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Abstract

The targeted delivery of nanoparticles to solid tumors is one of the most important and challenging

problems in cancer nanomedicine, but the detailed delivery mechanisms and design principles are

still not well understood. Here we report quantitative tumor uptake studies for a class of elongated

gold nanocrystals (called nanorods) that are covalently conjugated to tumor-targeting peptides. A

major advantage in using gold as a “tracer” is that the accumulated gold in tumors and other organs

can be quantitatively determined by elemental mass spectrometry (gold is not a natural element found

in animals). Thus, colloidal gold nanorods are stabilized with a layer of polyethylene glycols (PEGs),

and are conjugated to three different ligands: (i) a single-chain variable fragment (ScFv) peptide that

recognizes the epidermal growth factor receptor (EGFR); (ii) an amino terminal fragment (ATF)

peptide that recognizes the urokinase plasminogen activator receptor (uPAR); and (iii) a cyclic RGD

peptide that recognizes the avb3 integrin receptor. Quantitative pharmacokinetic and biodistribution

data show that these targeting ligands only marginally improve the total gold accumulation in

xenograft tumor models in comparison with nontargeted controls, but their use could greatly alter

the intracellular and extracellular nanoparticle distributions. When the gold nanorods are

administered via intravenous injection, we also find that active molecular targeting of the tumor

microenvironments (e.g., fibroblasts, macrophages, and vasculatures) does not significantly

influence the tumor nanoparticle uptake. These results suggest that for photothermal cancer therapy,

the preferred route of gold nanorod administration is intra-tumoral injection instead of intravenous

injection.
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The targeted delivery of nanoparticles to solid tumors is a key task in the development of cancer

nanomedicine for in-vivo molecular imaging and targeted therapy.1–8 Despite extensive

research and significant progress in the last 10–15 years, there are still major fundamental and

technical barriers that need to be understood and overcome.1–9 These problems include the

complex interactions between naoparticles and biological systems in-vivo, rapid uptake and

clearance of nanoparticles by the reticuloendothelial system (RES) organs (such as the liver

and spleen), and very limited penetration of nanoparticles to poorly vascularized or necrotic

tumor regions.2,10 Current methods for nanoparticle delivery are mainly based on an “active”

mechanism and a “passive” mechanism.9,10 In the active mode, molecular ligands such as

antibodies, peptides, or small molecules are used to recognize specific receptors on the tumor

cell surface, often followed by receptor-mediated endocytosis and nanoparticle internalization.

In the passive mode, nanoparticles without targeting ligands are accumulated and retained in

the tumor interstitial space mainly through the enhanced permeability and retention (EPR)

effect.11–13 In both mechanisms, a common feature is that nanoparticles in the blood stream

must first move across the tumor blood vessels (usually leaky vasculatures) and extravasate

into the tumor interstitium or the perivascular region.11

Under this general framework, however, there is still considerable debate about the relative

contributions of such active and passive targeting mechanisms.14 Recent work by several

groups has shown that the use of tumor-targeting ligands does not increase the total

accumulation of nanoparticles in solid tumors, although it does function to increase receptor-

mediated internalization and could thus improve therapeutic efficacy for cancer drugs that act

on intracellular protein targets.14–17 In particular, Park and coworkers15 have shown that

PEGylated liposomes linked with anti-HER2 antibodies are internalized into tumor cells, but

their total tumor accumulation is not different from that of nontargeted particles. Davis and

coworkers16,17 have also reported that transferrin targeting improves the intracellular

localization of polymeric nanoparticles, but does not increase their total tumor uptake. In

addition, theoretical modeling studies by Wittrup and coworkers18 reveal that the total tumor

uptake of liposomes is not enhanced by conjugation to targeting ligands.

There is also a considerable amount of opposing data showing that the use of tumor targeting

ligands is effective in delivering imaging and therapeutic agents into solid tumors.19–24 For

example, tumor targeting studies using fluorescently and radioactively labeled antibodies have

shown higher tumor uptake (measured on the basis of per gram of tumor mass) for

macromolecules and nanoparticles than their nontargeted controls.25,26 Complicating this

matter further, recent work has shown that that the use of targeting ligands might even be

“detrimental” because the exposed ligands can accelerate nanoparticle opsonization

(adsorption of blood proteins) and blood clearance, leading to an overall reduction in tumor

nanoparticle uptake.27–29 Regarding the effects of nanoparticle structure and shape, Discher,

Sailor, and their coworkers30,31 have shown that elongated nanoparticles (called

nanofilaments and nanoworms) have longer blood circulation times and show improved

accumulation in solid tumors in comparison with their spherical counterparts.

Here we report quantitative tumor uptake studies for elongated gold nanocrystals (called

nanorods, NRs) that are covalently conjugated to targeting peptide ligands. A major advantage

in using gold (Au) as a “tracer” is that the amount of accumulated Au can be quantitatively

determined by inductively coupled plasmon - mass spectrometry (ICP-MS), a common

procedure for elemental analysis.32 Also, Au NRs have novel optical and electronic properties,

and have broad applications in cellular imaging,33–39 biosensing,40–42 surface-enhanced

Raman scattering (SERS),43–44 and near-infrared photothermal therapy.33,45–49 By using

animal models bearing A549 lung tumors, we have examined the pharmacokinetic and

biodistribution properties of both targeted and nontargeted Au nanocrystals. The A549

xenograft tumors are especially well suited for nanoparticle targeting studies because of their
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high expressions of several extracellular receptors including the epidermal growth factor

receptor (EGFR), the urokinase plasminogen activator receptor (uPAR), and the avb3 integrin

receptor.50–54 Thus, we have used a single-chain variable fragment peptide (ScFv, 25 KD,

Kd = 3.4 nM) to target EGFR; an amino-terminal fragment peptide (ATF, 15 KD, Kd = 0.1

nM) to target uPAR; and a cyclic RGD peptide (0.9 KD, Kd = 2 nM) to target the avβ3 receptor.

It is worth noting that the uPAR and avβ3 receptors are broadly expressed in the tumor stroma

and/or on the surface of tumor blood vessels,55–57 so the use of ATF and RGD ligands could

allow active targeting of both the tumor cells and the tumor microenvironments. In fact, we

had hypothesized targeting tumor stroma and vasculatures could be more effective than

targeting tumor cells because the circulating nanoparticles are expected to encounter the tumor

vasculature and stroma before binding to tumor cells. However, our quantitative ICP-MS data

show that active targeting of tumor cells or the tumor microenvironments only marginally

improves the total tumor uptake of gold nanoparticles. The main differences caused by active

targeting are observed in the distribution patterns of nanoparticles inside tumor cells and in the

tumor microenvironments. These results suggest that nanoparticle delivery is likely limited by

mass transport across the tumor vasculature, at least for large and rigid nanoparticles such as

Au NRs. Thus, for photothermal cancer therapy using large nanorods, the preferred route of

administration is direct tumor injection, not intravenous systemic injection.

Results and Discussion

Properties of Au NRs and Ligand Conjugation

Au NRs were synthesized according to the seed-mediated growth method of Nikoobakht and

El-Sayed.58 The “as-synthesized” Au NRs have an aspect ratio (length-to-width) of 3.0, an

average hydrodynamic size (diameter or D) of 51 nm, a positive surface charge (zeta potential

or ζ) of 40 mV, as well as two prominent surface plasmon resonance (SPR) peaks located at

520 nm and 680 nm (see Figure 1 and Table 1). Note that a cationic surfactant (cetyltrimethyl

ammonium bromide or CTAB) is used to cap and stabilize the nanorods during synthesis, and

this surfactant forms a bilayer structure on the nanorod surface, giving rise to the positive

surface charge measured by dynamic light scattering (DLS). For colloidal stability,

biocompatibility, and ligand conjugation, the Au NRs are coated with a mixed layer of two

thiolated PEGs (methoxy-PEG or mPEG and carboxy-PEG or HOOC-PEG, both 5000 MW)

in two separate steps. As illustrated in Figure 2, the NRs are first stabilized by using mPEG-

SH (neutral) and then by HOOC-PEG-SH in a sequential manner. This process introduces

functional –COOH groups for peptide conjugation, and the sequential procedure is necessary

to avoid nanoparticle aggregation, a major problem when CTAB-capped NRs (positively

charged) are exposed directly to HOOC-PEGs (negatively charged). Dynamic light scattering

data reveal that the first mPEG coating step increases the particle hydrodynamic size by 18 nm

and decreases the surface potential by 33 mV. The HOOC-PEG coating step further increases

the hydrodynamic size by 10 nm, and decreases the zeta potential by 20 mV.

To determine the number of attached PEG molecules on each nanorod, we have used an amine-

terminated PEG (NH2-PEG-SH, MW 5000) to replace mPEG or HOOC-PEG for NR coating.

The number of primary amine groups is determined by using N-succinimidyl 3-(2-

pyridyldithio) propionate (SPDP), a colorimetric agent that generates pyridine-2-thione and

can be quantified by UV-Vis absorption.59 The results indicate that each Au NR is coated with

approximately 7,500 mPEG molecules and 4,300 HOOC-PEG molecules. Note that these

numbers are only rough estimates because we have not quantitatively determined the

reproducibility and accuracy of the indirect colorimetric procedure. To avoid this uncertainty,

we have used the same batch of pegylated gold nanorods for both control studies and for

conjugation to the various targeting ligands. So, the control and targeted nanorods should have

the same amounts of mPEG and HOOC-PEG. The final PEG-protected NRs are stable even
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under high-salt and strong acid/base conditions, allowing covalent conjugation to peptide

ligands via amide bonds by using EDC/sulfo-NHS coupling reactions. Under our experimental

conditions, the overall peptide conjugation efficiency is about 40–50 %,60 so starting with

1000 peptide molecules per rod in the reaction mixture, one can expect that each NR is

conjugated to 400–500 peptide molecules, a value that is further confirmed by direct protein

assays (Bio-Rad Protein Assay using Coomassie Blue G-250 dyes). . Dynamic light scattering

data further reveal that this level of ligand conjugation only slightly changes the particle’s

hydrodynamic size (an increase of 1–3 nm), but reduces the particle’s surface charge by as

much as 6–10 mV (see Table 1). This is most likely caused by a decrease in free COOH groups

after covalent conjugation and by positive charges on the peptide ligands.

Cellular Binding and Uptake

As mentioned earlier, the A549 tumor is used as an animal model for aggressive and metastatic

non-small-cell-lung carcinoma. Histological staining studies have shown that the xenograt

tumors have high expressions of EGFR, uPAR, and avβ3 receptors.50–54 By using cultured

cancer cells, we have obtained in-vitro cellular binding and uptake data for both targeted and

nontargeted Au NRs. As shown in Figure 3, both dark-field imaging and quantitative ICP-MS

data demonstrate specific cellular binding of the peptide-conjugated particles that is 20–100

times stronger than the control particles under the same experimental conditions. The amount

of bound nanoparticles is believed to depend on the receptor expression level and the ligand-

receptor binding affinity, but other factors such as steric hindrance (accessibility) and the rate

of receptor-mediated endocytosis are likely important as well. Taken together, these cellular

binding data indicate that (i) the covalent conjugation chemistry is successful; (ii) the

conjugated ligands are still able to recognize their target receptors; and (iii) the A549 cancer

cells indeed have high expressions of the three extracellular receptors.

Pharmacokinetics

To examine the pharmacokinetic properties of the Au NRs, we have used ICP-MS to measure

the Au concentration in blood samples at various time points after tail vein injection (between

0 and 48 hours) (see Figure 4). The experimental data can be fitted to a mono-exponential

decay model, resulting in a half decay time (t1/2) of 12.5 h for the nontargeted nanoparticle

(which are coated with a mixture of mPEG and HOOC-PEG), a half time of 8.3 h for the ScFv-

conjugated nanoparticle, a half time of 6.5 h for the ATF-conjugated nanoparticle, and a half

time of 9.3 h for the cRGD-conjugated nanoparticle. These quantitative data indicate that the

addition of tumor targeting ligands can indeed accelerate nanoparticle opsonization and blood

clearance. Previously, Montet et al. reported that the attachment of just 20 c-RGD molecules

to each amino-dextran coated iron oxide nanoparticle reduced the blood circulation halftime

by 5 h.28 Also, McNeeley et al. showed that adding just 0.15% folate to PEGylated liposomes

reduced the t1/2 value from 18 h to 6.7 h.29 Clearly, the density of targeting ligands needs to

be optimized so that the targeted nanoparticles have sufficiently long blood circulation times

for active receptor binding and tumor accumulation.61

Tumor and Organ Uptake

Next, we investigated the organ distribution and tumor uptake for both the targeted and

nontargeted nanoparticles at 24 h post-injection, again by using ICP-MS to measure the

accumulated Au in dried tissues (see Figure 5). As expected, all the Au particles are efficiently

taken up by the RES organs (e.g., the liver and spleen), with little accumulation in the kidney

or lung. Interestingly, the three peptide-conjugated nanoparticles are taken up more efficiently

by the RES organs than the control particle (which has the lowest Au concentration in the liver

and spleen). This is perhaps not surprising because the nanoparticles with exposed peptide

ligands are less “stealthy” and can be recognized by the immune system for clearance. Also,
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the ScFv- and ATF-conjugated particles are more efficient in tumor accumulation than the

control particle, but the cRGD-conjugated particles shows 2–3 fold lower tumor accumulation

than the control particles. Considering their similar blood circulation times, we believe that the

low tumor accumulation of the RGD particle is related to its high uptake in the liver and spleen.

Kinetic studies have shown that targeted nanoparticles are taken up by tumors faster than

nontargeted particles in the short term (within 6 hours), but after 20 hours, the nontargeted

particles often attain a higher accumulation level than the targeted particles.27 To further

explore the effect of ligand density on tumor uptake, we have obtained quantitative organ and

tumor biodistribution data for non-targeted (control) and cRGD-conjugated Au nanorods at

different ligand densities (0, 50, 500, or 5000 cRGD molecules per nanorod) (see Supporting

Figure S1). The results indicate that the liver and spleen uptake is increased at higher ligand

densities, but the gold accumulation in tumors is significantly reduced for all the ligand

densities studied in this work. More data points are still needed to examine the pharmacokinetic

and tumor uptake behaviors of targeted gold nanorods at ultralow ligand densities in the range

of 1–10 ligand molecules per particle. Also, when the organ and tumor uptake data are analyzed

as percentages of injection dose, it becomes clear that the liver and spleen take up 40% of the

control nanorods and 60–90% of the targeted nanorods (see Supporting Figure S2). In

comparison, the tumors take up only 1–2% of the injected gold nanorods (see Supporting Figure

S3). These results indicate that the use of active targeting ligands does not greatly improve the

total tumor uptake of nanoparticles, but as discussed below, the nature of targeting ligands can

dramatically change the nanoparticle distribution in the tumor cells and in the tumor

microenvironments.

Intratumoral Nanoparticle Distribution

We further examined the intratumoral distributions of targeted and nontargeted Au NRs by

using both optical microscopy (via silver enhancement) and transmission electron microscopy

(TEM). Silver enhancement renders Au NRs in tissue sections directly visible for observation

under bright-field light microscopy. As shown Figure 6, silver enhancement and haematoxylin

staining reveal that the nontargeted Au NRs are mainly localized around blood vessels, in the

tumor stromal matrix, and inside some macrophage cells. In contrast, the EGFR-targeted NRs

are mainly found inside tumor cells; the uPAR-targeted NRs are predominantly localized in

tumor stromal cells (but not inside tumor cells); and the integrin-targeted nanorods are

accumulated around tumor blood vessels (perivascular regions). These findings are further

supported by TEM results (see Figure 7), which show that nanoparticle internalization into

tumor cells, fibroblast cells, and endothelial cells are enhanced by using targeting ligands. In

particular, the ATF ligand favorably binds to stromal cells, and the c-RGD ligand to blood

vessels.

Since Au NRs were mainly accumulated in the RES, we further examined their distribution in

the liver and spleen for nontargeted and targeted Au NRs with c-RGD peptide, which is chosen

because of their higher uptake than other ligands (see Figure 8). In the liver, targeted Au NRs

were found in Kupffer cells or in the Disse space around hepatocytes. Note that the Disse space

is located in the liver between hepatocytes and hepatic sinus, and it largely exists in pore-

structures in the endothelial cells that do not have basement membrane. Thus, the circulating

NRs could enter the Disse space and vice versa, while the non-targeted ones in the Disse space

may diffuse back to the hepatic sinus due to lack of cells uptake. A much lower number of

nontargeted particles were found in the Disse region. In the spleen, the targeted NRs were

mainly found in red pulp and along sinuses, while the nontargeted particles were much less

found along the sinuses.

In summary, we have reported quantitative tumor uptake studies for elongated gold

nanocrystals that are covalently conjugated to tumor-targeting peptides. Quantitative
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pharmacokinetic and biodistribution data from xenograft animal models show that the use of

active targeting ligands only marginally improves the total tumor uptake in comparison with

control particles. However, the nature of targeting ligands can greatly affect the nanoparticle

distribution in the tumor cells and the tumor microenvironments. A surprise finding is that

active molecular targeting of the tumor microenvironments (including fibroblasts,

macrophages, and vasculatures) does not significantly improve the total tumor accumulation

of nanoparticles, at least for long-circulating and rigid gold nanoparticles. These results suggest

that mass transport across the tumor vasculature is a rate-limiting step for nanoparticle delivery,

and the kinetics of this step is largely unaffected by receptor binding. Thus, for photothermal

cancer therapy, the preferred route of gold nanorods is intra-tumoral administration rather than

intravenous injection.

Materials and Methods

Synthesis and characterization of Au NRs

Au NRs were synthesized according to the well-established seed-mediated growth method.
57 In a typical procedure, 600 uL ice-cold 10 mM sodium borohydride (Sigma-Aldrich, St.

Louis, MO, USA) was quickly added to 10 mL 0.5 mM auric acid (HAuCl4) (Sigma-Aldrich)

dissolved in 0.2 M CTAB (Sigma-Aldrich) surfactant solution. The mixture was stirred for 4

min, producing a brown solution of small seed gold particles (2–5 nm). Gold nanoparticles

were formed as indicated by the brown color. In a separate flask, 2 mL, 4 mM silver nitrate

(Sigma-Aldrich) was added to 50 mL Au growth solution (0.2 M CTAB and 1 mM HAuCl4).

Then, 0.7 mL, 8 mM L-ascorbic acid (Sigma-Aldrich) solution was added, reducing HAuCl4
to colorless HAuCl2. Subsequent injection of 0.12 mL seed solution initiated NR growth. The

NR growth process was completed within 2 h. NRs were purified by centrifugation twice at

14,000 rpm for 20 min and were redispersed in DI water. The physical dimension of the NRs

was characterized by Hitachi H-7500 transmission electron microscope (TEM) (Hitachi Ltd,

Tokyo, Japan), and their hydrodynamic size and surface zeta potential were measured by

dynamic light scattering (ZetaSizer NanoZS90, Malvern Instruments, Worcestershire, UK).

Preparation of ScFv EGFR and ATF

The ScFv B10 clone was isolated from the YUAN-FCCC human naive phage display library

using solid phase biopanning methods. Large quantities were obtained from lysates of

transformed TG1 Escherichia coli competent cells (Biochain Institute Inc, Hayward, CA,

USA) after Ni2+ NTA-agarose column (Qiagen, Valencia, CA, USA) separation. The protein

purity was greater than 95%, as determined by using sodium dodecyl sulfate (SDS)-PAGE.

For ATF peptide production, a complementary DNA fragment encoding amino acids 1 to 135

of mouse uPA was isolated by polymerase chain reaction amplification, and then cloned into

the pET101/D-TOPO expression vector (Invitrogen, Carlsbad, CA, USA). Recombinant ATF

peptides were expressed in Escherichia coli BL21 (Invitrogen) and purified from bacterial

extracts under native conditions using Ni2+ NTA-agarose columns.

Au NR PEGylation and ligand conjugation

Peptide ligands (ScFv EGFR, ATF and c-RGD) (c-RGD, i.e. c(RGDfK) was purchased from

Peptide Interactional, Louisville, KY, USA) were conjugated to Au NRs in a three-step

procedure: (i1) 50 uL 1 mM mPEG-SH (MW = 5 K. Laysan Bio, Inc, Arab, AL, USA) was

added to 10 mL 1nM Au NRs, and the mixture solution was stirred for 10 min. PEGylated NRs

were centrifuged at 14,000 rpm for 10 min and were redispersed in 10 mL DI water. (ii) 300

uL 1 mM HOOC-PEG-SH (MW = 5K, Rapp Polymers, Tubingen, German) was added and

the solution was stirred for 1h, resulting in a mixed layer of mPEG-SH and HOOC-PEG-SH

on the NR surface. The solution was centrifuged twice at 14,000 rpm for 10 min, and was

redispersed in 100 uL MES pH 5.5 buffer. (iii) 0.2 mg EDC and 0.5 mg sulfo-NHS (Thermo
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Scientific, Rockford, IL, USA) were incubated with the functionalized Au NRs for 15 min to

activate the carboxyl groups on the Au NRs. Excess EDC/sulfo-NHS was removed by

centrifugation at 14,000 rpm for 10 min, and the activated NRs were mixed with the peptide

ligands (ScFv EGFR, ATF or c-RGD) in PBS buffer (pH 7.4) in a NR:ligand molar ratio of

1:1000. The solution was gently shaken for 2 h at RT, and then stored at 4 °C. Prior to use, the

NRs conjugates were centrifuged to separate free reactants. At each step, hydrodynamic size

and seta potential were measured by the ZetaSizer Nano ZS90.

Cell culture and Au NRs cellular binding

Human small lung cancer cell carcinoma A549 cells were cultured in RPMI medium

(Mediatech, Inc, Manassas, VA, USA) plus 10% fetal bovine serum (FBS) (Gemini Bio-

Products, West Sacramento, CA, USA) at 37 °C under 5% CO2. For dark field imaging, the

cells were grown on 8-well Lab-Tek chamber slides (Fisher Scientific, Pittsburgh, PA, USA)

for 2 days. Then the Au NR conjugates were incubated with cultured cells for 2 h at 37 °C or

1 h at 4 °C. The cells were washed with 1× PBS and fixed with paramaldehyde before dark

field imaging using an Olympus IX70 microscope.

Tumor inoculation and Au NRs injection

Female nu/nu mice, 7–8 weeks of age, were obtained from Taconic (Hudson, NY, USA). Mice

were injected subcutaneously in the flank with 1×106 A549 cells suspended in 10 mM PBS.

The tumors are allowed to grow for 1–2 weeks to reach a volume of ~100 mm3. Tumor bearing

mice were administered with Au NR conjugates via tail vein injection.

ICP – MS

Organs and tumors were collected, washed in PBS buffer and dried at 60°C for 3 days. The

dried tissues were dissolved in concentrated nitric acid (70%, 5 mL for liver and 1 mL for all

others, gently shaken for 7 days). Tissue debris was removed by centrifugation at 3000 rpm

for 10 min. After dilution in DI water, the gold content was analyzed by ICP-MS (HP 4500,

Agilent Technologies, Santa Clara, CA, USA).

Histology and Silver Enhancement

Organs and tumors were collected and fixed in 10% buffered formalin (Sigma-Aldrich).

Samples were dehydrated, embedded and sectioned to 4 um-thick slices. The tissue sections

were de-waxed with xylene and washed consecutively with 100%, 90%, 70% and 30% ethanol,

and were immersed in a silver enhancement solution which is composed of equal amount of

solution A and B from the Silver Enhancer Kit (Sigma-Aldrich). After rinsing, the tissue

sections were fixed with 2.5% sodium thiosulfate (Sigma-Aldrich) for 3 min, immersed in

Haematoxylin (Sigma-Aldrich) for 40 sec, washed with DI water, and were then mounted for

bright field light imaging.

Transmission Electron Microscopy

Organs and tumors were first fixed in 2.5% glutaraldehyde (in 0.1 M sodium cacodylate, pH

7.4), and then stained by OsO4 and K4Fe(CN)6 according to standard procedures. Tissue blocks

in Epon resins were sectioned to around 100 nm in thickness for TEM imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure and optical properties of as-synthesized Au NRs

(A) TEM micrograph showing that the NRs have an aspect ratio of 3; (B) dynamic light

scattering data showing an average hydrodynamic size of 51 nm; and (C) optical absorption

spectrum showing two surface plasmon resonance peaks at 520 nm and 680 nm.
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Figure 2. Stabilization and bioconjugation of Au NRs for cellular and in-vivo tumor targeting

Surfactant-capped nanorods are first stabilizied by using methoxy-PEG-SH, followed by

carboxy-PEG-SH. The functional carboxy (-COOH) groups are activatetd by using EDC/

Sulfo-NHS, and are covalently conjugated to tumor targeting peptides via stable amide bonds.

Approximately 400–500 peptide molecules are conjugated to each Au NR. See text for

discussion.
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Figure 3. (A) Dark-field imaging and (B) quantitative Au ICP-MS studies of NR binding to cultured
A549 cancer cells

The data show specific binding of peptide-conjugated Au NRs to cultured A549 lung cancer

cells, and negligible binding of nontargeted particles to the same tumor cells. Cells were

incubated with 1 nM Au NRs for 2 h at 37 °C in the culture medium and were washed with 1

× PBS buffer. After trypsin treatment, approximately one million cells were counted and

analyzed to minimize statistical errors.
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Figure 4. Blood circulation and pharmacokinetic data obtained for targeted and nontargeted Au
NRs in healthy mice models

Au NRs were injected via tail veins, and their blood concentrations were measured by ICP-

MS analysis of blood samples at various time intervals (0 to 48 hours). The measured blood

halftime (t1/2) is 12.5 hours for the control particles, 8.5 hours for the ScFv EGFR particles,

6.5 hours for the ATF particles, and 9.3 hours for the c-RGD particles.
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Figure 5. Quantitative organ (A) and tumor (B) uptake data obtained from non-targeted and
targeted Au NR conjugates measured by ICP-MS at 24 h post-injection in A549 xenografted mice
models

The nontargeted Au NRs showed similar tumor uptake to EGFR- and uPAR-targeted, but 3

times higher than αvβ3 integrin-targeted Au NRs.
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Figure 6. Light microscopic images of silver-enhanced and hematoxylin-stained tumor tissue
sections showing intratumoral distribution of targeted and nontargeted Au NRs

Nontargeted Au NRs were mainly randomly distributed in the extracellular matrix but not

inside the tumor cells. The ScFv EGFR/Au NRs were mainly located in the cytoplasm of tumor

cells, few particles could be found in the stroma. The ATF/Au NRs were mainly distributed in

the stroma, and few particles were internalized by the tumour cells. Most of the RGD/Au NRs

are located in the endothelial cells of the blood vessel but not inside the tumor cells. Silver-

enhanced Au NRs are marked by arrows, tumor cells marked by T, macrophage cells by M,

fibroblast cells by F, red blood cells by RBC, and blood vessels by BV.
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Figure 7. TEM images of tumor tissue sections showing intracellular localization of Au NRs

For each ligand, Au NRs in selected areas (indicated by arrows) are shown in zoomed-in

images. The non-targeted NRs were found in the lysosomes of macrophages. ScFv EGFR/Au

NRs were located in the endososomes of tumor cells. ATF/Au NRs were found in the

endososomes of fibroblasts, and the RGD/Au NRs were mainly distributed in the endososomes

of blood vessel endothelial cells. Tumor cells are marked by T; neutrophil cells by N;

macrophage cells by M; red blood cells by RBC; vessel endothelial cell by E; cell nuclei by

N; and lysosomes by L.
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Figure 8. Light microscopic images of silver-enhanced and hematoxylin-stained liver and spleen
tissue sections showing intratumoral distribution of nontargeted and αvβ3 integrin targeted Au
NRs

In comparison with nontargeted Au NRs, the αvβ3 integrin targeted Au NRs were mainly found

in macrophages in the liver and in red pulp region of the spleen with significant higher affinities.

Silver-enhanced Au NRs are marked by arrows, Hepatocyte cell by H; Lymphocyte cell by L;

Kupffer cell by K; Microphage cell by M; Spleen red pulp by RP; and Spleen white pulp by

WP.
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Table 1

Properties of As-Synthesized, PEG-Coated, and Peptide-Conjugated Gold Nanorods.

Surface Ligands Hydrodynamic Diameter (nm) Zeta Potential (mV)

CTAB 51 ± 2 +40 ± 5

mPEG-SH 5k 68 ± 2 −5 ± 3

mPEG-SH 5k/HS-PEG-COOH 5k 78 ± 3 −25 ± 2

ScFv EGFR 79 ± 3 −15 ± 2

ATF 80 ± 3 −19 ± 2

c-RGD 81 ± 2 −16 ± 2

Abbreviations: CTAB = cetyltrimethyl ammonium bromide; mPEG-SH = thiolated methoxy-poly (ethylene) glycol; HS-PEG-COOH = thiolated

carboxy-poly (ethylene) glycol; ScFv EGFR = single-chain variable fragment of anti-epidermal growth factor receptor; ATF = amino-terminal

fragment of urokinase plasminogen activator; c-RGD = cyclic arginine-glycine-aspartate.
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