as compared to 6.73 
(M r  M s   − 1 ) in the case of bare MNPs. Whereas, 
the coercivity of WBPLP-MNPs and BPLP-
MNPs was 50.59 and 59.72 Oe, respectively, 
as compared to 65.23 Oe in the case of bare 
MNPs (Supporting Information, Table S2). 
There was an increase in the coercivity of the 
DICT-NPs due to increased particle size and 
separation distance as a result of polymer 
coating on the surface of the MNPs. This data 
suggest that all the samples contain a fraction 
of nanoparticles in a blocked magnetic (super-
paramagnetic) state, which has low coercive 
forces, small remanent magnetic induction, 
and long and narrow hysteresis loops. [  26  ]   
 The DICT-NPs were also tested as contrast agents for MRI. 
MRI was carried out on agarose phantoms containing either 
DICT-NPs alone or DICT-NPs uptaken by PC3 prostate cancer 
cells. A dark and dispersed negative contrast was observed from 
the samples containing DICT-NPs, even at a low concentration 
of 100  μ g iron ml  − 1  ( Figure    3  A4 and  3 A10). The negative contrast 
was nanoparticle dose-dependent (Figure  3 A4–6 and  3 A10–12), 
which was also confi rmed from the relative signal intensities 
of the samples. For example, there was 12% (Figure  3 A4), 56% 
(Figure  3 A5), and 92% (Figure  3 A6) drop in the signal inten-
sity compared to the control (Figure  3 A1). Control samples con-
sisting of BPLP nanoparticles without MNPs (Figure  3 A.1) and 
inheim Adv. Healthcare Mater. 2012, 1, 450–456
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     Figure  4 .     A) Cytotoxicity of nanoparticles on HDFs. BPLP-MNPs are more cytocompatible 
than WBPLP-MNPs, especially at longer incubation periods ( ∗   p   <  0.05 compared to control). 
B) Cancer-selective, dose-dependent, and magnetic fi eld (1.3 T) dependent cellular uptake 
of nanoparticles showing higher uptake of WBPLP-MNPs than BPLP-MNPs by PC3 (PSMA  −   
and highly metastatic) cells, whereas C) higher uptake of BPLP-MNPs than WBPLP-MNPs by 
LNCaP (PSMA  +   and less metastatic) cells. D) Control experiment of nanoparticle uptake by 
HDFs showing a low iron uptake and no signifi cant difference between WBPLP-MNPs and 
BPLP-MNPs ( ∗   p   <  0.05). E) TEM images of higher uptake of WBPLP-MNPs by PC3 cells, 
whereas (F) least uptake of BPLP-MNPs by PC3 cells (insets show magnifi ed images of the 
boxed areas in cells and arrows indicate location of nanoparticles in the cytoplasm).  
www.MaterialsViews.com

PC3 cells alone (Figure  3 A2) did not generate 
a contrast, but bare MNPs produced a very 
dark negative contrast (Figure  3 A3). These 
results suggest that the contrast generated 
in MRI is only due to the presence of MNPs 
in DICT-NPs. When the nanoparticles were 
uptaken by the cells, the MRI contrast was 
dark and even more dispersed than those of 
DICT-NPs only (Figure  3 A7–9 and  3 A.13-15). 
The negative contrast was dependent on the 
concentrations of cell-uptaken nanoparti-
cles, which suggests that these nanoparticles 
produce a dark, well-dispersed MRI con-
trast even at a low number (10,000) of cells. 
Pinkernelle et al. [  27  ]  observed similar results 
about the effects of nanoparticle concentra-
tion and cell number on MRI signal when 
iron oxide nanoparticles were incubated with 
human colon carcinoma cells. The difference 
between the MRI contrast signal dispersion 
between samples with and without the cells 
might be due to a reduction in nanoparticle 
aggregation because of cellular uptake pro-
ducing a more dispersed contrast than that 
of nanoparticles only. We have previously 
observed a dark and dispersed MRI contrast 
signal from our thermo-sensitive polymer-
coated MNPs uptaken by JHU31 cells. [  13  ]  
Some other groups have also reported a dark 
negative MRI contrast signal from their iron 
oxide-based nanoparticles. [  23  ,  27  ]  Although, 
MRI has the advantages of exceptional tissue 
contrast and spatial resolution and has been 
widely used in clinical settings, [  1  ]  similar to 
CT and PET, the MRI imaging technique is 
also insensitive for the small lesions. [  28  ]   

 To overcome the limitations of conventional 
imaging techniques, the optical imaging 
approach has been investigated. Although 
optical fl uorescence imaging has a potential 
to detect tiny tumor masses with a high sensi-
tivity, [  29  ]  its applications in vivo are hampered 
by a limited tissue penetration depth, high 
(or presence of) tissue auto-fl uorescence, and 
lack of anatomic resolution and spatial infor-
mation. [  30  ]  Therefore, the combination of 

MRI and optical imaging techniques may improve the identifi -
cation of small cancer lesions to optimize the localized therapy. 
In the past, dual-functional imaging nanoparticles have been 
generated by linking MNPs with quantum dots and/or Cy5.5 
dyes, so that they can be detected by both fl uorescence imaging 
and MRI. [  2  ,  31  ]  The polymer coating of DICT-NPs itself can act 
as biodegradable imaging probes for targeted imaging. More-
over, BPLPs can be excited and emitted at different wavelengths 
ranging from UV to near infra-red. Fluorescence properties of 
WBPLP and BPLP coatings on MNPs were tested under UV 
light and an enhanced optical fl uorescent microscope. Figure  3 B 
shows the samples under white light and a bright fl uorescence 
from WBPLP-MNPs and BPLP-MNPs under UV light. There 
© 2012 WILEY-VCH Verlag GAdv. Healthcare Mater. 2012, 1, 450–456
was no fl uorescence observed from bare MNPs under UV 
light due to the absence of fl uorescent polymer coating on the 
MNPs. Moreover, the nanoparticles exhibited their bright fl uo-
rescence observed by the enhanced optical fl uorescent micro-
scope (Figures  3 C). Our fi ndings on both optical imaging and 
MRI studies suggest that these nanoparticles could be used as 
dual-imaging (optical imaging and MRI) agents. 

 The cytotoxicity results of the DICT-NPs are presented in 
 Figure    4  A. The nanoparticles were cytocompatible and did not 
show a signifi cant decrease in cell survival when human dermal 
fi broblasts (HDFs) were exposed to nanoparticles with concentra-
tions up to 500  μ g ml  − 1  till 48 hours of exposure. However, cell 
viability decreased signifi cantly at nanoparticle concentrations 
453mbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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higher than 500  μ g ml  − 1  after 72 hours of exposure. Moreover, 
BPLP-MNPs were more cytocompatible than WBPLP-MNPs, 
especially at longer incubation periods. Thus, DICT-NPs may 
potentially eliminate the long-term in vivo toxicity concern and 
bypass the size limitation for in vivo clearance as the particles 
will be degraded and cleared by the body. BPLPs have previously 
demonstrated their excellent cytocompatibility in vitro when 
cultured with 3T3 fi broblasts and tissue-compatibility when 
implanted in rats. [  6  ]  Other studies have reported that there was a 
signifi cant increase in the cytocompatibility of MNPs when they 
were coated with polymers such as Pluronics [  23  ]  or PNIPAAm/
copolymers. [  13  ]  The above cytocompatibility evaluation further 
supported the potential of these nanoparticles for biomedical 
uses.  

 A cancer cell-selective, dose- and magnetic fi eld-dependent 
uptake of DICT-NPs by prostate cancer cells (PC3 and LNCaP 
cells) are shown in Figure  4 B and  4 C. The cellular uptake of 
nanoparticles was saturated at 300  μ g ml  − 1 , which can be attrib-
uted to the exocytosis of nanoparticles at higher concentrations 
by the cells. [  32  ]  Previously, we have reported that the uptake of 
our thermo-responsive polymer-coated MNPs by JHU31 pros-
tate cancer cells was dose-dependent and reached a plateau 
at 300  μ g ml  − 1  concentration of nanoparticles. [  13  ]  The uptake 
is dependent on various factors such as particle size, concen-
tration, incubation time, and surface charge. [  33  ,  34  ]  Moreover, 
in the presence of an external magnetic fi eld of 1.3 T, the cel-
lular uptake of nanoparticles increased signifi cantly and did 
not saturate until 500  μ g ml  − 1  concentration of nanoparticles. 
These results suggest that the presence of a magnetic fi eld rein-
forces the cellular uptake of DICT-NPs, which will be useful in 
delivering higher amounts of imaging or therapeutic agents to 
cancer cells via magnetic targeting. 

 It is very interesting that WBPLP-MNPs and BPLP-MNPs 
exhibited cellular uptake selectivity. As observed in Figure  4 C, 
BPLP-MNPs showed signifi cantly higher uptake by LNCaP 
cells (PSMA  +   and less metastatic) than WBPLP-MNPs. While 
in the case of PC3 cells (PSMA  −   and highly metastatic), [  35  ]  
WBPLP-MNPs were uptaken signifi cantly higher than BPLP-
MNPs (Figure  4 B). On the other hand, in a control experi-
ment, relatively low and equal amounts of WBPLP-MNPs and 
BPLP-MNPs were uptaken by healthy HDFs (Figure  4 D). The 
results of nanoparticle uptake by PC3 cells were reconfi rmed 
by TEM analysis. It was clearly shown (Figure  4 E and  4 F) that 
WBPLP-MNPs (hydrophilic) were present in the cytoplasm of 
PC3 cells in a greater number ( ∼ 35 vs.  ∼ 15) than BPLP-MNPs 
(hydrophobic). The number of nanoparticles in the cytoplasm 
was calculated by visual observation on at least 20 cells. Insets 
in Figure  4 E and  4 F show magnifi ed images of the presence of 
nanoparticles in the cytoplasm. The difference in the nanopar-
ticle uptake by two different cancer cell lines may be due to the 
effects of hydrophilicity levels of polymers and different meta-
bolic mechanisms of different cells. It can also be attributed to 
the different cell surface antigens on different cells and their 
interactions with biomaterials. Hydrophobic BPLP-MNPs have 
been uptaken more by PSMA  +   cells (LNCaP) while hydrophilic 
WBPLP-MNPs by highly metastatic cells (PC3), [  35  ]  making 
both types of nanoparticles relatively specifi c for a particular 
prostate cancer cell line. Thus, by varying and balancing the 
hydrophilicity/hydrophobicity of monomers in BPLP syntheses, 
4 © 2012 WILEY-VCH Verlagwileyonlinelibrary.com
www.MaterialsViews.com

suitable DICT-NPs can potentially be made for targeting pros-
tate cancer cells at different stages of cancer, especially meta-
static versus non-metastatic stages. Few groups have reported 
the effects of hydrophilicity levels of biomaterials on cellular 
uptake. For an instance, Nam et al. [  36  ]  observed an enhanced 
distribution of hydrophobically modifi ed glycol chitosan nano-
particles in HeLa cells compared to hydrophilic glycol chitosan 
nanoparticles. Moreover, Sunshine et al. [  37  ]  found that polymers 
containing hydrophobic backbone promoted transfection of 
COS-7 cells compared to that of hydrophilic backbone. On the 
contrary, Gaumet et al. [  38  ]  observed more hydrophilic chitosan-
coated PLGA nanoparticles in cells compared to PLGA nano-
particles. These observations reveal that the intracellular fate 
of nanoparticles is not only dependent on hydrophilicity levels 
of a polymer, but also on many factors including cell type, cell 
surface antigens, charge on the biomaterial, chemical function-
ality of polymers, [  39  ]  and so on. The detailed studies on cellular 
uptake by various prostate cancer cell lines will be our future 
focus. 

 In summary, we successfully synthesized and character-
ized fully biodegradable DICT-NPs with magnetic targeting 
and dual-imaging (optical imaging and MRI) capabilities in a 
single setting without using exogenous fl uorescent organic 
dyes or quantum dots. DICT-NPs eliminate long-term toxicity 
concerns and bypass the size limitations for in vivo clearance in 
the traditional nanoparticle designs. We demonstrated that the 
magnetic properties of MNPs were preserved after WBPLP and 
BPLP conjugation. Dual-imaging studies revealed that DICT-
NPs were capable of both optical and MR imaging. Moreover, 
these nanoparticles exhibited interesting cancer cell selectivity 
for cellular uptake. Our future work includes detailed studies 
on understanding the cellular selectivity of WBPLP-MNPs and 
BPLP-MNPs.  

 Experimental Section 
  Material and Cell Culture : Materials were purchased from Sigma-

Aldrich (St. Louis, MO), if not specifi ed, and used without further 
purifi cation. HDFs (Invitrogen, CA) up to passage 10 were cultured 
in DMEM supplemented with fetal bovine serum (FBS 10%, Atlanta 
Biologicals, GA) and penicillin-streptomycin (PS 1%, Invitrogen). 
Prostate cancer cell lines, PC3 and LNCaP (ATCC, VA) were cultured in 
RPMI (Invitrogen) supplemented with FBS and PS. 

  Synthesis of Nanoparticles : The surface of iron oxide 
nanoparticles (MNPs, Meliorum Tech, NY) was functionalized with 
3-aminopropyltrimethoxysilane (APTMS, template for synthesizing 
WBPLP-MNPs) or vinyltrimethoxysilane (VTMS, template for 
synthesizing BPLP-MNPs) as described elsewhere [  12  ]  (see Supporting 
Information for details). WBPLP and BPLP were synthesized using 
PEG or 1-8 octane diol, citric acid, and amino acids such as L-cysteine 
and serene following our previously developed protocols. [  6  ]  Further, 
WBPLP was conjugated on the surface of MNPs using carbodiimide 
chemistry. [  13  ]  In brief, two separate solutions of WBPLP (250 mg) and 
APTMS-functionalized MNPs (20 mg) were prepared in MES buffer 
(pH 5.6). EDC and NHS (1:1) were added to the polymer solution to 
activate the carboxyl groups on the WBPLP and the reaction was stirred 
for one hour. The APTMS-functionalized MNPs were then added to this 
solution and sonicated for fi ve minutes at 40 W. The surfactant sodium 
dodecyl sulfate (SDS, 14 mg) was added to the reaction and sonicated 
for another two minutes. Finally, the particle suspension was allowed to 
react while stirring for six hours. The WBPLP-MNPs were then washed 
 GmbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2012, 1, 450–456
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multiple times with DI water and collected using an external magnet. To 
synthesize BPLP-MNPs, single emulsion method was followed by which 
VTMS-functionalized MNPs were physically entrapped in BPLP shell. 
Briefl y, VTMS-functionalized MNPs (10 mg) and BPLP (125 mg) were 
dispersed in 1,4-dioxane (2.5 ml) to form oil phase. An aqueous solution 
of SDS (16 mg ml  − 1 ) was prepared to form water phase. Oil phase was 
then added drop-wise to water phase, and the solution was emulsifi ed by 
sonicating for fi ve minutes at 40 W. The BPLP-MNPs were then washed 
multiple times with DI water and collected using an external magnet. 

  Material Characterization : The size of the DICT-NPs was determined 
using TEM (JEOL 1200 EX Electron Microscope). A hydrodynamic 
mean diameter, polydispersity index, and surface charge of the 
nanoparticles were obtained using zeta potential analyzer with a DLS 
detector (ZetaPALS, Brookhaven Instruments, NY). Further, chemical 
characterization of the nanoparticles was performed using EDS 
(S-3000N, VP-SEM, Hitachi) and FTIR spectroscope (Nicolet-6700, 
Thermo Fisher Scientifi c). To study the degradation of the polymer shell, 
nanoparticles were suspended in DI water. At each time point, dry weight 
of nanoparticles was recorded. After the measurement, nanoparticles 
were resuspended in DI water for the next time point. A relative 
percentage of dry weights of the nanoparticles at all the time points were 
calculated with respect to the initial dry weight of the nanoparticles. 
Further, the amount of iron in the nanoparticles was determined by iron 
content assays, as described elsewhere [  17  ]  (see Supporting Information 
for details). Moreover, a superconducting quantum interference device 
(SQUID, Quantum Design, CA) was used to evaluate the magnetic 
properties such as saturation magnetization, remanence, and coercivity 
of the nanoparticles. [  12  ]  The nanoparticles were trapped in epoxy 
gel (Loctite Corp, CT) and allowed to dry for fi ve minutes. The dried 
samples were then mounted in transparent drinking straw and magnetic 
hysteresis loops were obtained. 

  Dual-imaging Experiments : Agarose platforms were prepared for 
MRI by dissolving agarose (1% w/v) in DI water. Two types of samples 
were prepared by dispersing DICT-NPs only and DICT-NPs uptaken 
by PC3 cells at different concentrations in agarose phantoms. The 
control samples were prepared by dispersing bare MNPs, BPLP 
nanoparticles (without MNPs), and PC3 cells only in agarose phantoms. 
In brief, to prepare cell based phantoms, PC3 cells were incubated with 
nanoparticles (300  μ g ml  − 1 ) for two hours. The cells were then washed 
with PBS and trypsinized to get a cell pellet. The PC3 cells labeled with 
nanoparticles were added to the agarose solution to get the desired 
concentrations. MR images and their signal intensities were obtained 
as previously described [  13  ]  (see Supporting Information for details). 
Further, the fl uorescence of the nanoparticles from the polymer coating 
on the MNPs was observed under an enhanced optical fl uorescent 
microscope (Cytoviva, Olympus, PA). Moreover, the fl uorescence from 
the nanoparticles was also observed in UV light and compared against 
white light. 

  In Vitro Cell Studies : The cytotoxic effects of nanoparticles were 
tested on HDFs survival. Nanoparticles were sterilized in UV light for 
30 minutes, suspended in cell medium, and then incubated with the cells 
for 6, 24, 48, and 72 hours. Cells exposed to nanoparticle free medium 
served as control. Cell survival was then determined using colorimetric 
MTS assays (CellTiter 96® AQ ueous  One Solution Cell Proliferation Assay, 
Promega, WI) following the manufacturer’s instructions. Further, to 
determine the cellular uptake of nanoparticles, PC3 and LNCaP cells were 
seeded at a density of 10,000 cells/well in 48-well plates and allowed to 
attach and grow for 24 hours. Nanoparticles were sterilized, suspended 
in cell medium, and incubated with the cells for a predetermined period. 
Cells were washed thoroughly with PBS to wash away nanoparticles that 
are not engulfed by the cells. Cells were then lysed with 1% Triton in 
PBS. To determine the amount of iron (Fe) uptake, iron content assay 
was performed as described earlier. A part of the cell lysate was tested 
for the DNA content using a Picogreen DNA Assay (Invitrogen, CA) 
following the manufacturer’s instructions, and this data was used to 
normalize the iron content. Cellular uptake of nanoparticles by PC3 
cells was also visualized by TEM. Specimen for TEM were prepared as 
described elsewhere [  36  ]  (see Supporting Information for details). 
© 2012 WILEY-VCH Verlag GAdv. Healthcare Mater. 2012, 1, 450–456
  Statistical Analysis : Results were analyzed using ANOVA with post hoc 
comparisons and t tests with  P   <  0.05. The sample size was four for all 
the studies except SQUID and MRI. The results are presented as mean 
 ±  standard deviation.   
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Surface Modification of MNPs with APTMS or VTMS: MNPs (10 nm diameter) were 

dispersed in a mixture of water and ethanol (1:99) (Fisher, NJ) by sonication at 50 W. Acetic 

acid (3 ml, EM Science, NJ) was added after 10 minutes and sonication was continued for 

another 10 minutes. APTMS or VTMS (0.49 ml) was then added, and the reaction was stirred 

vigorously for 24 hours at room temperature. The surface modified MNPs were washed thrice 

with the mixture of water and ethanol (1:99). 

 

Iron Assay: Standard concentrations of bare MNPs (to generate standard curve) and samples 

of polymer-coated MNPs were incubated in hydrochloric acid (30% v/v, EMD Chemicals Inc, 

NJ) at 55°C for two hours on an orbital shaker. Ammonium per-sulfate (50 µg) was then 

added and shaking was continued for 15 minutes, followed by the addition of potassium 

thiocyanate (50 µl, 0.1 M) and 15 additional minutes of shaking. The samples were then read 

for absorption at 520 nm using UV-Vis spectrophotometer (Tecan Ltd, NC). 

 

MRI Parameters: MR images were obtained using a Varian unity INOVA 4.7T 40 cm 

horizontal MR system equipped with actively shielded gradients (Varian, CA) (205 mm with 

22 G cm-1). The sample was put into a 35 mm volume radiofrequency coil. Multislice T2-
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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. The MR 

images were then analyzed in Matlab (Mathworks Inc., Natick, MA) and percentage drops in 

the MR signal intensities of the T2-weighted images of samples, compared to that of control, 

were calculated. 

 

Specimen Preparation for TEM of Cellular Uptake of Nanoparticles: Procedure of cellular 

uptake of nanoparticles was followed till the incubation of nanoparticles with cell. Later, 

media containing nanoparticles was removed and cells were washed with PBS. Cells were 

fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer and then cells were removed with 

a scraper. The cells were gently centrifuged to form a pellet which was then resuspended in a 

fresh fixative for a minimum of 60 minutes. Cells were gently pelleted, resuspended in 0.1 M 

cacodylate buffer, again pelleted, and enrobed in low-melt agarose. The cell pellets were then 

placed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 60 minutes at room 

temperature. Following water washes, the cell pellets were placed in 2% aqueous uranyl 

acetate overnight at 4°C. Cells were dehydrated through a graded series of ethanols and a 

transitional fluid, propylene oxide. Cell pellets were then placed in a 2:1 mixture of propylene 

oxide:EMbed-812 epoxy resin on a rotator at room temperature for 1 hour. Then, the cell 

pellets were placed in 1:2 mixture of propylene oxide:EMbed-812 while rotating overnight. 

Cells were changed into fresh EMbed-812 at least twice during day with rotation. Finally, the 

cells were embedded, using fresh EMbed-812, in labeled embedding molds and polymerized 

in a 70°C oven overnight. 
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Table S1. Physical and surface properties of DICT-NPs 
 
Sample Nanoparticle Diameter [nm] Polydispersity Index Zeta Potential [mV] 
MNPs 10a) 

18b) 
17b) 

238c), 236d), 113e) 
235c), 229d), 107e) 

0.30c) 
0.28c) 
0.26c) 

0.21c), 0.22d), 0.19e) 
0.15c), 0.25d), 0.14e) 

 -5.13c) 
-21.00c) 
-21.23c) 

-25.85c), -16.19d)  
-31.32c), -12.09d) 

Silane-MNPs 
Amine-MNPs 
WBPLP-MNPs 
BPLP-MNPs 

a)Size provided by the supplier, b)Size obtained from TEM analysis (images not shown), 
c)Measurements in DI water, d)Measurements in cell culture media containing 10% serum, and 
e)Measurements after filtering nanoparticles via 0.2 micron filters 
 
 
Table S2. Iron content and magnetic characterization of DICT-NPs 
 

Sample Iron Content 
[%] 

Saturation Magnetization 
[emu/g or Ms] 

Remanence 
[M r/Ms] 

Coercivity 
[Oe or Hc] 

MNPs 100 57.88 6.73 65.23 
WBPLP-MNPs 75 51.42 5.14 50.59 
BPLP-MNPs 80 52.04 5.77 59.72 
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Figure S1. EDS spectrum of (A) WBPLP-MNPs and (B) BPLP-MNPs showing peaks 
associated to major elements like Fe, O, and C. 
 
 

 
Figure S2. Stability of nanoparticles. Hydrodynamic diameters and polydispersity indices, 
measured over a period of nine days in cell culture media containing 10% serum, show 
WBPLP-MNPs and BPLP-MNPs were stable and did not formed aggregates. 
 




