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 Specifi c Near-IR Absorption Imaging of Glioblastomas 
Using Integrin-Targeting Gold Nanorods 
 Molecular imaging using nanoprobes with high resolution and low toxicity is 
essential in early cancer detection. Here we introduce a new class of smart 
imaging probes employing PEGylated gold nanorods (GNRs) conjugated to 
cRGD for specifi c optical imaging of  α  v  β  3  integrins from glioblastoma. GNRs 
exhibiting an optical resonance peak in the near-infrared (NIR) region were 
synthesized using the seed-mediated growth method. CTAB (cetyl trimethyl-
ammonium bromide) bilayer on the GNRs was replaced with a biocompatible 
stabilizer, heterobifunctional polyethyleneglycol (COOH-PEG-SH). Further, 
the carboxylated GNRs (PGNRs; PEG-coated GNRs) were functionalized 
with cRGD using EDC-NHS chemistry to formulate cRGD-conjugated GNRs 
(cRGD-PGNRs) for  α  v  β  3  integrins. In order to assess the potential of the 
cRGD-PGNRs as a targeted imaging probe, we investigated their optical prop-
erties, biocompatibility, colloidal stability and in vitro/in vivo binding affi nities 
for cancer cells. Consequently, cRGD-PGNRs demonstrated excellent tumor 
targeting ability with no cytotoxicity, as well as suffi cient cellular uptake due 
to stable and prolonged blood circulation of cRGD-PGNRs. 
  1. Introduction 

 Molecular imaging based on different nanoplatforms has been 
widely studied due to the potential effects on the detection and 
staging of cancer. The early and specifi c detection of cancer is 
critical for identifying a cancer when it is most treatable, thus 
greatly improving the survival rate. Recently, optical cancer 
imaging has emerged as a complement to radionuclide imaging 
techniques such as PET (positron emission tomography) and 
SPECT (single photon emission computed tomography) due to 
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their convenience and non-invasiveness. 
In particular, the use of near-infrared (NIR) 
light (700 ∼ 1,000 nm) for optical imaging 
can penetrate several centimeters into 
tissue because hemoglobin and water, the 
primary absorbers of visible and infrared 
light, experience their lowest absorptions 
in the NIR region. [  1  ]  Thus NIR imaging 
offers a potentially non-invasive and real-
time characterization of diseased tissues 
using optical imaging probes including 
quantum dots and fl uorescent-dye-doped 
nanoparticles. Despite their widespread 
use, however, fl uorescent dyes are easily 
susceptible to photobleaching, [  2  ]  and 
quantum dots are diffi cult to functionalize 
in a controlled manner and are potentially 
toxic to cells, thus posing a concern for 
 in vitro  and  in vivo  applications. [  3  ]  One 
promising approach is the assessment 
of gold nanorods (GNRs) as a direct NIR 
absorption imaging probe, because their 
main absorption band is located in the NIR region due to lon-
gitudinal surface plasmon and because of their chemically inert 
behaviors under physiological conditions. [  4  ]  

 Glioblastoma multiform is a lethal intracranial cancer that 
exhibits a relentless malignant progression that is highly 
resistant to conventional combination therapies such as tra-
ditional radiation and chemotherapy agents. [  5,6  ]  Therefore, the 
early detection of glioblastoma is also very crucial for effective 
treatment. Herein, we demonstrate a new class of NIR absorp-
tion imaging probes using GNRs for the treatment of glioblas-
toma. To increase the signal-to-background ratio against the 
targeted cancer, we modifi ed the surfaces of the GNRs with 
cyclic RGD peptides (cRGD). Small peptides containing the 
Arg-Gly-Asp (RGD) amino acid sequence can specifi cally bind 
to  α  v  β  3  integrin, a cell adhesion molecule highly expressed 
on actively angiogenic endothelium and malignant glioma 
cell surfaces. [  7,8  ]  In particular, optimized cyclic RGD peptides 
interact with integrin receptor subtypes in a more selective 
manner with a higher affi nity than those of linear peptides. To 
assess the potential of the cRGD-conjugated PGNRs to serve 
as a smart NIR absorption image probe, we investigated the 
optical properties, chemical structure, biocompatibility, and 
binding affi nity for tumor cells as well as the  in vivo  enhanced 
imaging effi cacy. A conceptual scheme of the production of 
cRGD-conjugated GNRs is provided in  Scheme  1  .  
m Adv. Funct. Mater. 2011, 21, 1082–1088
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    Scheme  1 .     Schematic illustration of the synthesis of cRGD-conjugated PEGylated goldnanorods as imaging agent  
   2. Results and Discussion 

 We synthesized gold nanorods (GNRs) using a seed-mediated 
growth method for use as optical imaging agents for glioblas-
toma detection. To prepare the gold seed nanoparticles, HAuCl 4  
solution was mixed with an aqueous CTAB solution, resulting in 
the formation of orange CTA-AuBr 4   −   complexes. Subsequently, 
sodium borohydride was added as a strong reducing agent to 
form the gold nuclei from reduction of Au 3 +   ions. These ion 
nuclei agglomerated to form individual gold seed nanoparticles 
that were then coated with CTAB molecules due to electrostatic 
interactions between the positively-charged trimethylammo-
nium head group and the electron-dense Au atoms. The Ag 
ions in silver nitrate were then deposited onto the {110} sur-
faces of the gold seed nanoparticles. GNRs were observed on 
additional sides of the crystals such as the {100} surface and the 
{111} surface when using CTAB and ascorbic acid as reducing 
    Figure  1 .     a) TEM image of PGNRs and b) absorption spectrum of PGNRs solution (inset, 
stability test of PGNRs in aqueous phase).  
agents because the larger energy barrier from 
the Ag ion attachment causes much slower 
growth of gold on the {110} surface, leading 
to rod-shaped nanostructures. Elongated 
GNRs were therefore fabricated, and their 
morphologies were evaluated using TEM, 
which showed that the GNRs had an aspect 
ratio (length/width) of  ∼ 4.0 (Figure S1a, Sup-
porting Information). 

 To investigate the optical properties of the 
prepared GNRs, their absorption spectra were 
evaluated using an absorption spectrometer. 
Two main absorption bands were apparent: 
a transverse absorption band at 520 nm 
resulting from coherent electronic oscillation 
along the short axis, and a longitudinal band 
at 800 nm. The coherent electronic oscillation 
© 2011 WILEY-VCH Verlag Gm© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 1082–1088
along the long axis had an intensity that was 3.6 times higher 
than that of the transverse absorption band (Figure S1b, Sup-
porting Information). 

 After PEGylation of GNRs using SH-PEG-COOH, the gold-
thiol reaction was initiated by the oxidative addition of the 
S-H bond to the gold, followed by the reductive elimination 
of the hydrogen. Aspect ratios of 4.0 were determined for the 
PEGylated GNRs (PGNRs) using TEM; these GNRs therefore 
did not exhibit a morphological change  (  Figure  1   a) . Surface 
modifi cation of the GNR solutions with SH-PEG-COOH did 
not greatly affect the optical properties. The absorption spec-
trum of the PEGylated GNRs was similar to that of untreated 
GNRs, with a maximum absorption peak at 780 nm  (  Figure  1   b) . 
Compared to the unmodifi ed GNRs, there was a minor spec-
tral shift in the absorption band of the PGNRs, which could 
explain the absorption band results when the incident photon 
frequency is resonant with the collective oscillation of the 
bH & Co. KGaA, Weinheim 1083wileyonlinelibrary.combH & Co. KGaA, Weinheim 1083wileyonlinelibrary.com
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    Figure  3 .     Growth – inhibition assay of U87MG by WST-1 assay for cells 
treated with cRGD-PGNRs (4  μ g/mL).  
conduction band electrons. This is known as the surface 
plasmon resonance (SPR), and the resonance frequency of 
this SPR is strongly dependent upon the size, shape, dielectric 
properties, and local environment of the nanoparticle. [  9,10  ]  The 
absorption spectrum indicated that the GNRs, even after modi-
fi cation with SH-PEG-COOH, were able to maintain their struc-
tural and optical properties in the NIR region. This result sug-
gests that, when the NIR laser is exposed to a region in which 
PGNRs are specifi cally accumulated, NIR absorption imaging 
is available (Figure S2, Supporting Information). Then, the car-
boxylated PGNRs can be easily conjugated with cRGD as a tar-
geting moiety using EDC-NHS chemistry. Short peptides con-
taining the Arg-Gly-Asp (RGD) motif specifi cally bind to  α  v  β  3  
integrin, and malignant gliomas have been shown to express 
 α  v  β  3  in high density on their cell surfaces. Thus, cRGD-PGNR 
is a reliable marker of glioblastoma multiforme.  

 The surface functional groups of cRGD-PGPNs were evalu-
ated using  1 H-NMR spectrometry. A characteristic peak of PEG 
due to the ethylene glycol chain (-CH 2 CH 2 O-) was observed at 
3.6 ppm, and successful conjugation of cRGD onto the surface 
of PGNRs was verifi ed by the resonance of the phenyl protons 
of cRGD at 7.34 ppm  (  Figure  2   a, arrow) . In the FT-IR spec-
trum, moreover, there was a characteristic peak for the amide 
bond because the activated carboxylate in EDC reacts with an 
amine to give a stable amide linkage. These characteristic peaks 
were revealed at 1,680 cm  − 1  (C = O stretch), 3,300 cm  − 1  (–N–H 
stretch) and 1,640 cm  − 1  (–N–H bend)  (  Figure  2   b) . These data 
strongly demonstrate that the desired cRGD-PGNRs were suc-
cessfully synthesized.  

 We next used the WST-1 assay to determine the  in vitro  cyto-
toxicity of cRGD-PGNRs against U87MG cells in terms of the 
cellular proliferation effect. Cell viability was examined after 
incubation with various concentrations of cRGD-PGNRs for 
24 hours. As shown in  Figure  3  , the treated U87MG cells showed 
more than 85% cell viability at high cRGD-PGNR concentra-
tion, up to 4  ×  10  − 5   μ g Au/mL, indicating that cRGD-PGNRs 
are biocompatible even at high nanoparticle concentrations. [  11  ]   

 To evaluate the targeting ability of cRGD-PGNRs against  α  v  β  3  
integrins on the cells, the binding affi nities of cRGD-PGNRs 
and cRAD-PGNRs as a control were estimated that of against 
U87MG cells ( α  v  β  3  over-expressing cells) by measuring the Au 
wileyonlinelibrary.com © 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

    Figure  2 .     a)  1 H-NMR spectrum of i) cRGD, ii) PGNRs, and iii) cRGD-PGN
cRGD-PGNRs well seen in the aromatic range of the spectrum. (b) FT-IR sp
concentration using ICP-AES. cRGD-PGNRs bound to U87MG 
cells with an approximately ten-fold higher affi nity than that of 
cRAD-PGNRs  (  Figure  4   a) . This result demonstrated that cRGD-
PGNRs were effi ciently taken up by the target cell lines, and 
that cRGD, with its constrained ring structure and introduced 
  D  -amino acid residue, had the proper conformation for binding 
to  α  v  β  3 -integrin.  

 Furthermore, a cellular TEM image showed that large 
amounts of cRGD-PGNRs were specifi cally internalized in 
the cytoplasm of U87MG cells via receptor-mediated endocy-
tosis  (  Figure  4   b) . [  12  ]  The cell morphology after treatment with 
nanoparticles did not result in an obvious change. The nuclear 
membranes of the treated cells were intact, and no apoptotic 
bodies were visible in the cells. The high-magnifi cation image 
(black square) reveals that some monodispersed cRGD-PGNRs 
maintained their original morphologies and sizes within the 
cytoplasm of the cell. cRGD-PGNRs internalization within cells 
is a potentially important factor for effective, localized systemic 
imaging of glioblastoma. 

 NIR  in vivo  imaging studies were performed to evaluate the 
possibility of using a smart imaging probe to detect a glioblas-
toma based on  α  v  β  3 -integrin expression. Thus, cRGD-PGNRs 
(15  μ g/100  μ L) were intravenously injected into mice with 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 1082–1088

Rs revealing the presence of cRGD peptide and cRGD in the sample of 
ectrum of cRGD-PGNRs.  
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    Figure  4 .     The effect of targeting of nanoparticles on cellular uptake and transmission electron 
microsocpy (TEM) image. a) The number of nanoparticles in U87MG cells after treated with 
cRGD-PGNRs and cRAD-PGNRs (6  μ g/ 3  ×  10 5  cells) measured by ICP-AES analysis. b) Cross-
sectional TEM image of U87MG cells incubated with cRGD-PGNRs (inset, magnifi cation of 
the cRGD-PGNRs in the cytopolasm). cRGD-PGNRs were internalized via receptor meditated 
endocytosis (appeared as black dots) (P ∗   <  0.0003).  
orthotopic glioma xenografts (n  =  4), and NIR absorption 
imaging was conducted for 12 hours  (  Figure  5   a) . As expected, 
there was no NIR absorption for the glioblastoma mice model 
without nanoprobes (cRGD-PGNRs). After injection of the nano -
particles, however, specifi c targeting of cRGD-PGNRs to the 
glioblastoma regions was observed via a signifi cant increase in 
the absorption signal (blue color), which was maintained for 
12 hours. GNRs from the injected cRGD-PGNRs exhibited 
strong absorption over a narrow band in the NIR region, and 
the consequence of SPR is that metal nanoparticles enhanced 
the absorption of electromagnetic radiation in resonance 
with the SPR frequency of the nanoparticle. In other words, when 
the whole body was exposed to the NIR laser, the surface plasmon 
absorption of GNRs specifi cally accumulated in the glioblastoma 
regions can be tuned to NIR absorption imaging. However, when 
control cRAD-PGNRs were injected into the tumor-bearing 
mouse model, the absorption signal at the tumor site did not 
change for 12 hours. In addition, the relative total photon counts 
from cRGD-PGNRs in tumor tissue at 6 hours were 2.4-fold 
higher than those of cRAD-PGNRs  (  Figure  5   c) . After all, 
cRGD-PGNRs exhibit an enhanced absorption signal in the 
tumor regions within one hour after injection due to the rapid 
circulation of cRGD-PGNRs in the blood stream and specifi c 
binding to  α  v  β  3  integrins. In general, the blood-brain barrier 
strictly limits the transport of current-generation contrast agents 
into the intra-brain region through both physical and metabolic 
barriers (Figure S3, Supporting Information). [  13  ]  However, in 
glioblastoma tumors, vessels lose their BBB characteristics. [  14  ]  
Therefore, our results demonstrated that cRGD-PGNRs were 
a useful probe for active NIR absorption imaging of glioblas-
toma and for generation of real-time functional information of 
tumor behavior. The ability to noninvasively characterize tumor 
integrin expression, permeability, and proliferation will allow 
for more accurate patient selection and detection.  

 Upon  ex vivo  NIR absorption imaging for excised tissues 
(liver, kidney, spleen, brain tumor), only tumor tissue treated 
with cRGD-PGNRs presented the strong NIR absorption inten-
sity, whereas cRAD-PGNRs did not target the tumor  (  Figure  5   b) . 
Moreover, the amount of Au components of cRGD-PGNRs 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Wein© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2011, 21, 1082–1088
in the brain tumor was higher than that in 
the control group (cRAD-PGNRs injected), 
whereas cRAD-PGNRs uptake in the liver 
was predominant  (  Figure  5   d) . The differ-
ence in uptake between cRGD-PGNRs and 
cRAD-PGNRs for tissues was quantifi ed 
using ICP-AES. These results indicated that 
cRGD-PGNRs effectively delivered GNRs to 
the target tumor with high specifi city  in vivo . 

 To determine the accurate tumor regions 
highlighted by the cRGD-PGNRs, histolog-
ical analysis was performed on the excised 
brain of an orthotopic xenograft mouse after 
nanoprobe treatment and NIR absorption 
imaging  (  Figure  6   ) . The dark purple region 
in the haematoxylin and eosin-stained tissues 
clearly outlines the tumor  (First column of  
 Figure  6   ) . In addition, the selective accumu-
lation of cRGD-PGNRs within tumor tissue 
was verifi ed using the silver enhancement 
staining method  (  Figure  6   , red box) . HQ silver is nucleated by 
GNRs, resulting in the precipitation of metallic silver and the 
formation of a black signal. Our results from silver staining 
showed that cRGD-PGNRs were distributed in the glioblastoma 
region  (  Figure  6   b) ; however, imaging of both non-treatment 
and cRAD-PGNRs as a control did not show the precipitated 
silver color  (  Figures.  6   a,c) . Because cRGD is a peptide sequence 
known to have a high affi nity for the  α  v  β  3  integrins related to 
angiogenesis, this result indicates that the regions targeted by 
the cRGD-PGNRs in the  in vivo  optical imaging were indica-
tive of a malignant glioma, and the cRGD-PGNRs may serve 
as a novel imaging probe to noninvasively monitor intracranial 
glioblastoma in preclinical animal models.  

   3. Conclusions 

 In summary, we describe the development of integrin-targeting 
gold nanorods (cRGD-PGNRs), and we evaluate their func-
tional use in NIR optical imaging for glioblastoma  in vitro  and 
 in vivo . Our cRGD-PGNRs exhibit excellent tumor-targeting 
ability with no cytotoxicity. Their stable and prolonged stability 
in the blood circulation also contributed to highly effi cient cell 
uptake, internalization and biodistribution. Consequently, these 
advantageous features of cRGD-PGNRs allowed us to obtain 
outstanding selective NIR tumor imaging results, demon-
strating the utility of this nanoprobe design in future clinical 
applications. 

   4. Experimental Section 
  Materials : Gold(III) chloride trihydrate (HAuCl 4 ), hexadecyl-

trimethylammonium bromide (CTAB), sodium borohydride, silver 
nitrate,  L -ascorbic acid, and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (commercial grade) were purchased from Sigma-Aldrich. 
N-hydroxysulfosuccinimide was purchased from Pierce, and thiol-poly 
(ethylene glycol)-carboxymethyl (CM-PEG-SH, M w  3,400) was purchased 
from Laysan Bio Inc. Cyclo (Arg-Gly-Asp- D -Phe-Lys) (cRGD) and Cyclo 
(Arg-Ala-Asp- D -Phe-Lys) (cRAD) as a negative control cRGD peptide was 
heim 1085wileyonlinelibrary.comheim 1085wileyonlinelibrary.com
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    Figure  5 .      In vivo  non-invasive NIR absorption images of real-time tumor specifi city of cRGD-PGNRs (a)  In vivo  time-dependant brain region biodistri-
bution of cRGD-PGNRs and cRAD-PGNRs as a control. (b)  Ex vivo  image of non-treatement organs and cRGD-PGNRs, cRAD-PGNRs- treated U87MG 
tumor-bearing mice (c) Relative photon counts of  in vivo  tumor target specifi city of cRGD-PGNRs(square) and cRAD-PGNRs(circle) was recorded 
(d) Relative quantifi cation of  in vivo  biodistribution of cRGD-PGNRs and cRAD-PGNRs in different tissues. Data were calculated based on the amount 
of Au particles ( μ g) in the organs using the ICP-AES.  
purchased from Peptides International, Inc, and Dulbecco’s phosphate 
buffered saline (PBS, pH 7.4) was purchased from Hyclone. All other 
chemicals and reagents were analytical grade. Ultrapure deionized (DI) 
water was used for all of the synthetic processes. 

  Synthesis of PEGylated Gold Nanorods (PGNRs) : Gold nanorods 
(GNRs) were synthesized according to the seed-mediated growth 
method in fresh aqueous CTAB solution. [  4  ,      15  ]  

 To prepare PEGylated gold nanorods (PGNRs), GNRs were coated 
with hetero bi-functionalized PEG as a stabilizer. Thirty milligrams 
of CM-PEG-SH was added to 2 mL of GNRs solution (300  μ g of Au/
mL) and then stirred for 24 hours at room temperature. The mixture 
was centrifuged at 15,000 rpm for 30 minutes to remove unbound PEG 
molecules and was then re-suspended in 2 mL of PBS. 
wileyonlinelibrary.com © 2011 WILEY-VCH Verlag wileyonlinelibrary.com
  Preparation of cRGD-PGNRs : To conjugate cRGD with PGNRs, 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC, 8.82  ×  10  − 2  mmol), 
N-hydroxysulfosuccinimide (Sulfo-NHS, 8.82  ×  10  − 2  mmol), and 500  μ L of 
cRGD (0.828  μ mol/500  μ L) were added to 2 mL of the PGNR (300  μ g of 
Au/mL) solution and reacted at 4  ° C for 6 hours. After the reaction, side-
products were removed by centrifugation at 15,000 rpm for 30 minutes 
and were re-dispersed in 2 mL of PBS. The conjugation of cRAD with 
PGNRs was conducted as described for cRGD-PGNRs synthesis. 

  Characterization of GNRs and PGNRs : The absorbances of GNRs 
and PGNRs were measured using a spectrometer (Optizen 2120UV, 
MECASYS, Korea). The morphologies of the GNRs were evaluated using a 
high-resolution transmission electron microscope (HR-TEM, JEM-2100 
LAB 6 , JEOL Ltd., Japan), and the chemical structures of the cRGD-
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 1082–1088
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    Figure  6 .     Histological examination of tumor: representative photographs of the whole brain 
stained with H&E, silver staining, and magnifi cation image of the area denoted by the red square. 
a) Non-treatment, b) cRGD-PGNR treatment, and c) cRAD-PGNR treatment as a control.  
PGNRs were analyzed using an  1 H-NMR spectrometer (JUM-ECP300, 
JEOL Ltd., Japan) with deuterium oxide solvent. The characteristic 
bands of cRGD and PGNRs were confi rmed by Fourier-transform 
infrared spectroscopy (FT-IR, Varian, Excalibur™, USA). The quantity 
of Au in the GNRs was determined using inductively coupled 
plasma atomic emission spectrometry (ICP-AES, Thermo Electron 
Corporation, USA). 

  Assessment of in vitro Cell Viability : Cell viability was quantifi ed 
using a colorimetric assay based on tetrazolium salt (WST-1) using 
a cell proliferation kit (Takara Bio Inc., Japan). Succinate-tetrazolium 
reductase, which exists in the mitochondrial respiratory chain and 
is active only in viable cells, cleaved tetrazolium salt into soluble 
formazan dye. The epithelial cell line U87MG was obtained from the 
American Tissue Type Culture (ATCC, USA), and cells were plated at a 
density of 8  ×  10 3  cells/100  μ L in a 96-well plate and were incubated 
at 37  ° C in a 5% CO 2  atmosphere. The cells were incubated for 
24 hours with 100  μ L of cRGD-PGNRs or cRAD-PGNRs re-suspended 
in 100% media, at high concentrations up to 4  μ g of Au/mL, and were 
then rinsed with 100  μ L of phosphate buffered saline (PBS, pH 7.4, 
1 m M ). The cells were then added to 100  μ L of minimum essential 
media (MEM) supplemented with 10% fetal bovine serum (FBS), 
1% antibiotic anti-mycotic and non-essential amino acid (Gibco®, 
Invitrogen, USA) and were treated with 10  μ L of freshly-prepared 
tetrazolium salt. After 2 hours, the plate was assayed using an enzyme-
linked immunosorbent assay (ELISA, Spectra MAX 340, Molecular 
devices, USA) at an absorbance wavelength of 450 nm and a reference 
wavelength of 650 nm. 

  The Cellular Binding Affi nity Test:  To determine the affi nity for  α  v  β  3 , 
U87MG cells (3  ×  10 5  cells/mL) were incubated with cRGD-PGNRs 
and cRAD-PGNRs (6  μ g of Au/mL) for 12 hours in a six-well plate at 
37  ° C. The treated cells were washed three times with PBS to eliminate 
unbound peptide. The washed cells were detached using trypsin and 
were dissolved in aqua regia for 12 hours at 120  ° C. The amount of Au 
isolated in the cells was measured using ICP-AES. 

  Intracellular Traffi cking : For cellular TEM sample preparation, U87MG 
cells (3  ×  10 5  cells/mL) were seeded onto six-well plates for 24 hours. 
U87MG cells were rinsed with PBS (pH 7.4, 1 m  M ) and cRGD-PGNRs 
(6  μ g of Au/mL) and added to minimum essential media supplemented 
with 10% fetal bovine serum, 1% antibiotic anti-mycotic and non-
essential amino acid (Gibco, Invitrogen, USA). After incubation for 
12 hours at 37  ° C, the cells with cRGD-PGNRs were trypsinized, 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Wein© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2011, 21, 1082–1088
centrifuged, and washed three times with blocking 
buffer (0.03% bovine serum albumin, 0.01% NaN3 
in PBS). Then, the samples were fi xed according 
to standard fi xation and embedding protocol for 
resin section TEM. [  16  ]  The sections were then cut 
using a LEICA Ultracut UCT Ultra-microtome (Leica 
Microsystems, Austria). All of the samples were 
observed using transmission electron microscopy 
(TEM, JEM-1011, JEOL, Japan) at an acceleration 
voltage of 80 kV. 

  Orthotopic Glioma Xenografts : BALB/C-Slc 
nude mice at 4–6 weeks of age were anesthetized 
by intraperitoneal injection of a Zoletile/Rompun 
mixture. The animal’s head was prepared with 
povidone iodine solution, and a 2 to 3 mm-long 
incision was made just to the right of the 
midline. Using twist drill bits that were 1 mm in 
diameter, a hole was drilled in the animal’s skull 
at an entry site with frontal lobe coordinates 
2 mm lateral and 1 mm anterior to bregma. 
The sterilized guide screw was rotated into a 
hole that was exactly the size of the screw, and 
an incision joined the two margins. We injected 
5  ×  10 5  human glioblastoma cells (U87MG) 
suspended in 5  μ L of HEPES ((4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) buffer into each 
mouse after seven days of bolting. Mice with the 
guide screw in place were re-anesthetized as described earlier. The 
guide screw was cleaned with povidone iodine, the animal’s head 
was held manually, and the cell suspension was injected slowly for 
10 minutes with a Hamilton syringe using a 26-gauge needle with a 
Harvard syringe pump. On the seventh day after implantation, the 
guide screw was removed and the incision was sutured. The average 
survival time of glioblastoma mice treated with the guide-screw 
system was 31 days (28 to 34 days). The guide-screw system allowed 
for reproducible establishment of homogenously-sized tumors within 
the nude mouse, and the success rate was greater than 90%. All 
experiments were conducted with the approval of the Association for 
Assessment and Accreditation of Laboratory Animal Care (AAALAC) 
International. 

  Histological Analysis : Two weeks after inoculation, orthotopic glioma 
xenograft mice were anesthetized, and cRGD-PGNRs and cRAD-PGNRs 
were intravenously injected into the tail vein. After 12 hours, the mice 
were sacrifi ced, and the tumors were excised and fi xed using a 4% 
paraformaldehyde solution. Histological evaluation was conducted 
by means of hematoxylin and eosin (H&E) staining. Tissues were 
embedded in paraffi n after being dehydrated in increasing alcohol 
concentrations and cleared in xylene. Slices (thickness  =  10  μ m) were 
mounted onto glass slides and were twice placed in a container fi lled 
with hematoxylin for 10 minutes, to stain the nuclei. Tissues were rinsed 
in water for 10 minutes to remove hematoxylin, and the cytoplasm was 
stained with eosin and dehydrated in the same manner as described 
above. After washing three times for 30 minutes, we added 2 ∼ 3 drops 
of the sample onto the slide and then covered the slide with a cover 
slip. To visualize the extent of cRGD-PGNR loading, an additional slide 
was stained using the HQ silver enhancement kit (Nanoprobes, USA). 
HQ silver was prepared immediately before use, and equal amounts 
of initial reagent and enhancer reagent (10 mL of each) were used to 
develop specimens for 20 minutes followed by rinsing with DI water 
twice for 5 minutes each. All of the stained tissue sections were 
analyzed using a virtual microscope (Olympus BX51, Japan) and Olyvia 
software. 

     Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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