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Viral Nanoparticles
 Intravital Imaging of Human Prostate Cancer Using Viral 
Nanoparticles Targeted to Gastrin-Releasing Peptide 
Receptors 

  Nicole F.   Steinmetz  ,     Amber L.   Ablack  ,     Jennifer L.   Hickey  ,     Jailal   Ablack  ,    
 Bhavik   Manocha  ,     Joe S.   Mymryk  ,     Leonard G.   Luyt  ,     and   John D.   Lewis   *   

 Multivalent nanoparticles have several key advantages in terms of solubility, binding 
avidity, and uptake, making them particularly well suited to molecular imaging 
applications. Herein is reported the stepwise synthesis and characterization of NIR 
viral nanoparticles targeted to gastrin-releasing peptide receptors that are over-
expressed in human prostate cancers. The pan-bombesin analogue, [ β -Ala11, Phe13, 
Nle14]bombesin-(7–14), is conjugated to cowpea mosaic virus particles functionalized 
with an NIR dye (Alexa Fluor 647) and polyethylene glycol (PEG) using the 
copper(I)-catalyzed azide-alkyne cycloaddition reaction. Targeting and uptake in 
human PC-3 prostate cells is demonstrated in vitro. Tumor homing is observed using 
human prostate tumor xenografts on the chicken chorioallantoic membrane model 
using intravital imaging. Further development of this viral nanoparticle platform may 
open the door to potential clinical noninvasive molecular imaging strategies. 
  1. Introduction 

 Prostate cancer is the most common malignancy among 

men, accounting for 10% of all cancer-related deaths in 2008. [  1  ]  

Conventional imaging, which includes computed tomography 

(CT), Magnetic Resonance Imaging (MRI), and ultrasound, 

is currently used to detect organ-confi ned or metastatic dis-

ease for staging and determining prognosis. However, there 

is substantial room for improvement in the specifi city and 
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sensitivity of imaging for detecting small primary lesions and 

for identifying minimal, metastatic disease. [  2  ]  

 Nanoparticles are well suited for molecular imaging 

approaches because they can simultaneously display targeting 

ligands, imaging moieties, and other functional groups. [  3  ]  Mul-

tivalency in terms of imaging moiety promotes high sensi-

tivity for in-vivo detection of rare targets. [  4  ]  Multivalency in 

terms of the targeting ligand ensures specifi city and a high 

affi nity for the desired target. [  5  ]  Viral nanoparticles (VNPs) 
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have recently gained attention because they are naturally 

occurring bio-nanomaterials that have several advantages 

over man-made synthetic nanoparticles such as dendrimers, 

quantum dots, or liposomes: i) VNPs are composed of degra-

dable biomaterials, ii) VNPs derived from bacteriophages 

and plant viruses are considered safe from a human health 

perspective, iii) their structures are known to atomic reso-

lution, allowing for ligand attachment with a high degree of 

structural control, and iv) particles can be predictably modi-

fi ed using chemical bioconjugation and genetic engineering, 

giving signifi cant fl exibility in their construction. 

 We have previously demonstrated that VNPs based on 

the cowpea mosaic virus (CPMV) can be used for long-term 

intravital imaging of vascular endothelium in embryos and 

tumors, [  6  ]  and have described an approach that allows tun-

able densities of targeting ligand, detection moieties, and 

polyethylene glycol (PEG) to be incorporated into a single 

VNP. [  4  ]  In this previous work, targeting ligands were conju-

gated directly to the VNP surface and adjacent to the PEG 

chains, which can result in partial ligand shielding, dependent 

upon the density and length of the PEG chains. [  4  ,  7  ]  Here, we 

sought to both improve the display of targeting ligands on the 

surface of CPMV VNPs, and to establish a methodology that 

would result in more stable nanoparticles when hydrophobic 

targeting ligands were used. 

 In this work, we report the stepwise synthesis and char-

acterization of NIR viral nanoparticles targeted to gastrin-

releasing peptide (GRP) receptors via the targeting peptide 

bombesin. Receptors for GRP are over-expressed in a variety 

of human tumors, including prostate cancer, and our previous 

work has shown that bombesin-functionalized iron oxide nan-

oparticles are specifi cally taken up by prostate cancer cells in 

vitro. [  8  ]  A novel VNP synthesis strategy is employed whereby 

the bombesin peptide ligands are attached at the outer ends 

of the PEG chains, distal to the VNP surface. Furthermore, 

we use copper(I)-catalyzed azide-alkyne cycloaddition for 

both PEG and ligand attachment, in order to establish a 

complementary methodology to previous approaches, and to 

maximize the conjugation effi ciency of hydrophobic ligands 

such as bombesin. Alkynes are introduced onto the VNP sur-

face to serve as a ligation handle for azide-containing PEG–

bombesin (targeted) or PEG (nontargeted) constituents. 

The resulting multifunctional VNPs display bombesin pep-

tides, polyethylene glycol, and the NIR dye Alexa Fluor 647 

(AF647). The PEG chains are introduced for two reasons: 

i) to reduce the immunogenicity of the particles, [  9  ]  ii) to 

reduce nondesired cell interactions in vitro and in vivo, [  6  ,  7  ]  

and iii) to enhance plasma circulation time. [  10  ]  We found also 

that linking the PEG chains to the targeting peptide increases 

the solubility of the peptide complex, resulting in an enhance-

ment of bioconjugation effi ciency. 

 Bombesin is a 14 amino acid peptide originally isolated 

from the skin of the fi re-bellied frog,  Bombina bombina . [  11  ]  

Radiolabelled analogues of bombesin specifi cally target cell-

surface GRP receptors. [  12–14  ]  Four receptor subtypes have 

been identifi ed to date; GRP-R, NMB-R, BRS-3, and BB4-R. 

A very potent universal pan-bombesin ligand with a struc-

ture of [ d -Tyr6,   β  -Ala11, Phe13, Nle14]bombesin-(6–14) [  15  ]  

has been shown to bind to all four GRP receptor subtypes 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 12, 1664–1672
with high affi nity. To design a bombesin peptide suitable for 

attachment to CPMV, we removed the  d -Tyr in position six 

( Figure    1  A), which has been shown to have no signifi cant 

effect on binding interactions with GRP receptors. [  16  ,  17  ]  The 

peptide was designed for attachment using its  N -terminus, 

as radiolabelled bombesin conjugates containing extensive 

modifi cations to the  N -terminus still retain a high affi nity for 

their desired receptors. [  14  ,  18–20  ]  The [  β  -Ala11, Phe13, Nle14]

bombesin-(7–14) peptide was further modifi ed to include a 

second   β  -alanine extension in position six, followed by a PEG 

linker, to ensure that the active region of the ligand would 

be situated away from the virus particle. An  N -terminal azide 

substituent was installed to allow for incorporation onto the 

VNPs through a copper-catalyzed azide–alkyne cycloaddition 

(click) reaction.  

 The ability of these NIR PEGylated VNPs displaying 

bombesin targeting ligands to specifi cally bind to human pros-

tate cancer cells expressing the GRP receptor was assessed. 

The tumor-homing effi ciency of these VNPs was then evalu-

ated by intravital imaging in a xenograft chicken chorioallan-

toic membrane model of human prostate cancer. 

   2. Results 

  2.1. Synthesis and Characterization of GRP Receptor-Targeted 
Viral Nanoparticles 

 To covalently decorate CPMV with AF647, PEG, and the 

targeting ligands (azide-activated PEG–bombesin), a com-

bination of standard lysine (Lys) coupling procedures using 

 N -hydroxysuccinimide (NHS)-activated esters and click chem-

istry was used. Functionalities were installed on addressable Lys 

side chains on the solvent-exposed exterior surface of the viral 

capsid (Figure  1 C). [  21  ]  Dye-labeled CPMV–PEG and CPMV–

PEG–bombesin were synthesized in three steps as outlined in 

Figure  1 B. First, fl uorescent dyes were attached using an NHS 

ester of AF647 in a limited stoichiometry to ensure only partial 

coverage. We then installed NHS–alkyne ( N -(4-pentynoyloxy)

succinimide) on the remaining Lys side chains to provide a 

ligation handle for the click reaction that allows coupling of 

the azide-activated PEG–bombesin or PEG (third step). Click 

reactions were carried out using an optimized protocol. [  22  ]  

 Samples from each conjugation step were purifi ed and 

characterized fi rst by native gel electrophoresis and size-

exclusion chromatography. Both methods confi rmed that the 

particles remained intact upon chemical modifi cation and 

native gels indicated that dyes, PEG, and PEG–bombesin 

were indeed covalently attached ( Figure    2  A,B). The mobility 

of CPMV in the native gels is infl uenced by various factors 

including charge and hydrodynamic radius. [  23  ]  The attachment 

of small chemical modifi ers such as AF647 and alkyne to Lys 

side chains leads to an increased mobility of the VNPs in the 

matrix gel (Figure  2 A). AF647-labeled samples were visible 

under white light, further confi rming the presence of the dye.  

 Quantitation of dyes per CPMV was carried out using 

UV–visible spectroscopy and the specifi c extinction coef-

fi cient for the AF647. It was found that, after a reaction 
1665H & Co. KGaA, Weinheim www.small-journal.com
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    Figure  1 .     Targeted viral nanoparticle synthesis strategy. A) Chemical structure of modifi ed [  β  -Ala11, Phe13, Nle14]bombesin-(7–14) peptide with 
a second   β  -alanine extension in position six followed by a PEG linker. B) Dye-labeled CPMV–PEG and CPMV–PEG–bombesin were synthesized in 
three steps; i) fl uorescent dyes were attached using NHS–AF647 with partial coverage; ii) ( N -(4-pentynoyloxy)succinimide) was reacted with the 
remaining Lys side chains; iii) coupling of azide-activated PEG–bombesin or PEG alone by copper(I)-catalyzed azide-alkyne cycloaddition. Sod. Asc. 
is sodium ascorbate (5 m M ). C) Molecular model of CPMV nanoparticle with Lys sidechains highlighted in red. Image created with RasMol using 
oligomer coordinates generated by the VIPER website [  38  ]  from protein data bank fi le 1NY7.  
time of 4–5 h, around 50–60 labels were displayed per VNP. 

A coumarin assay was used to quantify the number of free 

alkynes. [  24  ]  A nonfl uorescent 3-azidocoumarin was utilized 

and added to CPMV–AF647–alkyne, CPMV–AF647–PEG–

bombesin, and CPMV–AF647–PEG under click conditions. 

Coupling leads to the formation of a fl uorescent triazolylcou-

marin, which can be followed at 475 nm. Based on an internal 

standard (propargyl alcohol at a known concentration) the 

number of free alkynes was quantifi ed and it was found that 

around 80–95 alkynes were attached to CPMV–AF647. No 

free alkynes could be detected in the fi nal products (CPMV–

AF647–PEG–bombesin and CPMV–AF647–PEG), indicating 

that all free alkynes were utilized in the reaction and hence 

80–95 PEG–bombesin and PEG molecules, respectively, were 

displayed per VNP formulation. 
6 www.small-journal.com © 2011 Wiley-VCH Verlag G
 Size-exclusion chromatography (Figure  2 B) was used to 

confi rm the integrity of CPMV–PEG–bombesin and CPMV–

PEG. Both the elution time and the ratio of the absorbance 

peak at 260 nm (derived from the encapsidated RNA mol-

ecules) to the absorbance peak at 280 nm (derived from the 

protein coat) were in good agreement with data typically 

obtained for intact CPMV particles: intact CPMV elutes at 

25.4 min with A260:280  =  1.8 (not shown). The absorbance 

peak at 650 nm (derived from the AF647 dye) co-elutes 

with the 260 and 280 nm peaks, confi rming that the dyes 

were stable and covalently attached. The diameter of the 

conjugated CPMV particles, as measured by dynamic light 

scattering (Figure  2 C), was slightly larger than that typically 

obtained for intact CPMV particles (29–30 nm), [  25  ]  which 

would explain their reduced mobility in the native gel. [  7  ]  
mbH & Co. KGaA, Weinheim small 2011, 7, No. 12, 1664–1672
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    Figure  2 .     Characterization of CPMV particles displaying fl uorescent 
dyes, PEG, and peptides. A) Native gel electrophoresis of intact CPMV 
particles (15  μ g, added loading dye) using a 1.2% (w/v) agarose gel 
in 1 ×  Tris/Borate/EDTA buffer (TBE) buffer. Dye-labeled particles were 
visualized as blue bands in the gel under white light (top panel), native 
and modifi ed CPMV samples were also visualized after Coomassie 
staining (lower panel). Lanes are; 1  =  CPMV, 2  =  CPMV–AF647, 3  =  
CPMV–AF647–alkyne, 4  =  CPMV–AF647–PEG–bombesin, 5  =  CPMV–
AF647–PEG. B) Size-exclusion chromatography of CPMV–AF647–
PEG–bombesin and CPMV–AF647–PEG using a Sepharose6 column. 
Shown is the absorbance versus elution time. CPMV was followed at 
an absorbance of 260 nm to detect the encapsidated RNA (black line) 
and at 280 nm detecting the protein coat (grey line), and at 650 nm to 
detect the attached AlexaFluor647 moieties (blue line). Inset: Elution 
time ( t  in min) as well as the absorbance ration of 260/280 nm is 
given. C) Particle sizes were measured by dynamic light scattering. Data 
(table inset) represents mean  ±  the standard deviation (s.d.) of three 
independent runs per sample. Graph represents a single run of each, 
CPMV–PEG and CPMV–PEG–bombesin. D) TEM images of negative-
stained CPMV conjugates. Scale bar  =  60 nm.  
Transmission electron microscopy (TEM) further confi rmed 

the integrity of CPMV–PEG–bombesin and CPMV–PEG 

nanoparticles (Figure  2 D). 

   2.2. Uptake of CPMV–PEG–bombesin in Human Prostate 
Cancer Cells In Vitro 

 To evaluate the ability of VNPs to specifi cally target GRP 

receptor-expressing cells, we treated human PC-3 prostate 

cancer cells with CPMV–PEG–bombesin and CPMV–PEG 

and visualized their binding and uptake by confocal micro-

scopy. To allow us to visualize these cells using fl uorescence 

microscopy in vitro and in vivo, we created a PC-3 cell line 

that stably expresses GFP in the cytoplasm. Human PC-3 

cells express approximately 47600 GRP receptors per cell, [  26  ]  

and they are a well-established model for GRPR targeting 

and biological studies. [  27  ,  28  ]  CPMV–PEG did not bind PC-3 

tumor cells at an appreciable level ( Figure    3  A, top panels), 

while CPMV–PEG–bombesin showed signifi cant binding and 

uptake (Figure  3 A, middle panels). To confi rm the specifi -

city of the observed binding, we performed a receptor block 

experiment where a 10-fold excess of unlabeled bombesin 

peptide was incubated with the cells for 10 min prior to 

incubation with CPMV–PEG–bombesin. This resulted in 

a dramatic decrease in binding and uptake of the AF647-

labeled CPMV–PEG–bombesin (Figure  3 A, bottom panels), 

establishing that uptake is due to the specifi c interaction of 

CPMV–PEG–bombesin with GRP receptors.  

 To further confi rm the uptake and specifi city of GRP 

receptor-targeted VNPs, human PC-3 prostate cancer cells 

were treated with CPMV–PEG–bombesin and CPMV–

PEG and uptake was quantitated by fl ow cytometry (Figure 

 3 B,C). The binding and uptake of CPMV–PEG–bombesin 

by PC-3 cells was signifi cantly higher (P  <  0.05) than that 

of CPMV–PEG. When the receptors were blocked with a 

10-fold excess of unlabeled bombesin peptide, a statistically 

signifi cant decrease (P  <  0.01) in binding and uptake was 

observed, reducing uptake to the level of CPMV–PEG alone. 

The level of nonspecifi c uptake of CPMV–PEG was higher 

than expected based on previous studies using this density 

and length of PEG, [  7  ]  and may be the result of incomplete 

shielding of the native binding sites on the surface of the 

CPMV capsid. [  10  ]  

   2.3. Intravital Imaging of CPMV–PEG–Bombesin Uptake in 
Prostate Tumors 

 To determine whether GRP receptor-targeted VNPs would 

localize to tumors in vivo, we utilized a previously estab-

lished model for visualizing angiogenesis, [  6  ]  tumor growth, 

and metastasis [  29  ]  using noninvasive intravital fl uorescence 

imaging. GFP-positive human PC-3 cells were implanted into 

the chorioallantoic membrane of the shell-less avian embryo 

and allowed them to grow into well-vascularized tumors aver-

aging 5 mm in diameter. Using a specialized avian embryo 

incubator and spinning-disk confocal microscopy, the tumor 

was visualized via green fl uorescent protein (GFP, 488 nm 
1667H & Co. KGaA, Weinheim www.small-journal.com
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    Figure  3 .     Uptake of CPMV conjugates in human prostate cancer cells. A) Fluorescence confocal microscopy images of the uptake of CPMV–AF647 
conjugates (red) into PC-3 GFP human prostate cancer cells (green). Nucleus is labeled with 4′,6-diamidino-2-phenylindol (DAPI, blue). Scale bar  =  
15  μ m. B) Histogram of AF647 fl uorescence using fl ow cytometry of PC-3 tumor cells incubated with CPMV conjugates. C) Quantifi cation of uptake 
of CPMV conjugates into PC-3 cells using fl ow cytometry. Mean percentage of AF647 positive cells  ±  standard error of the mean (SEM) is shown 
for each treatment. Single live cells were gated and at least 10 000 events were collected. CPMV–PEG–bombesin is taken up more effi ciently than 
CPMV–PEG (P  <  0.05), and this is effectively blocked by an excess of free unlabeled peptide (P  <  0.001).  
solid-state laser excitation, emission fi lter HQ535/50m) and 

the NIR channel to monitor AF647 (642 nm solid-state laser 

excitation, emission fi lter HQ700/50m). The main advantage 

of utilizing NIR fl uorescent dyes such as AF647 is their excep-

tional tissue penetration and low tissue autofl uorescence. 

Indeed, when the tumors were imaged prior to injection of 

the viral nanoparticles, no background signal was seen in the 

NIR channel ( Figure    4  A, leftmost panel). Upon intravenous 

injection of 50  μ g of CPMV–PEG–bombesin, a rapid initial 

uptake at the tumor site and the surrounding vasculature was 

observed during the fi rst hour (Supporting Information (SI), 

Figure 2). During the next hour, the signal in the surrounding 

vasculature returned to background levels while the tumor 

signal was retained (Figure  4 A). Over a period of 6 h, a gradual 

accumulation of nanoparticles was observed within the tumor 

(Figure  4 A). The distribution of signal within the tumor was 

not uniform, with a concentration of signal at the center of 

the tumor. When 50  μ g of CPMV–PEG nanoparticles was 

injected in a tumor-bearing avian embryo, a rapid increase in 

fl uorescence both in the tumor and in the surrounding vascu-

lature was also observed. In contrast to the targeted VNPs, the 

CPMV–PEG signal was rapidly washed out of the tumor and 

fl uorescence remained low throughout the remainder of the 

experiment (Figure  4 B and SI, Figure 3).  

 A statistically signifi cant difference in prostate tumor 

uptake between targeted and control VNPs was observed 

at 2 h post-injection and thereafter (P  <  0.001) (Figure  4 C). 

This was further supported by the analysis of tumor sections 
www.small-journal.com © 2011 Wiley-VCH Verlag G
from CPMV–PEG and CPMV–PEG–bombesin treated ani-

mals (Figure  4 D). Detection of VNPs using an anti-CPMV 

antibody demonstrates that bombesin-functionalized VNPs 

localized throughout the tumor tissue, while very little of the 

nontargeted CPMV was observed in the tumor. These data 

suggest that bombesin-functionalized CPMV nanoparticles 

would be suitable for targeted molecular imaging of GRP 

receptor over-expressing prostate tumors. 

    3. Discussion 

  3.1. Considerations for In-Vivo Molecular Imaging 
with Nanoparticles 

 A key challenge in the development of ‘smart’ molec-

ular targeted tools for biomedical imaging is the capacity to 

selectively attach and display multiple functionalities on the 

nanoparticle platform. Here we have chosen the well-char-

acterized plant virus CPMV. CPMV nanoparticles have been 

utilized for a wide range of applications spanning the fi elds 

of materials to medicine and the chemistry of the particles 

is well understood. [  30  ]  To facilitate the decoration of CPMV 

virions with imaging and targeting molecules, a combination 

of standard NHS-coupling and click chemistry cycloadditions 

was used. CPMV displays 300 addressable Lys side chains 

on its exterior solvent-exposed surface, [  21  ]  which can all be 

utilized under forcing conditions (i.e., with a high excess of 
mbH & Co. KGaA, Weinheim small 2011, 7, No. 12, 1664–1672
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    Figure  4 .     Intravital imaging of viral nanoparticle uptake in prostate 
tumors in vivo. A) Intravital fluorescence confocal imaging of 
PC-3 prostate tumor (green channel) showing uptake of AF647-
labeled CPMV–PEG–bombesin (heat map) over time. Images are 
representative of n  =  10 experiments. Colors correspond to tumor/
stroma ratio (see key). Scale bar  =  3 mm. B) Intravital imaging of PC-3 
prostate tumor (green channel) showing uptake of AF647-labeled 
CPMV–PEG (heat map) over time. Images are representative of n  =  
10 experiments. Colors correspond to tumor/stroma ratio (see key). 
Scale bar  =  3 mm. C) Quantitation of tumor uptake of CPMV conjugates 
over time, n  =  10 experiments per group. Values expressed as mean 
tumor/stroma ratio, using GFP channel to delineate tumor. Uptake 
of CPMV–PEG–bombesin is significantly higher than CPMV PEG at 
2 h and beyond (P  <  0.0001). D) Accumulation of CPMV conjugates 
in tumor tissue as assessed by fluorescence immunohistochemistry 
of frozen sections. Grayscale and color merged images are provided 
with PC-3 GFP cells (green) and CPMV–AF647 conjugates (red). Scale 
bar  =  75  μ m.  
coupling reagents, pH  >  8.0, and long incubation times). In 

this study, NIR AF647 fl uorescent dyes were attached using 

NHS coupling. To facilitate partial labeling, a reduced con-

centration of dye was used and the reaction was stopped 

before completion after 4–5 h, which yielded particles dis-

playing 50–60 dyes. This allows for exceptional sensitivity for 

in-vivo intravital imaging, while the incomplete labeling per-

mits the additional modifi cation of the VNPs by utilizing free 

Lys side chains. 

 NHS-based chemistries are slow due to hydrolysis of the 

NHS ester in aqueous buffer solutions; however, it is a useful 

strategy for attaching small chemical modifi ers such as fl uo-

rescent dyes. When attaching higher-molecular-weight mol-

ecules such as proteins or PEG and PEG–peptide conjugates, 

click reactions have been found to be more feasible [  22  ,  31  ]  due 

to their reduced requirement for reagent excess and shorter 

incubation times with higher loadings. 

 To achieve coupling of PEG–bombesin and PEG conju-

gates to CPMV, we fi rst installed alkynes on Lys side chains 

which function as a ligation handle to allow coupling using 

the click cycloaddition. An average of 85–90 alkynes were 

installed, which means we functionalized 45–50% of the 

CPMV’s available Lys side chains. We determined that 100% 

of the attached alkynes were utilized in the click reaction, 

which yielded particles displaying 85–90 PEG–bombesin lig-

ands and PEG chains, respectively. We elected to install the 

targeting ligand via a PEG linker for two reasons. First, the 

bombesin peptide is a hydrophobic molecule and prelimi-

nary studies showed that direct attachment of this peptide 

to CPMV without a linker, as in our previously reported 

targeting study, [  4  ]  leads to instability and aggregation of the 

VNPs. This necessitated that all formulations had to be used 

freshly prepared, so our goal for this study was to design a 

stable particle formulation that would be better optimized 

for potential downstream applications. We hypothesized that 

by including a hydrophilic PEG linker into the hydrophobic 

bombesin peptide, we would achieve higher solubility and 

thus improved nanoparticle stability. Indeed, we found that 

CPMV–PEG–bombesin particles were stable and aggregation 

was not observed, as confi rmed by native gel electrophoresis, 

size-exclusion chromatography, dynamic light scattering and 

TEM (Figure  2 ). 

 Although CPMV is a plant pathogen, it will bind and 

be internalized by endothelial cells in vivo. [  6  ]  Interaction of 

CPMV with the mammalian vasculature is mediated pri-

marily via a cell-surface form of the intermediate fi lament 

vimentin. [  32  ,  33  ]  Therefore, to achieve effi cient targeting, 

it is necessary to shield these natural interactions using 

hydrophilic polymers such as PEG. Previous studies have 

shown that PEGylation is an effective strategy to minimize 

these undesired interactions. [  6  ,  7  ,  34  ]  The shielding effi ciency is 

highly dependent on the surface coverage achieved. [  7  ,  34  ]  Based 

on our previous studies, decoration of CPMV with greater 

than 80 PEG500 molecules [  4  ]  or greater than 60 PEG2000 

molecules [  7  ]  is suffi cient to allow effective shielding. In this 

study we found that when 80–95 PEG500 chains per VNP 

were attached, there was still a detectable level of nonspecifi c 

binding of the VNPs to PC-3 cells (Figure  3 ). Despite this, 

bombesin conferred an additional specifi c binding which was 
1669H & Co. KGaA, Weinheim www.small-journal.com
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blocked in the presence of excess unlabelled peptide. Impor-

tantly, our in-vivo experiments indicate that this nonspecifi c 

binding did not signifi cantly impact the tumor targeting con-

ferred by the bombesin peptides (Figure  4 ). 

 Our intravital imaging studies using the chicken cho-

rioallantoic membrane (CAM) tumor model showed that 

bombesin-targeted nanoparticles accumulate in human PC-3 

tumors, and we were able to visualize and quantify the uptake 

of VNPs in the tumor in real time. We found that in contrast 

to the CPMV–PEG nanoparticles, CPMV–PEG–bombesin 

nanoparticles accumulated and were retained at signifi cantly 

higher levels in tumors over extended periods of time, dis-

playing relatively uniform uptake throughout the tumor. A 

low level of CPMV–PEG uptake at the core of tumors in vivo 

was also observed. This slow accumulation of nanoparticles 

in the center of the tumor in both targeted and nontargeted 

nanoparticles (Figure  4 ) is likely due to the enhanced perme-

ation and retention (EPR) effect, which is a well-documented 

mechanism of passive tumor targeting by nanoparticles and 

liposomes. [  35  ,  36  ]  The EPR effect is the result of increased 

vascular permeability and ineffi cient lymphatic drainage in 

tumors, which allows suffi ciently small particles to cross the 

endothelial fenestrations and accumulate in the tumor paren-

chyma. [  35  ]  We have previously shown that while CPMV nan-

oparticles do not extravasate in healthy blood vessels, they 

will extravasate in tumors. [  4  ]  Indeed, we surmise that effi -

cient targeting and retention of CPMV–PEG–bombesin in 

PC-3 tumors is dependent upon extravasation into the tumor 

stroma via the EPR effect. 

    4. Conclusion 

 These studies demonstrate that CPMV–PEG–bombesin is 

a promising molecular imaging agent. Our observations that 

VNPs accumulate in very small tumors (5 mm) in the CAM 

model support the notion that the EPR effect occurs in small 

tumors and metastatic lesions, and that it can be exploited to 

achieve effi cient tumor targeting with nanoparticles. For visu-

alization, the NIR fl uorescent dye AF647 was used due to its 

tissue penetration characteristics and low tissue autofl uores-

cence in this wavelength range. Despite the favorable char-

acteristics of NIR fl uorescent agents, their utility for whole 

body imaging is limited. For the future application of CPMV-

based VNPs for noninvasive molecular imaging, it will be 

necessary to incorporate alternative imaging moieties such as 

radioactive isotopes and MRI contrast agents, and evaluate 

their behavior in xenograft mouse models. Our data indicate 

that VNPs targeted to GRP receptors may be useful for the 

detection and visualization of human prostate cancer. 

   5. Experimental Section 

  Propagation of CPMV : Propagation and purifi cation of CPMV was 
performed by standard procedures. [  37  ]  The concentration of purifi ed 
virions was determined photometrically at a wavelength of 260 nm 
using the molar extinction coeffi cient of  ε   =  8.1 mL mg  − 1  cm  − 1 . 

  Bombesin Peptide Synthesis : The fully-protected resin-bound 
peptide was synthesized via standard Fmoc solid-phase peptide 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
chemistry using an APEX 396 automated peptide synthesizer. 
Fmoc (9-fl uorenylmethoxycarbonyl)-protected rink amide 4-meth-
ylbenzhydrylamine (MBHA) resin (loading 0.47 meq g  − 1 ) was uti-
lized as the solid support. All  N- Fmoc amino acids were employed, 
with a 550 MW N 3 -(PEG) 7 -COOH spacer used to install the azide 
functionality at the  N -terminus of the peptide. Fmoc removal was 
achieved by treatment with 20% piperidine in dimethylformamide 
(DMF) for 5 and 20 min with consecutive DMF and tetrahydrofuran 
(THF) washes after each treatment. For each Fmoc amino acid cou-
pling, resin was treated twice with 3 eq. of Fmoc amino acids, 3 eq. 
of HBTU (2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 
hexafl uorophosphate) and 6 eq. of DIPEA ( N,N -diisopropylethyl-
amine) in 2 mL of DMF for 30 min–2 h. The resin was washed con-
secutively with DMF and THF following each coupling. A fi nal Fmoc 
deprotection was performed manually, followed by a single cou-
pling of the azide-(PEG) 7 -acid consisting of 3 eq. of azide, 3 eq. of 
HBTU and 6 eq. of DIPEA in 4 mL of DMF for 2 h. 

 Once the linear sequence was complete, the peptide was depro-
tected and cleaved from the resin by treatment with trifl uoroacetic 
acid (TFA) containing water (5% v/v), phenol (5% m/v) and triisopro-
pylsilane (2% v/v) as scavengers for 4 h. The resin was fi ltered and 
rinsed with a small amount of TFA. The resultant peptide was then pre-
cipitated 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. Purifi cation was carried out by prepara-
tive high-performance liquid chromatography (HPLC, linear gradient 
of 25–70% solvent A in B) with the purity of the isolated white fl uffy 
peptide determined to be 99% by analytical HPLC. Yield: 28.5 mg 
(10%). MS (ESI): m/z calcd 1578.79, found 1579.36 [M + H]  +  . 

 Analytical HPLC was performed using a Grace Vydac Protein/
Peptide RP-C18 column 4.6 mm  ×  250 mm, 5  μ m (SI, Figure 1). 
Preparative HPLC was performed using a Grace Vydac Protein/Pep-
tide RP-C18 column 22.0 mm  ×  250 mm, 10  μ m. A gradient system 
was used consisting of: CH 3 CN  +  0.1% of TFA (solvent A) and H 2 O 
 +  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 Multifunctional CPMV Conjugates : This is a three-
step procedure: First, AF647 imaging molecules were covalently 
attached to solvent exposed Lys residues on CPMV using  N- hydroxy-
succinimide esters (Invitrogen, Carlsbad, CA). Second, an alkyne 
was introduced to remaining Lys side chains using  N -(4-Pentynoy-
loxy) succinimide. Third, PEG and PEG–bombesin targeting ligands 
were attached using click chemistry. 

 Step 1: AF647 succinimidyl ester was dissolved in dimethyl 
sulfoxide (DMSO), the labels were used in a molar excess of 1000 
to CPMV (2–3 mg mL  − 1 ), the reaction was carried out for 4–5 h 
at room temperature in the dark in a phosphate buffered saline 
(PBS):DMSO mixture of 9:1. Samples were purifi ed by ultrapel-
leting (Beckman 50.2 Ti rotor, 42 000 rpm, 3 h, 4  ° C). CPMV was 
resuspended in PBS. 

 Step 2:  N -(4-pentynoyloxy) succinimide (provided by Vu Hong, 
The Scripps Research Institute, TSRI) was added in a molar excess 
of 2000:1 per CPMV nanoparticle. Reaction conditions were as 
described above, after overnight reaction samples were purifi ed by 
ultrapelleting and resuspended in PBS and stored at 4  ° C. 
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 Step 3: Covalent attachment of PEG and PEG–bombesin was 
achieved using optimized click chemistry protocols. [  22  ]  To a buff-
ered solution of CPMV–A647-alkyne (0.4  μ  M  fi nal concentration) 
azide–PEG–bombesin and azide–PEG–bombesin (150  μ  M ) in 
DMSO, respectively, was added in a molar excess of 625:1 per 
CPMV. For coupling the following reagents were added: amino 
guanidine (AMG, 5 m M ), CuSO 4 :TBTA-OH in a molar ratio of 1:5 
(500  μ  M  CuSO 4 , 2.5 m M  TBTA-OH), and sodium ascorbate (Sod Asc) 
(5 m M ). The ligand TBTA-OH (trishydroxypropyl triazole) was pro-
vided by Vu Hong (TSRI). The reaction mixture was incubated at 
room temperature for 60 min on a shaker prior to purifi cation by 
ultrapelleting (as described above). Samples were resuspended in 
PBS and stored at 4 ° C. 

  Native and Denaturing Protein Gel Electrophoresis of CPMV 
Nanoparticle Conjugates : 20  μ g of CPMV, CPMV–A647, CPMV–
A647–alkyne, CPMV–A647–PEG, and CPMV–A647–PEG–
bombesin, in PBS (in loading dye, MBI Fermentas) were analyzed 
on 1.2% (w/v) agarose gels in 1  ×  TBE buffer, running buffer was 
0.5  ×  TBE. Protein subunits were analyzed on denaturing 4–12% 
NuPage gels (Invitrogen) using 1 × MOPS buffer. 20  μ g of each VNP 
formulation in PBS (added LDS loading buffer; Invitrogen) were 
analyzed. After completion of the electrophoretic separation the 
particles and protein subunits were stained using Coomassie Blue. 
Photographs of the gels were taken using FluorChemSP imaging 
system. 

  Size-Exclusion Chromatography of Native and Modifi ed CPMV 
Nanoparticles : CPMV, CPMV–A647, CPMV–A647-alkyne, CPMV–
A647–PEG, and CPMV–A647–PEG–bombesin were analyzed on a 
Sepharose6 size-exclusion column using the AKTA Explorer. 40  μ g 
in 500  μ L 0.1  M  potassium phosphate buffer pH 7.0 were analyzed 
at a fl ow rate of 0.5 mg mL  − 1 . 

  Quantifi cation of A647 Labels Per CPMV Particle Using UV–
Visible Spectroscopy : Dyes were quantifi ed using UV–visible spec-
troscopy and the specifi c extinction coeffi cient for the A647 dyes 
( ε   =  23 700 M  − 1  cm  − 1 ). UV–visible data were recorded using a 
Beckman Coulter DU 800 spectrophotometer. 

  Quantifi cation of Alkynes and Number of Attached Peptides 
Per CPMV Using a Coumarin Assay : The fl uorescence assay used 
to quantify the number of free alkynes per CPMV was adopted 
from a previously reported method. [  24  ]  In brief, nonfl uorescent 
3-azidocoumarin was added to CPMV–A647–alkyne, CPMV–
A647–PEG, and CPMV–A647–PEG–bombesin under ‘click’ con-
ditions as described above. Coupling of the nonfl uorescent 
3-azidocoumarin to an alkyne leads to the formation of a fl uores-
cent triazolylcoumarin which can be followed at 475 nm. Prop-
argyl alcohol at a known concentration was used as an internal 
standard allowing quantifi cation of free alkynes. The fl uores-
cence assay was performed using a Varioskan Flash Fluorescence 
Reader (Thermo Electron Corporation) and reagents were pro-
vided by Vu Hong (TSRI). 

  Dynamic Light Scattering : Particle size was measured by 
dynamic light scattering (90PLUS, Brookhaven Instruments, NY). 
Samples were diluted in 10 m M  potassium chloride to a fi nal 
concentration of 0.01–0.02 mg mL  − 1 , and measured for at least 
10 min, 1 min per run. Data represents the mean  ±  s.d of 3 inde-
pendent runs per sample. 

  TEM : A total of 2 uL of 0.4 mg mL  − 1  of bombesin–CPMV or 
PEG–CPMV in PBS were added to copper coated grids. An equal 
volume of 2% uranyl acetate was added for negative staining for 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 12, 1664–1672
1 min at room temperature. The grids were dried and imaged using 
a Philips EM 410 electron microscope. 

  Uptake of CPMV Conjugates in PC-3 Cells : To generate a PC-3 
cell line ubiquitously expressing GFP, cultured cells were infected 
with pLXSN-GFP (Clontech) and selected by neomycin selection 
without clonal propagation. Selected cells were passed in vivo to 
maintain a tumorigenic phenotype. PC-3 cells were grown in F-12 
medium (Invitrogen) supplemented with 10% fetal bovine serum 
and 1% penstrep at 37  ° C in 5% CO 2 . Cells were seeded at a con-
centration of 3.5  ×  10 5  cells mL  − 1  in a 12-well dish containing 
sterile 18 mm glass coverslips and grown for 24 h. Cells were then 
incubated with 1  μ g of different virus preparations for 2 h at 37 ° C 
in 5% CO 2 . Blocking experiments were performed by adding 100X 
unlabeled bombesin peptide with 1  μ g of bombesin–PEG–AF647-
conjugated CPMV and incubated for 2 h at 37  ° C in 5% CO 2 . Cells 
were then washed fi ve times on a rocker to remove unbound virus. 
Cells were then fi xed with 2% formaldehyde in PBS for 15 min. 
Cells were washed two times, and mounted on slides with Pro-
long Gold containing DAPI (Invitrogen) and imaged using confocal 
microscopy (Quorum WAVE spinning disk). PC-3 cells were seeded 
in a 6-well dish at 5  ×  10 5  cells mL  − 1  and grown 24 h. One micro-
gram of each virus preparation was added to 1 mL of F-12 medium 
with supplements mentioned above to live cells and incubated 
at 37  ° C in 5% CO 2  for 2 h. After four washes with PBS, cells were 
trypsinized. Cells were then washed two times with PBS containing 
5% fetal bovine serum. The samples were then measured with a 
FACScalibur instrument (BD) and the data was analyzed using 
FlowJo 7.5.2 software (Tree Star Inc., Ashland, OR). Single live cells 
were gated and at least 10 000 events were collected. 

  Intravital Imaging of Human Prostate Tumors in the Avian 
Embryo : Tumors were generated by microinjecting 50 000 tumor 
cells as a bolus below the CAM surface in 10 day embryos and 
allowed to grow for 7 days. Embryos (n  =  10 per group) were then 
injected with 50  μ g of CPMV conjugate and placed within the 
microscope embryo incubator. GFP (488 nm solid-state laser exci-
tation, emission fi lter HQ535/50m) and NIR (642 nm solid-state 
laser excitation, emission fi lter HQ700/50m) channels were visual-
ized by intravital spinning-disk confocal microscopy, using a spe-
cialized instrument (Quorum Technologies, Guelph, ON, Canada) 
comprised of an upright Zeiss AxioExaminer Z1, LUDL fi lter wheels 
and large format motorized stage, a Yokogawa spinning disk head 
and a Hamamatsu 9100–12 ImageEM CCD camera, controlled by 
Volocity (Improvision, UK). A Z-stack of images of the tumor and 
the surrounding vasculature was captured and fl attened into a 
single image. Image stacks were collected and analyzed using the 
software packages OpenLab and Volocity (Improvision, Inc). 

  Analysis of Frozen Sections : 6 h after injection, tumors were 
excised from the embryo, washed in PBS, and placed in a prefi x 
solution (10% sucrose and 3.7% formalin in PBS) at 4  ° C over-
night to preserve the tumor GFP signal. Next, tumors were washed 
in PBS and frozen in OCT (Tissue Tek) on dry ice. Frozen sections 
(8  μ m) were prepared (Leica CM 3050 S cryostat) on histobond 
glass slides. Samples were then blocked using 10% goat serum 
in PBS for 1 h. Rabbit anti-CPMV antibody was added in 5% goat 
serum (2 h, room temperature) and washed (PBS, 4 times). Goat 
anti-rabbit IgG AlexaFluor 555 antibody (Invitrogen) was added 
in 5% goat serum (1 h) and mounted in Prolong Gold (Invitrogen) 
mounting media. Sections were imaged using confocal microscopy 
(Quorum WAVE spinning disk) with a 20 ×  objective. 
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