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Abstract

The imaging of molecular markers associated with disease offers the possibility for earlier 

detection and improved treatment monitoring. Receptors for gastrin-releasing peptide are 

overexpressed on prostate cancer cells offering a promising imaging target, and analogs of 

bombesin, an amphibian tetradecapeptide have been previously demonstrated to target these 

receptors. Therefore, the pan-bombesin analog [β-Ala11, Phe13, Nle14]bombesin-(7–14) was 

conjugated through a linker to dye-functionalized superparamagnetic iron oxide nanoparticles for 

the development of a new potential magnetic resonance imaging probe. The peptide was 

conjugated via click chemistry, demonstrating a complementary alternative methodology to 
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conventional peptide-nanoparticle conjugation strategies. The peptide-functionalized nanoparticles 

were then demonstrated to be selectively taken up by PC-3 prostate cancer cells relative to 

unfunctionalized nanoparticles and this uptake was inhibited by the presence of free peptide, 

confirming the specificity of the interaction. This study suggests that these nanoparticles have the 

potential to serve as magnetic resonance imaging probes for the detection of prostate cancer.

Keywords

Iron oxide; Nanoparticles; Bombesin; Prostate cancer; Magnetic resonance imaging; 
Nanomedicine

Introduction

Molecular imaging, the non-invasive visualization of cellular function and molecular 

processes, is emerging as a highly promising tool for detecting disease and improving 

treatments (Ametamey et al. 2008; Cai and Chen 2008; Weissleder and Pittet 2008; 

Willmann et al. 2008). Many different imaging modalities including magnetic resonance 

imaging (MRI), optical imaging, single photon emission computed tomography (SPECT), 

positron emission tomography (PET), and ultrasound are available, each with accompanying 

advantages and disadvantages. MRI has the advantages of high spatial resolution and 

excellent delineation of anatomical structure and does not involve high energy radiation 

(Basilion et al. 2005). While the sensitivity of MRI is lower than modalities such as SPECT 

and PET, traditionally requiring contrast agent concentrations in the high micromolar to 

millimolar range (Caravan et al. 1999), superparamagnetic iron oxide nanoparticles (SPIO) 

have emerged as useful probes in cellular and molecular imaging due to their high 

sensitivity, allowing them to be used at lower doses than paramagnetic probes based on Gd3+ 

(Jun et al. 2008; Laurent et al. 2008). In addition, polymer-coated nanoparticles provide 

ideal nanoscale scaffolds for the conjugation of multiple copies of targeting ligands, drugs, 

or contrast agents for other imaging modalities (Hosseinkhani and Hosseinkhani 2009). 

While optical imaging often suffers from a lack of penetration depth in vivo, it offers an 

ideal complement to MR in the initial screening of new probes (Weissleder and Pittet 2008).

Prostate cancer is the second most common form of cancer found in men in North America 

(American Cancer Society 2007). It is known to spread through metastasis and can progress 

without symptoms for many years, making diagnosis and treatment challenging. Currently, a 

common method for the detection of prostate cancer is a blood test known as the prostate 

specific antigen test. However, doubts have been raised about the accuracy and usefulness of 

this test (Nam et al. 2007). Another test is the digital rectal exam which measures the size 

and texture of the prostate gland manually (Chodak et al. 1989). Any irregularities found 

would be further examined using biopsy. While relatively effective, this is a highly invasive 

procedure, which only allows for 85% of the prostate to be examined. MRI is a promising 

and less invasive way to diagnose prostate cancer. For example, T2 (Heijmink et al. 2007; 

Ikonen et al. 2001; Kirkham et al. 2006), and diffusion (Ikonen et al. 2001; Tanimoto et al. 

2007) weighted sequences have been investigated. Other developments have involved the use 

of magnetic resonance spectroscopy (Huzjan et al. 2005; Zapotoczna et al. 2007) or dynamic 
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contrast enhanced MRI using Gd3+ agents that access tumors due to their enhanced vascular 

permeability (Alonzi et al. 2007; Padhani et al. 2000). However, there are only a few recent 

examples of MRI contrast agents targeted specifically to prostate cancer cells. Antibodies 

(Serada et al. 2007) and aptamers (Wang et al. 2008) targeting the prostate-specific 

membrane antigen expressed on prostate cancer cells have been conjugated to SPIO, 

facilitating selective binding and uptake. Selective imaging of prostate cancer cells in vivo 

was also recently achieved by the conjugation of SPIO to peptides targeting hepsin, a 

prostate cancer biomarker (Kelly et al. 2008).

Gastrin-releasing peptide (GRP) and its receptors are clearly linked to cancer, with over-

expression of the receptors found in many cancer types and especially prostate cancer (Patel 

et al. 2006; Sun et al. 2000). Radionuclide probes based on bombesin, an amphibian 

tetradecapeptide, have been reported to specifically target GRP overexpressing tumors 

(Hoffman et al. 2003; Van de Wiele et al. 2000). Four different receptor sub-types were 

discovered for the GRP family of peptides: GRP-R, neuromedin-B receptor (NMB-R), 

BRS-3, and BB4-R. A very potent ligand for all four bombesin receptor sub-types was 

previously reported, with a structure of [D-Tyr6, β-Ala11, Phe13, Nle14]bombesin-(6–14) 

(Mantey et al. 1997; Pradhan et al. 1998; Reubi et al. 2002).

Described here is the synthesis of an alkyne derivatized bombesin peptide and its 

conjugation to azide-functionalized SPIO, with the aim of developing for the first time, a 

bombesin-targeted MR probe for the selective imaging of prostate cancer cells. Prior to this 

work, there was only one previous report of bombesin-functionalized SPIO, but the agent 

was developed for targeting normal pancreatic cells in order to visualize pancreatic ductal 

adenocarcinoma in an inverse imaging strategy (Montet et al. 2006). Its uptake by prostate 

cancer cells was not investigated. In addition, in contrast to the previous report, the 

bombesin derivative used in this work contains unnatural amino acid substitutions aimed at 

enhancing its resistance to proteases, while the alkyne allows for a facile click reaction to be 

carried out without the use of protecting groups or activation steps to conjugate the peptide 

to the nanoparticles. A fluorescent rhodamine derivative was also conjugated to the 

nanoparticles to provide an optical probe to facilitate the in vitro evaluation described here. 

The selective uptake of these bombesin-functionalized nanoparticles relative to control 

nanoparticles in PC-3 prostate cancer cells is demonstrated in vitro.

Experimental procedures

General procedures and materials

All chemicals were purchased from commercial sources and used without further 

purification unless otherwise noted. Dialysis was performed using a 25 kDa molecular 

weight cut-off (MWCO) Spectra/Por regenerated cellulose membrane. Ultrafiltration was 

carried out using a 300 kDa MWCO membrane of polyethersulfone purchased from 

Amicon. Infrared spectra were obtained as KBr pellets. Transmission electron microscopy 

(TEM) was carried out using a carbon formvar grid and a Phillips CM10 microscope 

operating at 80 kV with a 40 μm aperture. Dynamic light scattering (DLS) was performed at 

a concentration of 1 mg of iron/mL in water using a Malvern Zetasizer Nano-S instrument. 

Analytical HPLC was performed using a Grace Vydac Protein/Peptide RP-C18 column 4.6 
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× 250 mm, 5 μm. Preparative HPLC was performed using a Grace Vydac Protein/Peptide 

RP-C18 column 22.0 × 250 mm, 10 μm. A gradient system was used consisting of: CH3CN 

+ 0.1% of TFA (solvent A) and H2O + 0.1% of TFA (solvent B) and the absorbance was 

detected at wavelengths of 220 and 254 nm. The Electrospray Ionization mass spectrum was 

obtained using a Micromass Quatro Micro LCT mass spectrometer.

Synthesis of peptide 1

Fully protected resin-bound peptides were synthesized via standard Fmoc solid phase 

peptide chemistry using both manual peptide synthesis methods and an APEX 396 

automated peptide synthesizer. Fmoc protected rink amide MBHA resin (loading 0.47 

meq/g) was utilized as the solid support. All N-Fmoc amino acids were employed, with 

propargylacetic acid used to install the alkyne functionality at the N-terminus of the peptide. 

Fmoc removal was achieved by treatment with 20% piperidine in DMF for 5 and 20 min 

with consecutive DMF and CH2Cl2 washes after each treatment. For each Fmoc amino acid 

coupling, the resin was treated twice with 3 eq. of Fmoc amino acids, 3 eq. of HBTU and 6 

eq. of DIPEA in 2 mL of DMF for 30 min to 2 h. The resin was washed consecutively with 

DMF, CH2Cl2, and THF following each coupling. When coupling the propargylacetic acid, 

the resin was treated twice as above followed by a third coupling consisting of 5 eq. of 

alkyne, 5 eq. of HBTU, and 10 eq. of DIPEA in 5 mL of DMF for 16 h.

Once the linear sequence was complete, the peptide was deprotected and cleaved from the 

resin by treatment with TFA containing water (5% v/v), phenol (5% m/v) and 

triisopropylsilane (TIS) (2% v/v) as scavengers for 4 h. The resin was filtered and rinsed 

with a small amount of TFA. The resulting peptide was then precipitated from the TFA 

solution using tert-butyl methyl ether (TBME), and collected after centrifugation and 

decantation. The peptide was then rinsed with TBME and centrifugation and decantation 

was repeated. The resulting solid was redissolved in water and lyophilized to obtain the 

crude peptide. Purification was carried out by preparative HPLC (linear gradient of 20–80% 

solvent A in B) with the purity of the isolated white fluffy peptide 1 determined to be 98.7% 

by analytical HPLC. Yield: 23.5 mg (12%). MS (ESI): m/z calcd 1121.59, found 1121.35 

[M+H]+.

Synthesis of peptide-functionalized nanoparticle 4

Nanoparticle 2 was prepared as previously reported (Martin et al. 2008; Molday and 

MacKenzie 1982; Pittet et al. 2006), having 1.0 μmol of azide/mg of iron and 0.1 μmol of 

rhodamine 3/mg of iron. To a solution of these nanoparticles in water (1 mg of Fe in 1.0 mL 

of water, 1.0 μmol azide) was added peptide 1 (2.3 mg, 2.0 μmol, 2.0 equiv. per azide) 

dissolved in DMF (0.5 mL), followed by sodium ascorbate (2.0 mg, 10 μmol) and CuSO4 

(1.0 mg, 3.7 μmol). The reaction mixture was stirred overnight and was then dialyzed 

against 10 mM ethylenediaminetetraacetic acid (EDTA), followed by pure water to yield the 

functionalized nanoparticle 4. The sample was then concentrated using ultrafiltration to an 

iron concentration of 0.5 mg/mL.
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Quantification of functionalization yield

The iron concentrations of solutions of nanoparticles 2 and 4 were determined by 

degradation of the nanoparticles with hydrochloric acid and hydrogen peroxide, followed by 

measurement of their absorbance at 344 nm and comparison against a calibration curve 

(Pittet et al. 2006). Solutions containing the same quantity of iron for each sample were 

lyophilized, then converted to KBr pellets using the same quantities of KBr. Infrared (IR) 

spectra were obtained from 500–4000 cm−1, and the integrations of the peaks at 2,090 cm−1 

corresponding to the azide stretch were compared, providing an approximate reaction yield 

of 83%. The peak at 845 cm−1 on the nanoparticle can also be used as an internal standard, 

as the peptide exhibits no absorbance in this range, providing an approximate reaction yield 

of 80%. Subjection of the nanoparticles to the reaction conditions in the absence of the 

alkyne did not lead to any reduction in the peak at 2,090 cm−1.

Cell uptake experiment

Human prostate cancer PC-3 cells (ATCC, Manassas, VA), cultured in F-12 media 

(Invitrogen, Carlsbad, CA), were transfected with a PCDNA3.1neoR-GFP vector and 

stabilized under selection in media containing G418 (Invitrogen, Carlsbad, CA) to express 

GFP throughout the cytoplasm. Approximately 10,000 PC-3-GFP cells were plated in a 12-

well tissue culture plate containing circular glass cover slips. After incubation overnight, 20 

μg each of nanoparticle 2 (control) or nanoparticle 4 (experimental) was added to the culture 

media and incubated for 2 h at 37 °C. For the blocking experiment, a ten-fold excess of 

peptide 1 (15 μM final concentration) was added to the culture media and incubated at 37 °C 

for 30 min prior to the addition of 20 μg of nanoparticle 4. Cells were then washed with 

media (3×), fixed with ice-cold 4% paraformaldehyde in PBS for 10 min, washed with PBS 

(3x), and mounted using Prolong Gold mounting medium containing DAPI (Invitrogen). The 

cells were photographed using a 63× immersion lens and a Hamamatsu EM-CCD camera 

under a Zeiss AxioImager Z1 microscope.

Results and discussion

Peptide synthesis

The peptide analog [D-Tyr6, β-Ala11, Phe13, Nle14]bombesin-(6–14) is a universal 

bombesin ligand, which has been shown to bind to all four GRP receptor sub-types with 

high affinity (Mantey et al. 1997; Pradhan et al. 1998; Van de Wiele et al. 2000). The GRP 

family of receptors are known to be over-expressed in a variety of human tumors, including 

prostate cancer, making the pan-bombesin peptide a potentially important targeting entity for 

both cancer diagnosis and treatment (Patel et al. 2006; Sun et al. 2000). To date, the only 

reported bombesin-functionalized iron oxide nanoparticles were synthesized by Montet et al. 

to target normal pancreatic cells via an inverse imaging strategy (Montet et al. 2006). They 

utilized an unmodified bombesin peptide composed entirely of natural α-amino acids; 

however, the universal pan-bombesin ligand has an advantage over natural bombesin as it 

incorporates unnatural amino acids such as D-Tyr and a β-alanine spacer, both allowing for 

greater protease resistance.
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Previously, the truncated bombesin-(7–14) sequence was proven to be sufficient for binding 

interactions with the GRP receptor (Broccardo et al. 1975; Girard et al. 1984). In fact, there 

have been various radiolabeled bombesin conjugates containing extensive modifications to 

the N-terminus, which still retain high affinity for the desired receptors (Baidoo et al. 1998; 

La Bella et al. 2002; Smith et al. 2003; Van de Wiele et al. 2001). Consequently, most 

labeled bombesin analogs are simply modifications of this bombesin-(7–14) sequence 

(Baidoo et al. 1998; La Bella et al. 2002; Smith et al. 2003; Van de Wiele et al. 2001; Van de 

Wiele et al. 2000). In this case, modification of the bombesin-(7–14) peptide was carried out 

to include a second β-alanine extension in position six, replacing the non-essential D-Tyr 

(Fig. 1). This was completed to ensure that the active region of the ligand is situated away 

from the nanoparticle core.

An N-terminal alkyne substituent has also been installed to allow for a highly 

chemoselective and functional group tolerant Cu(I) catalyzed “click” cycloaddition reaction 

with an azide on the SPIO surface to be carried out. This cycloaddition reaction can be 

carried out in aqueous conditions, and has been found to be very high yielding, even in the 

presence of significant steric hindrance (Kolb and Sharpless 2003; Lutz and Zarafshani 

2008). It has previously been demonstrated to be effective for conjugating molecules to the 

surface of SPIO (Martin et al. 2008; Sun et al. 2006; White et al. 2006), and is particularly 

promising for biomacromolecules such as peptides, as the alkyne functionality is orthogonal 

to all other functionalities occurring in natural amino acids. In contrast to traditional peptide 

conjugation strategies which involve functionalities such as thiols (Josephson et al. 1999; 

Montet et al. 2006) or carboxylic acids (Reynolds et al. 2005) on the peptide, it negates the 

requirement of introducing amino acids such as cysteine into the native peptide solely for 

conjugation and also overcomes selectivity problems that can be encountered when thiols, 

carboxylic acids, or amines are required in the peptide for activity.

The target pan-bombesin peptide 1 was synthesized using standard Fmoc solid phase peptide 

chemistry on an insoluble polystyrene Rink amide 4-methylbenzhydrylamine (MBHA) 

resin. Through standard coupling methods, propargylacetic acid was attached to the peptide 

to install the N-terminal alkyne. Typically, only two coupling reactions are required; 

however, as verified by HPLC, a third overnight coupling was necessary in order for the 

alkyne attachment to go to completion. The panbombesin peptide was then cleaved from the 

solid support and purified using preparative HPLC to give 23.5 mg (12% yield) of the 

desired alkyne product as a white fluffy powder.

Synthesis of functionalized nanoparticles

Dextran-coated superparamagnetic iron oxide nanoparticles 2 (Scheme 1) functionalized 

with azides (1 μmol/mg of iron) and the fluorescent rhodamine derivative 3 (0.1 μmol/mg of 

iron) were prepared as previously reported (Martin et al. 2008; Molday and MacKenzie 

1982; Pittet et al. 2006). The absorption maximum of 3 is 560 nm (supporting information), 

which is outside the tissue penetration window of 650–900 nm (Jobsis 1977), making this 

chromophore primarily useful for in vitro rather than in vivo studies. However, it is easy to 

synthesize and manipulate on a large scale, and can easily be substituted in future 

generations of the agent with a near IR dye such as Cy5.5. This would allow for in vivo 
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optical imaging. These nanoparticles had an overall hydrodynamic diameter of 15 nm with a 

small degree of aggregation, resulting in a polydispersity of 0.43 as determined by dynamic 

light scattering (Fig. 2a). The diameter of the iron oxide core was measured to be 5–10 nm 

by transmission electron microscopy (TEM) (Fig. 2b). The presence of the azides was 

verified by infrared (IR) spectroscopy using the distinctive azide stretch at 2,090 cm−1 (Fig. 

3a). It has been previously demonstrated that the conjugation of the azides to the 

nanoparticles in this range of loading occurs in high yields (Martin et al. 2008). The quantity 

of conjugated dye was measured by ultraviolet–visible (UV–vis) spectroscopy to be 0.092 

μmol/mg of iron. These nanoparticles were stable for several months at 2–4 °C.

Conjugation of the peptide 1 to nanoparticle 2 was carried out using standard “click” 

cycloaddition conditions consisting of 2.5 mM CuSO4 and 6.6 mM sodium ascorbate for 24 

h in water/DMF (2/1) (Scheme 1). The resulting nanoparticles were purified by dialysis 

against 10 mM ethylenediaminetetraacetic acid (EDTA), followed by water. The EDTA 

dialysis was found to be important for the removal of copper which is highly toxic to cells. 

Following the dialysis, a portion of the sample was lyophilized and analyzed by IR 

spectroscopy. As shown in Fig. 3b, a significant reduction in the intensity of the azide peak 

at 2,090 cm−1 was observed. However, unlike previous click conjugations carried out with 

alkyne-functionalized dendrons on iron oxide (Martin et al. 2008), a small peak remained, 

indicating that the reaction did not reach completion. A number of different reaction 

conditions such as varying solvents and the use of high pressure were investigated, but it was 

not possible to reach 100% yield.

Nevertheless, it was important to obtain an approximate quantification of the reaction yield 

in order to determine the loading of the peptide on the nanoparticles. This was done using 

semi-quantitative IR spectroscopy. Samples of nanoparticles 2 and 4, containing equal 

amounts of iron were lyophilized and each was combined with an equal amount of KBr to 

prepare a KBr pellet. By comparing the integration of the peak corresponding to the azide 

stretch prior to (Fig. 3a) and after (Fig. 3b) the conjugation reaction, it was determined that 

the reaction was approximately 83% complete. A comparison of the integration of the azide 

peak with the peak at 850 cm−1 where there is no contribution from the peptide (Fig. 3c), 

provided a very similar yield of 80%. As the initial loading of azides on the nanoparticles 

was very close to 1 μmol/mg of iron, the resulting loading of peptide 1 was approximately 

0.8 μmol/mg of iron. Based on a magnetite density of 5.15 g/cm3 and an average core 

diameter of 7 nm, this corresponds to approximately 300 peptide molecules per nanoparticle.

Binding and internalization assays

GRP receptors are over-expressed on a variety of human cancer cells including prostate, 

breast, lung, and pancreatic. The human prostate cancer cell line, PC-3, has been shown to 

express high levels of GRP receptors (Rogers et al. 2003), so this cell line was used to 

evaluate the specificity of our GRP receptor-targeted nanoparticles. Nanoparticles 2 and 4, 

incorporating the red fluorescent rhodamine dye, were incubated with GFP expressing PC-3 

cells and were evaluated by multi-channel fluorescence microscopy. Representative images 

are depicted in Fig. 4. To quantitate only the intracellular fluorescence, the expression of 

cytoplasmic GFP was used to constrain the area of measurement. After 2 h of incubation, 
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significant accumulation of fluorescence signal was observed in the cytoplasm of targeted 

PC-3 cells incubated with nanoparticle 4, nearly 300% than that seen with control 

nanoparticle 2. Five fields with a minimum of 10 fields per group were analysed, and the 

experiment was performed in triplicate. The difference was statistically significant 

(P<0.0001). High resolution confocal imaging suggested that internalized nanoparticles 

localized to the late endosomal/lysosomal compartment, as would be expected following 

receptor-mediated uptake (Serada et al. 2007). In addition, the nanoparticles co-localized 

with viral nanoparticles that have been previously demonstrated to localize to the late 

endosomal compartment (data not shown) (Lewis et al. 2006). Blocking the receptor binding 

sites with a ten-fold excess of free unlabeled peptide decreased the internalization of 

nanoparticle 4 to the level of the control nanoparticle 2. This demonstrates the specificity of 

the peptide-labeled nanoparticles for bombesin receptors expressed on PC-3 cells and further 

indicates that this imaging probe does in fact undergo internalization upon receptor binding.

While the zeta potentials of the nanoparticles was not explicitly measured, the surfaces of 

both nanoparticles 2 and 4 should to be cationic due to the amine-modified dextran coating 

(Pittet et al. 2006) and the neutral charge of the conjugated peptides. As cationic iron oxide 

nanoparticles have been found to be taken up by cells much more effectively than their 

anionic counterparts (Song et al. 2005; Montet et al. 2006), this may lead to some of the 

nonspecific uptake of nanoparticle 2 by the PC-3 cells. This suggests that even greater 

targeting specificity may be achieved by the conjugation of peptide 1 to neutral or anionic 

nanoparticles.

Conclusions

In conclusion, an alkyne-functionalized analog of bombesin was prepared and conjugated to 

dye-functionalized dextran-coated superparamagnetic iron oxide nanoparticles. Click 

cycloaddition conditions were used for the conjugation, and these conditions provided a 

complementary approach to traditional peptide conjugation conditions. The yield for this 

conjugation was found to be approximately 80%, which was determined by IR spectroscopy, 

providing the advantage that it was not necessary to functionalize the peptide with a dye 

molecule prior to its conjugation solely for quantification. Using the fluorescence of the dye 

molecules on the nanoparticles for confocal fluorescence microscopy experiments, it was 

found that nanoparticle 4 was selectively taken up by PC-3 cancer cells in vitro relative to 

unfunctionalized nanoparticle 2. Experiments performed in the presence of excess free 

peptide confirmed that the uptake was indeed due to the peptide. Thus, this nanoparticle 

system represents a potential new imaging probe, and demonstrates for the first time that 

bombesin is a highly promising targeting ligand for delivering not only small molecule 

radioisotopes but also nanoparticles into prostate cancer cells. Thus, these targeted 

nanoparticles may be useful for the diagnosis of prostate cancer and can also potentially 

serve as a platform for the delivery of drug molecules. Future work will involve an 

investigation of the effect of surface charge on cell uptake, the replacement of the 

fluorescent rhodamine with a near-IR dye, and a study of the biodistribution behavior in vivo 

using optical and MR imaging.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Chemical structure of an alkyne functionalized pan-bombesin peptide (1) for conjugation to 

SPIO
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Fig. 2. 
a Size distribution of nanoparticle 2 as determined by dynamic light scattering; b Iron oxide 

cores of nanoparticle 2 as visualized by transmission electron microscopy (scale bar = 20 

nm)
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Fig. 3. 
IR spectra of a nanoparticle 2 having a distinctive azide stretch at 2090 cm−1, b nanoparticle 

4 following conjugation of the peptide, showing near disappearance of the azide stretch at 

2090 cm−1 and c peptide 1
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Fig. 4. 
Binding and internalization of targeted nanoparticles to human prostate cancer cells. a, d, g 
Visualization of uptake of targeted and control nanoparticles using three-channel 

fluorescence imaging of adhered PC-3 cells with nuclei (blue), cytoplasm (green) and 

nanoparticles (red). b, e, h Two-channel fluorescence imaging of adhered PC-3 cells with 

nuclei (blue) and nanoparticles (red) using the same fields as a, d, g, c, f, i. High resolution 

confocal imaging of nanoparticle localization within PC-3 cells with nuclei (blue), 

cytoplasm (green) and nanoparticles (red). Also shown are XZ (top) and YZ (left) volume 

slices corresponding to dotted line. Scale bar is 13 μm. j Quantitation of binding and uptake 

of nanoparticles in prostate cancer cells. Using Volocity software (Improvision, UK), ROIs 

corresponding to the cancer cell bodies were selected automatically using green channel 

fluorescence (SD intensity filter). Mean fluorescence of each ROI was then calculated in the 

red channel corresponding to the nanoparticles using the 14 bit acquired data. Five fields 
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including a minimum of 10 cells each were analysed and represented in the bar graph as 

mean cellular fluorescence expressed as a percentage of maximum. Each analysis was 

performed in triplicate. Statistical significance was determined by one-way ANOVA 

(P<0.0001) (Color figure online)
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Scheme 1. 
Synthesis of functionalized nanoparticles
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