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Background: In lung cancer, the efficacy of conventional chemotherapy is limited due to poor 

drug accumulation in tumors and nonspecific cytotoxicity. Resolving these issues will increase 

therapeutic efficacy.

Methods: GNR-Dox-Tf-NPs (gold nanorod-doxorubicin-transferrin-nanoparticles) were 

prepared by different chemical approaches. The efficacy of these nanoparticles was carried 

out by cell viability in lung cancer and primary coronary artery smooth muscle cells. The 

receptor-mediated endocytosis studies were done with human transferrin and desferrioxamine 

preincubation. The GNR-Dox-Tf nanoparticles induced apoptosis, and DNA damage studies 

were done by Western blot, H2AX foci, and comet assay.

Results: We developed and tested a gold nanorod-based multifunctional nanoparticle system 

(GNR-Dox-Tf-NP) that carries Dox conjugated to a pH-sensitive linker and is targeted to the 

transferrin receptor overexpressed in human lung cancer (A549, HCC827) cells. GNR-Dox-

Tf-NP underwent physicochemical characterization, specificity assays, tumor uptake studies, 

and hyperspectral imaging. Biological studies demonstrated that transferrin receptor-mediated 

uptake of the GNR-Dox-Tf-NP by A549 and HCC827 cells produced increased DNA damage, 

apoptosis, and cell killing compared with nontargeted GNR-Dox-NP. GNR-Dox-Tf-NP-mediated 

cytotoxicity was greater (48% A549, 46% HCC827) than GNR-Dox-NP-mediated cytotoxicity 

(36% A549, 39% HCC827). Further, GNR-Dox-Tf-NP markedly reduced cytotoxicity in normal 

human coronary artery smooth muscle cells compared with free Dox.

Conclusion: Thus, GNR-Dox-Tf nanoparticles can selectively target and deliver Dox to lung 

tumor cells and alleviate free Dox-mediated toxicity to normal cells.
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Introduction
The utility of doxorubicin (Dox) for cancer treatment is limited by its poor accumulation 

in tumor tissue and cytotoxic side effects, especially irreversible cardiotoxicity, to 

normal tissues.1–4 Therefore, methods to increase tumor-specific drug accumulation 

and simultaneously reduce cytotoxicity to normal tissues will greatly improve the 

efficacy of Dox.5 The overexpression of receptors on the surface of tumor cells is 

one of several methods being tested to improve tumor-selective uptake of anticancer 

drugs.6,7 Studies have demonstrated that tumor cells often express cell surface receptors 

at high levels compared with normal cells; targeting these receptors for drug delivery 

produces increased drug accumulation and therapeutic efficacy.8 One such receptor is 

the transferrin receptor (TfR), which is overexpressed in a broad spectrum of human 

cancer cells, including lung cancer.9

correspondence: rajagopal ramesh
Department of Pathology, stanton l 
Young Biomedical research center, 
The University of Oklahoma health 
sciences center, Brc West suite 1403, 
975 Ne 10th street, Oklahoma city, 
OK 73104, Usa
Tel +1 405 271 6101
email rajagopal-ramesh@ouhsc.edu 

Journal name: International Journal of Nanomedicine
Article Designation: Original Research
Year: 2015
Volume: 10
Running head verso: Amreddy et al
Running head recto: Tumor-targeted and pH-controlled delivery of doxorubicin
DOI: http://dx.doi.org/10.2147/IJN.S93237

http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S93237
mailto:rajagopal-ramesh@ouhsc.edu


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

6774

amreddy et al

TfR is a cell membrane-associated glycoprotein that 

transports iron to the cells to regulate cell growth.10 TfR has 

been explored as a target to deliver therapeutics into cancer 

cells due to its increased expression on malignant cells, acces-

sibility on the cell surface, and constitutive endocytosis.11,12 

TfR-targeted drug delivery to tumor cells can be achieved 

by conjugation of its natural ligand, transferrin (Tf), or 

monoclonal antibodies against TfR to nanoparticles (NPs) 

of various formulations.13,14

Gold-based NPs are promising candidates as drug carriers 

because they are inert, biocompatible, their surface can easily 

be modified, and they exhibit adequate cell penetration.15 

Among the gold-based NPs, gold nanorods (GNR) have been 

extensively studied, due to their prolonged stability, ability to 

function as contrast agents, and capability of delivering drugs, 

DNA, small interfering ribonucleic acid, and proteins.16–19

In this study, we developed and tested a GNR-based mul-

tifunctional NP system (GNR-Dox-Tf-NP) that carries Dox 

conjugated to a pH-sensitive linker and is targeted to the TfR 

overexpressed in human lung cancer cells. The inclusion of 

a pH-sensitive linker to the NP facilitates the release of Dox 

under acidic conditions present in the endosomes/lysosomes 

(pH ≈4–6) of cancer cells upon internalization.20,21 We dem-

onstrated that GNR-Dox-Tf-NP can selectively target and 

deliver Dox to induce cytotoxicity in lung tumor cells, with 

reduced toxicity to normal human coronary artery smooth 

muscle (HCASM) cells.

Methods
cell lines
A549 and HCC827 non-small-cell lung cancer cells, which 

express different levels of TfRs, were maintained and 

cultured as previously described.22 The normal HCASM 

(PCS-100-021), the vascular cell basal medium, and the 

vascular smooth muscle cell growth kit were all purchased 

from American Type Culture Collection (ATCC). The cells 

were maintained in the vascular cell basal medium (ATCC 

PCS-100-030) that was supplemented with growth fac-

tors (smooth muscle cell growth kit; ATCC PCS-100-042 

[American Type Culture Collection, Manassas, VA, USA]) 

per ATCC recommendation and used in this study. No ethics 

statement was required from the institutional review board 

for the use of these cell lines.

synthesis of gNr-Dox and gNr-Dox-Tf 
nanoparticles
GNR-Dox and GNR-Dox-Tf NPs were synthesized as described 

in the Supplementary material (Figure S1). The optimum amount 

of Dox and Tf required for exhibiting maximum cytotoxicity 

was determined to be 2 µg/mL for each, respectively. The 

optimized GNR-Dox-NP and GNR-Dox-Tf-NP were used in 

all of the studies described herein.

hyperspectral imaging
A549 cells (5×104) were seeded on coverslips on a six-well 

plate and were treated with GNR-Dox-NP and GNR-Dox-

Tf-NP. Untreated cells served as controls. At 2 h after 

treatment, the cells were washed with phosphate-buffered 

saline (PBS). Subsequently, the cells were fixed with 1 mL 

of 4% paraformaldehyde for 20 min and again washed with 

PBS. Hyperspectral images were acquired using CytoViva 

hyperspectral microscopy (CytoViva Inc., Auburn, AL, 

USA) (Supplementary material).

cell viability assay
A549, HCC827, and HCASM cells (0.2×106 cells/well) were 

seeded in six-well plates and were treated with free Dox 

(2 µg/mL), GNR-Dox-NP, or GNR-Dox-Tf-NP. Untreated 

cells served as controls. At 24 h after treatment, the cell 

viability was determined as previously described.23

receptor-mediated endocytosis
A549 cells (5×104) were seeded on coverslips in two six-well 

plates and treated with GNR-Dox-NP and GNR-Dox-Tf-NP. 

Untreated cells served as controls. After NP treatment, one 

of the two plates was incubated at 37°C. The other plate was 

incubated at 4°C. After 4 h of incubation, the plates were 

removed, and the cells were washed with PBS, followed by 

treatment with 1 mL of 4% paraformaldehyde for 20 min. 

After fixation, the cells were again washed with PBS and 

counterstained with DAPI (4′6-diamidino-2-phenylindole 

dihydrochloride; 1:1,000) for 5 min. The cover slips were 

subsequently washed with PBS and were mounted on glass 

slides using mounting solution. Fluorescence images of cells 

were captured using a Nikon TiU microscope attached to a 

CCD (charge-coupled device) camera (Nikon Instruments 

Inc, New York, NY, USA) and imported into ImageJ (NIH, 

Bethesda, MD, USA) analysis software.

Receptor specificity studies
receptor blocking study
A549 cells (0.2×106/well) seeded in six-well plates were 

either pretreated with human transferrin (HTf; 10 µM) or 

were untreated and were incubated at 37°C with 5% CO
2 

for 1 h. The cells were subsequently treated with GNR-Dox-

Tf-NP in serum-free medium, and incubation continued for 
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an additional 4 h. Then, the culture medium was replaced 

with fresh 5% serum-containing medium, and incubation 

continued for 20 h. At the end of the incubation period, the 

cells were subjected to cell viability assay.23,24

receptor enhancement study
A549 cells (5×104) were seeded on coverslips and placed 

in a six-well plate containing 2 mL of RPMI (Roswell Park 

Memorial Institute) medium supplemented with 10% serum. 

At 24 h after incubation, the culture medium was replaced 

with 1 mL of serum-free medium, followed by the addition 

of 100 µM of desferrioxamine (DFO). Incubation continued 

for another 24 h. Cells that did not receive DFO served as 

controls. Then, GNR-Dox-Tf-NP was added to both treated 

and untreated cells. After 24 h of incubation, the coverslips 

were removed and mounted onto glass slides and were then 

processed for fluorescence microscopy and image capture.

In a separate set of experiments identical to those afore-

mentioned ones, GNR-Dox-Tf-NP-treated A549 cells, in the 

presence and absence of DFO, were harvested. An aliquot 

was used for determining cell viability, while the rest of the 

cells were used to determine the intracellular fluorescence 

intensity (FI) of Dox with a Perkin Elmer Envision multiple 

plate reader (Perkin Elmer, Inc, Waltham, MA, USA). The FI 

was normalized to the cell count, and results were represented 

as FI per 10,000 cells.

Western blotting
A549 and HCASM cells (0.2×106/well) seeded in six-well 

plates were treated with GNR-Dox-NP and GNR-Dox-Tf-NP. 

Untreated cells served as controls. At 24 h after NP treatment, 

the cells were processed and subjected to Western blotting.24 

Primary antibody against caspase 9 was purchased from Cell 

Signaling Technology, Inc., Danvers, MA, USA (1:1,000). 

β-actin (1:2,000; Sigma Chemicals, St Louis, MO, USA) was 

used as an internal loading control. Changes in the protein 

expression levels were quantified using Image Quant (Syn-

gene, Cambridge, UK) software as previously described.24,25

Immunofluorescence assay
A549 cells were grown on coverslips placed in a six-well 

plate and treated with GNR-Dox-NP and GNR-Dox-Tf-NP. 

At 24 h after treatment, the cells were stained for H2AX using 

antihuman H2AX primary antibody (1:300; Cell Signaling) 

and Alexa Fluor-488-labeled secondary antibody (1:300; 

Invitrogen [Thermo Fisher Scientific, Waltham, MA, USA]) 

as previously described.26 H2AX foci were quantified by 

counting a minimum of 50 nuclei per treatment.

comet assay
A549 cells (0.2×106/well) seeded in six-well plates were 

treated with GNR-Dox-NP and GNR-Dox-Tf-NP. At 24 h 

after treatment, the cells were harvested, processed, and 

subjected to Comet Assay (Trevigen, Gaithersburg, MD, 

USA) as previously described.27 The Olive tail moment 

was determined by screening 10 cells per field for a total of 

5 fields (50 cells in total) in each sample.

Statistics
Response variables including percent cell viability, fluores-

cence, and foci per nuclei were compared among treatment 

groups using one-way analysis of variance. Multiple testing 

was conducted using Tukey’s adjustment for pairwise com-

parisons or using the Dunnett’s adjustment for comparing 

active treatments with the control. A P-value less than 0.05 

was considered to be statistically significant. SAS 9.2 (SAS 

Institute Inc., Cary, NC, USA) was used for the statistical 

analysis.

Results
Physicochemical characterizations of 
gNr-Dox NPs
The surface charge, size, shape, and conjugation of Tf to GNR 

were determined prior to testing in biological systems. The sur-

face charge of the NPs at each conjugation step was determined 

by measuring the zeta potential (Brookhaven, Holtsville, NY, 

USA). The zeta potential for bare GNR was +39 mV, which 

concurred with specifications provided by Nanopartz Inc. 

(A12-10-780, Loveland, CO, USA). With the addition of meth-

oxy polyethylene glycol thiol (mPEG-SH), the surface charge 

was reduced to +13 mV. This was expected, as mPEG-SH, 

which is neutral in charge, reduces the total positive charge 

and is attributed to the PEG’s neutral charge. Interestingly, the 

addition of maleimidocapric acid hydrazine (EMCH) linker 

(HS-PEG-NH-NH
2
) conferred a zeta potential of -19 mV to the 

GNR system (Figure 1A). Although the amines in the EMCH 

linker are positively charged and are supposed to increase the 

net positive charge, the observed negative zeta potential could 

be attributed to the influence of buffer solution (PBS, pH 7.4) 

in which the particles were dispersed. The influence of buf-

fer solutions on modulating the zeta potential has previously 

been reported.28 However, the negative charge reverted to a 

positive charge after the addition of Dox (+43.34 mV). The 

net positive charge on the final GNR-Dox-Tf-NP after adding 

Tf was +22.48 mV (Figure 1A).

The size and shape of the nanorods, before and after con-

jugation of Dox and Tf, were measured with a transmission 
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electron microscope (HITACHI 80 kV, HITACHI, 

Schaumburg, IL, USA). The average size of the bare nano-

rods was approximately 40 nm in length and 10 nm in width, 

with an aspect ratio of around 4 (Figure S2). The size and 

shape remained unaltered after conjugation of Dox and Tf 

(Figure 1B and C), suggesting that the particles were not 

affected by the applied conjugation chemistry.

We next determined whether conjugation of Dox and Tf 

affected the absorbance of GNR. The absorption spectra of 

GNR showed the presence of two peaks at 520 and 780 nm 

(Figure 1D), representing the transverse and longitudinal 

peaks, respectively, that remained unaffected on addition of 

Dox and Tf. The broad absorption peak observed at 520 nm 

in the GNR-Dox-NP and GNR-Dox-Tf-NP samples is attrib-

uted to interference of Dox absorbance (485 nm) with the 

transverse peak of the GNR.

We next determined whether the Dox attached to GNR 

via the acid cleavable hydrazone bond could be released 

under acidic pH (5.5). Fluorescence emission spectra showed 

that the fluorescence of free Dox at excitation/emission of 

485/565 nm wavelength was quenched when conjugated to 

GNR (Figure 1E). However, the fluorescence was retrieved 

when GNR-Dox-NP was incubated in acidic pH buffer 

(5.5), indicating the release of Dox from GNR via acid 

hydrolysis.

Finally, dot blot analysis showed efficient conjugation of 

Tf to GNR-Dox-NP (Figure 1F).

In vitro drug release kinetic studies
To determine the rate of drug release at different pHs, 

GNR-Dox-NP and GNR-Dox-Tf-NP were incubated in 

PBS and acetate buffer solutions set at pH 7.4 and 5.5, 

respectively. These pH levels were chosen to mimic the 

pH of physiological blood pH (pH 7.4), the acidic pH of 

the tumor microenvironment (pH 5.8–7.6), and the pH of 

endosomes/lysosomes (pH 4–6). The percentage of Dox 

Figure 1 Physicochemical characterization of gNr-Dox-Tf-NP.
Notes: (A) changes in the surface charge observed during synthesis of gold nanorods. (B and C) TeM images of gNr-Dox-NP and gNr-Dox-Tf-NP (scale bar, 100 nm). 
(D) absorbance spectra of bare gNr, gNr-Dox-NP, and gNr-Dox-Tf-NP in water. (E) Fluorescence emission spectra of free Dox and gNr-Dox-NP in PBs and Dox 
released from gNr-Dox-NP in acetate buffer (ph 5.5). (F) Dot blot assay showing transferrin conjugation to gNr-Dox-NP. Tf-sh was used as positive control and was 
compared to gNr-Dox-Tf-NP.
Abbreviations: gNr-mPeg, gold nanorod-methoxy polyethylene glycol; gNr-eMch, gold nanorod-maleimidocapric acid hydrazine; gNr-Dox-NP, gold nanorod-
doxorubicin-nanoparticle; gNr-Dox-Tf-NP, gold nanorod-doxorubicin-transferrin-nanoparticle; TeM, transmission electron microscopy; Tf-sh, Iminothiolated activated 
transferrin; au, arbitrary unit; gNr, gold nanorod; Dox, doxorubicin; rel, released; PBs, phosphate buffered saline.
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released from GNR-Dox-NP and GNR-Dox-Tf-NP in PBS 

and acetate buffer was estimated at different time periods 

using fluorescence measurements. The rate of Dox release 

from both GNR-Dox-NP and GNR-Dox-Tf-NP increased for 

the first 8 h and then plateaued, indicating sustained release 

of the drug over time (Figure 2A). Dox release, however, 

was higher at pH 5.5 than at pH 7.4 for both GNR-Dox-NP 

and GNR-Dox-Tf-NP. Drug release from GNR-Dox-Tf-NP 

was slighter higher than from GNR-Dox-NP at pH 5.5. The 

percentage of drug release at 24 h of incubation was 25% 

and 66% for GNR-Dox-Tf-NP, and 28% and 57% for GNR-

Dox-NP at pH 7.4 and pH 5.5, respectively (Figure 2A). 

These results demonstrate that the GNR-Dox-NPs when 

internalized by tumor cells will efficiently release the drug, 

resulting in cytotoxicity.

Optimization of Dox and Tf 
concentration on gNr
The Dox and Tf concentration was optimized by performing 

cell viability studies using A549 cells. First, varying concen-

trations (0.5–8 µg/mL) of Dox conjugated to GNR (GNR-

Dox-NP) were tested for their cytotoxicity. A dose-dependent 

cytotoxicity was observed at 24 h after GNR-Dox-NP 

treatment, with 0.5 µg/mL of Dox showing the lowest 

toxicity (72% cell viability; P,0.05) and 8 µg/mL of Dox 

showing the highest toxicity (25% cell viability; P,0.0001; 

Figure 2B). The half-maximal inhibitory concentration value 

of GNR-Dox-NP was around 2.5 µg/mL of Dox. Based on 

these study results, we chose to use 2 µg/mL of Dox conju-

gated to GNR to produce GNR-Dox NPs.

Next, we optimized the Tf concentration to attach to GNR-

Dox-NP. Different concentrations of Tf (0.05–2 µg/mL) were 

added to GNR-Dox-NP (1.25 µg/mL) and tested for cyto-

toxicity against A549 cells. A progressive reduction in cell 

viability was observed with increasing concentrations of Tf 

on GNR-Dox-NP (P,0.05–0.0001; Figure 2C). The highest 

percentage (71%) of viable cells was observed when treated 

with GNR-Dox-NP containing no Tf (P,0.05). The lowest 

percentage (47%) of viable cells was observed when treated 

with GNR-Dox-NP containing 2 µg/mL of Tf (P,0.0001; 

Figure 2C). Based on these results, 2 µg/mL of Tf was con-

jugated to GNR-Dox-NP to produce GNR-Dox-Tf-NPs.

The final concentration of Dox and Tf attached to GNR-

Dox-Tf-NP and used in the study was 2 µg/mL.

Figure 2 Dox release kinetics and optimization of Dox and Tf concentrations.
Notes: (A) In vitro release kinetics of Dox from gNr-Dox-NP and gNr-Dox-Tf-NP in PBs (ph 7.4) and acetate buffer (ph 5.5). (B) Optimization of Dox concentration 
and (C) Tf concentration in gNr-Dox-NP- and gNr-Dox-Tf-NP-treated a549 cell viability assay at 24 h. *P,0.05; **P,0.0001.
Abbreviations: gNr-Dox-NP, gold nanorod-doxorubicin-nanoparticle; gNr-Dox-Tf-NP, gold nanorod-doxorubicin-transferrin-nanoparticle; PBs, phosphate-buffered saline.
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gNr-Dox-Tf nanoparticles exhibit 
selective cytotoxicity against lung tumor 
cells
To determine the utility of GNR-Dox-Tf-NP as a therapeu-

tic, we conducted cell viability and hyperspectral imaging 

studies using TfR-expressing A549 cells, and compared 

these results against those found with GNR-Dox-NP and 

free Dox. Hyperspectral imaging showed greater uptake of 

GNR-Dox-Tf nanoparticles than GNR-Dox nanoparticles 

in A549 cells at 2 h after treatment (Figure 3A). This result 

demonstrated that uptake of targeted GNR-Dox-Tf-NP is 

rapid and higher in A549 cells.

A cell viability study showed that GNR-Dox-Tf-NP mark-

edly reduced cell viability by 48% (52% viable) compared 

with a 36% reduction (64% viable) observed with GNR-

Dox-NP treatment (P,0.0001; Figure 3B), demonstrating 

that GNR-Dox-Tf-NP was more effective than GNR-Dox-NP. 

The cytotoxicity exerted by free Dox was observed to be 

the highest, with viability reduced by 55% (45% viable; 

P,0.0001) when compared with untreated control cells. The 

difference in cytotoxicity between free Dox and GNR-Dox-

Tf-NP could be explained by the fact that free Dox passively 

and rapidly diffuses into cells,29 while GNR-Dox-Tf-NP 

enters the cells by receptor-mediated endocytosis, followed 

by the controlled release of Dox from the acid-labile linker.

The possibility that the observed GNR-Dox-Tf-NP-medi-

ated cytotoxicity was unique to the A549 cell line was excluded 

by testing GNR-Dox-Tf-NP against another lung cancer cell 

line, HCC827. Free Dox treatment reduced HCC827 viability 

by 50% (50% viable; P,0.0001; Figure 3B), a level akin 

to that observed in A549 cells. GNR-Dox-Tf-NP treatment 

reduced cell viability by 46% (54% viable; P,0.0001) when 

compared with untreated controls and was greater when com-

pared with GNR-Dox-NP treatment, which showed a reduc-

tion in cell viability by 39% (61% viable; P,0.05; Figure 

3B). There was no significant difference in the cytotoxicity 

activity of GNR-Dox-Tf-NP and free Dox (P.0.05). These 

results demonstrate the broad-spectrum cytotoxicity exhibited 

by GNR-Dox-Tf-NP against lung cancer cells.

The higher efficacy demonstrated by GNR-Dox-Tf-NP 

over GNR-Dox-NP in A549 cells (12%–14%) compared 

with HCC827 cells (7%–8%) is attributable to higher TfR 

expression in A549 cells than in HCC827 cells (upper panel, 

Figure 3B).

To further determine the cytotoxicity of GNR-Dox-Tf 

toward normal cells, HCASM cells, which express low 

levels of TfR (upper panel, Figure 3C), were treated with 

GNR-Dox-Tf-NP and compared with GNR-Dox-NP and 

free Dox. Untreated cells served as controls. Free Dox 

reduced cell viability to a greater extent (55% viable; 

P,0.05) than did GNR-Dox-NP (68% viable) and GNR-

Dox-Tf-NP (86% viable; Figure 3C) when compared with 

untreated control cells. GNR-Dox-Tf-NP demonstrated 

reduced cytotoxicity when compared with GNR-Dox-NP 

Figure 3 cell uptake and cell viability studies.
Notes: (A) Hyperspectral fluorescence images of Dox in A549 cells after 2 h of incubation with (i) GNR-Dox-NP and (ii) GNR-Dox-Tf-NP. (B) cell viability in a549, 
hcc827, and (C) hcasM cell lines treated with free Dox, gNr-Dox-NP, and gNr-Dox-Tf-NP at 24 h. Western blot images show Tfr expression in (B) a549, hcc827, 
and (C) hcasM cells. β-actin was used as a loading control. *P,0.05; **P,0.0001.
Abbreviations: gNr-Dox-NP, gold nanorod-doxorubicin-nanoparticle; gNr-Dox-Tf-NP, gold nanorod-doxorubicin-transferrin-nanoparticle; hcasM, human coronary 
artery smooth muscle; NS, not significant.
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(16% less toxicity) and free Dox (31% less toxicity). These 

results demonstrate that TfR-targeted drug delivery mark-

edly reduces Dox-induced toxicity to normal coronary 

artery smooth muscle cells.

gNr-Dox-Tf-NP-mediated cytotoxicity 
is specific and occurs via transferrin 
receptor
To determine whether GNR-Dox-Tf-NP-induced cytotoxicity 

was receptor-mediated, A549 cells were treated with GNR-

Dox-Tf-NP and incubated at 37°C or at 4°C for 4 h. Receptor-

mediated endocytosis is active at 37°C and is inhibited at 

4°C.30 GNR-Dox-Tf-NP-treated cells incubated at 37°C dem-

onstrated intense intracellular fluorescence that was greatly 

diminished in GNR-Dox-Tf-NP-treated cells incubated at 

4°C (Figure 4A). These results show that GNR-Dox-Tf-NP 

uptake occurs via receptor-mediated endocytosis that is active 

at 37°C but not at 4°C.31

To further test receptor-mediated uptake of GNR-Dox-

Tf-NP, we conducted cell viability studies in the presence of 

HTf, the natural ligand for TfR.32 A549 cells were pretreated 

with GNR-Dox-Tf-NP in the presence or absence of HTf 

(10 µM). Treatment with GNR-Dox-Tf-NP reduced cell 

viability by 55% compared with control cells receiving no 

treatment (P,0.05; Figure 4B). In contrast, the efficacy of 

GNR-Dox-Tf-NP was markedly abrogated in the presence 

of HTf (40% inhibition). Our results demonstrate that TfR 

receptor-mediated uptake of the GNR-Dox-Tf nanoparticles 

results in cytotoxicity.

Next, we tested the efficacy of GNR-Dox-Tf-NP in the 

presence of the iron-chelating ligand DFO. Incubation of 

cells with DFO induces TfR biosynthesis and increases TfR 

expression on the cell surface, thereby facilitating increased 

TfR-mediated particle uptake.33 Exposure of A549 cells to 

DFO (100 µM) prior to GNR-Dox-Tf-NP treatment increased 

TfR expression (Figure 5A). Fluorescence microscopy 

studies showed intense intracellular fluorescence in the pres-

ence of DFO (Figure 5B). Further, a 2.5 times increase in 

FI in DFO plus GNR-Dox-Tf treatment was observed when 

compared with GNR-Dox-Tf-NP treatment (P,0.0001; 

Figure 4 cellular uptake mechanism: receptor-mediated endocytosis and blocking studies with hTf.
Notes: (A) gNr-Dox-Tf-NP particle uptake in a549 cells at 37°c and 4°C. GNR-Dox-Tf-NP-treated cells showed fluorescence (red) when incubated at 37°C indicating 
NP uptake that was abrogated when GNR-Dox-Tf-NP-treated cells were incubated at 4°C. Untreated cells incubated at 37°C served as control. Nuclei was stained blue with 
DaPI. (B) hTf (10 µM) abrogated the inhibitory activity of gNr-Dox-Tf-NP on a549 cells. *P,0.05; **P,0.0001.
Abbreviations: gNr-Dox-Tf-NP, gold nanorod-doxorubicin-transferrin-nanoparticle; hTf, human transferrin; DaPI, 4’6-diamidino-2-phenylindole.
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Figure 5C). A marked and significant reduction in cell 

viability in DFO plus GNR-Dox-Tf-NP treatment (22% 

viability) was associated with increased GNR-Dox-Tf-NP 

uptake when compared with the untreated control group 

(P,0.0001; Figure 5D). The reduction of cell viability fol-

lowing GNR-Dox-NP treatment, though significant (53% 

viability; P,0.05) when compared with untreated controls, 

was less than that observed in GNR-Dox-Tf-NP-treated 

cells. These results demonstrate that the GNR-Dox-Tf-NP-

mediated cytotoxicity observed in the A549 lung cancer cell 

line is specific and occurs via the TfR.

gNr-Dox-Tf-NP treatment activates 
caspase-9 in the a549 lung cancer cell 
line
Dox treatment induces apoptosis in a broad spectrum of  

cancer cells.34 Dox has also been shown to produce cardiac 

tissue damage resulting in cardiotoxicity.35 We therefore 

investigated whether GNR-Dox-Tf-NP treatment also induced 

apoptosis in A549 and HCASM cells. Marked activation of 

caspase-9, an indicator of cells undergoing apoptosis,36 was 

detected in both GNR-Dox- and GNR-Dox-Tf-NP-treated 

A549 cells (Figure 6A). However, caspase-9 levels were 

significantly higher in GNR-Dox-Tf-NP-treated cells than 

in GNR-Dox-NP-treated cells (P,0.0001; Figure 6B). In 

HCASM cells, a mild increase in activated caspase-9 level 

was observed in GNR-Dox-Tf-NP-treated cells compared 

with untreated control cells (P,0.05; Figure 6C and D).  

In GNR-Dox-NP-treated cells, the caspase-9 level was 

significantly increased compared with GNR-Dox-Tf-NP 

and untreated controls (P,0.05; Figure 6C and D). These 

results demonstrate that GNR-Dox-Tf-NP induces apoptosis 

selectively and to greater extent in lung cancer cells, while 

exhibiting reduced killing toward HCASM cells.

gNr-Dox-Tf-NP treatment induces 
DNa damage in the a549 lung cancer 
cell line
Dox treatment produces DNA damage by inducing DNA 

double-strand breaks.37 Therefore, in this study, we looked 

for DNA damage in GNR-Dox-Tf-NP-treated cells by 

staining for H2AX foci38 and conducting a comet assay.27,39  

A significant increase in H2AX foci was observed in both 

GNR-Dox-NP- and GNR-Dox-Tf-NP-treated cells compared 

Figure 5 receptor-mediated uptake enhancement studies with DFO.
Notes: (A) Tfr (cD71) expression and (B) GNR-Dox-Tf-NP uptake increased in DFO-treated A549 cells (magnification 60×). (C) Increased fluorescence intensity was 
observed in gNr-Dox-Tf-NP-treated a549 cells compared with cells that were not treated with DFO. (D) GNR-Dox-Tf-NP-mediated cytotoxicity was significantly 
increased in the presence of DFO in a549 cells compared with other treatment groups. *P,0.05; **P,0.0001.
Abbreviations: gNr-Dox-Tf-NP, gold nanorod-doxorubicin-transferrin-nanoparticle; DFO, desferrioxamine; au, arbitrary unit.
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with untreated control cells (P,0.0001; Figure 7A). How-

ever, the number of H2AX foci in GNR-Dox-Tf-NP-treated 

cells was significantly higher than that in GNR-Dox-NP-

treated cells (P,0.05; Figure 7A).

Comet assay also demonstrated that GNR-Dox-Tf-

NP-treated cells produced greater DNA damage than did 

GNR-Dox-NP-treated and -untreated control cells, as 

indicated by the intense and long tail (P,0.05; Figure 7B). 

GNR-Dox-NP treatment also resulted in more DNA dam-

age than was observed in untreated control cells (P,0.05). 

These results demonstrate that GNR-Dox-Tf-NPs induce a 

greater magnitude of DNA damage than the control groups 

resulting in cell death.

Discussion
The goal of this study was to develop a strategy for increased 

delivery of Dox to tumor cells and to circumvent the nonspe-

cific toxicity to normal cells. To achieve this goal, we have 

developed and tested a multifunctional TfR-targeted GNR 

drug delivery system that efficiently carries and releases Dox 

under acid-labile conditions (GNR-Dox-Tf-NP), such as the 

acidic environment present in the intracellular endosomal 

compartment and under hypoxic conditions.40 Physicochemi-

cal studies revealed that the GNR-Dox-Tf nanoparticles 

were positively charged and approximately 40 nm in size. 

Further, the nanoparticles exhibited desirable drug release 

kinetics under acidic pH (5.5) supporting their testing in 

biological systems.

Both GNR-Dox-Tf-NP-treated A549 and HCC827 lung 

cancer cell lines showed a significant reduction in cell viabil-

ity compared with GNR-Dox-NP-treated cells and untreated 

control groups. However, A549 cells, which express higher 

levels of TfR than HCC827 cells, were more sensitive to 

GNR-Dox-Tf-NP treatment, reflecting a receptor dosage 

effect. HCASM cells, unlike tumor cells, expressed low 

levels of TfR and were relatively less sensitive to GNR-Dox-

Tf-NP treatment when compared with free Dox treatment. 

These results demonstrated the utility of receptor-targeted 

drug delivery, minimizing toxicity to normal coronary artery 

smooth muscle cells while exhibiting potent anticancer 

Figure 6 apoptotic induction by gNr-Dox-Tf-NP in tumor versus normal cells.
Notes: Detection of caspase-9 in (A) a549 cells and (C) hcasM cells by Western blotting. semiquantitative analysis shows activated caspase-9 expression levels in (B) 
a549 and (D) hcasM cells. *P,0.05; **P,0.0001.
Abbreviations: gNr-Dox-NP, gold nanorod-doxorubicin-nanoparticle; gNr-Dox-Tf-NP, gold nanorod-doxorubicin-transferrin-nanoparticle; casp-9, caspase-9; hcasM, 
human coronary artery smooth muscle.
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activity against tumor cells. Another important observation 

made in this study was that although we have used a relatively 

high concentration of Dox (equivalent to 3.4 µM) in the 

GNR-Dox-NP system, the observed toxicity in the HCASM 

cells was significantly reduced when compared to free Dox. 

This is in contrast to the reports that demonstrated that normal 

cells including cardiomyocytes when exposed to very low 

concentrations of free Dox (0.1 µM) exhibited toxicity that 

increased with increasing drug concentration.35,41,42 Thus, 

our study results demonstrate that higher Dox concentration 

can be delivered to tumor cells using the GNR-Dox-Tf-NP 

system while sparing normal cells. Furthermore, the GNR-

Dox-Tf-NP treatment is likely to produce reduced cardio-

toxicity, while efficiently killing tumor cells, a feature that is 

preferred for Dox-based cancer treatment. While our in vitro 

study results are promising, it is to be realized that further 

improvements are to be made to the GNR-Dox-Tf-NP system 

for increasing tumor cytotoxicity. Further, the safety of the 

GNR-Dox-Tf-NP is to be determined in in vivo studies prior 

to advancing to clinical testing.

The fact that the observed GNR-Dox-Tf-NP toxicity 

in cancer cells was receptor-mediated was determined by 

conducting specificity studies. GNR-Dox-Tf nanoparticles 

uptake by the lung cancer cells occurred via receptor-

mediated endocytosis, as particle uptake by the cells was 

observed when incubated at 37°C but not when incubated at 

4°C. This observation concurred with previous studies that 

showed that receptor-mediated endocytosis is active at 37°C 

and reduced at 4°C.31 The reduction in endocytic activity at a 

lower temperature occurs because the receptors are not active 

to bind with their ligands.31 Further, receptor specificity was 

demonstrated by using an excess of HTf, a natural ligand for 

TfR. The cytotoxicity of GNR-Dox-Tf in the presence of HTf 

was greatly mitigated (Figure 8). In contrast, increasing the 

TfR expression in A549 cells using the iron chelator DFO 

resulted in a significant increase in GNR-Dox-Tf particle 

uptake and in enhanced cytotoxicity (Figure 8). The increase 

in TfR expression after DFO treatment is attributed to its 

ability to interrupt the normal intracellular iron balance.33 

Our study results thus demonstrated that the GNR-Dox-Tf 

nanoparticles are receptor-specific and enter cells via endo-

cytosis to exert their anticancer activity.

Molecular studies showed that GNR-Dox-Tf exerted its 

anticancer activity in A549 cells by activating caspase-9, 

a molecular indicator of cells undergoing apoptosis.34,36 

Although caspase-9 activation was observed in HCASM 

cells, the level of activation was less than that observed in 

A549 cells, suggesting that tumor cells were more sensitive to 

GNR-Dox-Tf-NP therapy. Further, GNR-Dox-Tf-NP-treated 

A549 cancer cells showed a significant increase in both 

Figure 7 Treatment with gNr-Dox-Tf-NP induced tumor cell DNa damage.
Notes: (A) h2aX foci staining indicating DNa damage. (B) histogram representing the number of h2aX foci per nucleus per treatment. (C) comet assay showed 
that gNr-Dox-Tf-NP-treated cells had longer tails, indicative of greater DNa damage, than did gNr-Dox-NP-treated and untreated control cells. (D) Quantitative 
representation of the Olive tail moment showed that GNR-Dox-Tf-NP produced significant DNA damage compared with other treatment groups. *P,0.05; **P,0.0001.
Abbreviations: gNr-Dox-NP, gold nanorod-doxorubicin-nanoparticle; gNr-Dox-Tf-NP, gold nanorod-doxorubicin-transferrin-nanoparticle.
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H2AX foci and DNA laddering when compared with GNR-

Dox-NP and untreated control cells, indicating that the cells 

underwent DNA damage and double-strand breaks.37,38

Conclusion
In this study, we have successfully fabricated targeted GNR-

Dox-Tf-NP with pH-sensitive drug release capabilities for 

the treatment of lung cancer. Our findings demonstrate 

that GNR-Dox-Tf-NP selectively targets Tf overexpress-

ing lung cancer cells and facilitates their cellular entry via 

receptor-mediated endocytosis (Figure 8). The targeting and 

pH-responsive drug release properties of GNR-Dox-Tf-NP 

enhanced the effectiveness of the therapeutic agent in cancer 

cells by inducing apoptosis and DNA damage. Importantly, 

GNR-Dox-Tf-NP exhibited reduced toxicity in normal coro-

nary artery smooth muscle cells. This study demonstrates 

that GNR-Dox-Tf-NP will selectively kill tumor cells with 

reduced cardiotoxicity and serves as a strong foundation for 

our future in vivo study.
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Supplementary materials
Materials
HS-PEG-OMe (6,000 Da), HS-PEG-SH (3,400 Da), 

doxorubicin (Dox), transferrin (Tf), iminothiolane, desfer-

rioxamine, and ethylenediaminetetraacetic acid (EDTA) 

were all purchased from Sigma Chemicals. Gold nanorods 

(GNR) were procured from Nanopartz Inc. Maleimidocapric 

acid hydrazine (EMCH, Thermo Scientific), SephadexG-25 

(PD10, GE, Erie, PA, USA), bovine serum albumin (BSA; 

KSE Scientific, Durham, NC, USA), CD71 mouse mono-

clonal primary antibody (Cell Signaling, Danvers, MA, 

USA), RPMI medium (Roswell Park Memorial Institute) 

(Cellgro, Manassas, VA, USA), trypan blue (Lonza, MD, 

USA), and polyvinylidene fluoride-membrane (Millipore, 

Billerica, MA, USA) were all purchased from commercial 

vendors.

Functionalization of gold nanorods
Presynthesized cetyltrimethylammonium bromide (CTAB) 

stabilized GNRs were purchased from Nanopartz Inc. 

and conjugated with HS-PEG-OMe (mPEG-SH, methoxy 

polyethylene glycol thiol) and HS-PEG-EMCH (HS-PEG-

NH-NH
2
). Briefly, 10 mL of (1.3 nM) GNR was mixed with 

500 µL of 1 mM mPEG-SH, and the mixture was stirred 

for 5 h at room temperature. Then, the unbound mPEG-SH 

and CTAB molecules were removed by centrifugation at 

13,500 rpm for 15 min, and the pellet was dispersed in 5 mL 

of milliQ water and labeled as GNR-S-mPEG.

In another vial, 1 mL of 5 mM HS-PEG-SH solution was 

mixed with 1 mL of 5 mM maleimidocapric acid hydrazine in 

2 mL of 0.1 M sodium phosphate containing EDTA (0.1 M; 

pH 7.15) solution. The mixture was stirred for 12 h at room 

temperature. The conjugated HS-PEG-EMCH (HS-PEG-

NH-NH
2
) solution was purified by dialysis against milliQ 

water using a 3,500 Da dialysis bag.

From the purified HS-PEG-EMCH solution, 1.5 mL 

(1 mM) of the solution was added to GNR-S-mPEG solution 

and stirred for 6 h at room temperature. Then, the solution 

was centrifuged to remove unbound and nonspecific attached 

molecules, and was dispersed in 5 mL of phosphate-buffered 

saline (PBS) and labeled as GNR particles.

conjugation of doxorubicin onto the functionalized 
gNrs
Doxorubicin (Dox; 600 µg) was added to the GNR particles 

(EMCH-PEG-S-GNR-S-mPEG) dispersed in 5 mL of PBS 

solution, and the mixture was stirred for 48 h at 37°C. The 

unbound Dox molecules were removed by centrifugation, and 

the resulting pellet was dispersed in 2 mL of PBS solution. 

The bound Dox concentration was estimated using absor-

bance spectroscopy by measuring optical density at 485 nm. 

Hereafter, this compound is referred to as GNR-Dox-NP.

Figure S1 schematic showing step-by-step synthesis of gNr-Dox-Tf-NP.
Abbreviations: Dox, Doxorubicin; Peg, polyethylene glycol; Tf-sh, transferrin + iminothiolane; gNr-Dox-Tf-NP, gold nanorod-doxorubicin-transferrin nanoparticle.
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Transferrin activation and conjugation onto the 
functionalized gNrs
Activation of Tf was achieved by mixing 13 mg of Tf 

(166 nmol) with 0.5 mg of iminothiolane (3.6 µmol) in 

0.1 M sodium phosphate/EDTA (pH 8.0) solution, stirred 

for 4 h at 4°C to produce Tf-SH (iminothiolated Tf). Tf-SH 

was subsequently purified by size exclusion chromatography 

using a Sephadex G-25 (PD10) column. The purified Tf-SH 

was next incubated with GNR-Dox NP for 4 h at room tem-

perature to produce GNR-Dox-Tf-NP. Conjugation of Tf to 

GNR-Dox-NP was determined by dot blot analysis.

evaluation of the ph-controlled drug release studies
GNR-Dox-NP and GNR-Dox-Tf-NP were equally dispersed 

in two different buffer solutions, pH 5.5 acetate buffer (0.1 M) 

and 7.4 PBS (0.1 M). These two solutions were incubated 

at 37°C with mild stirring. At intervals of 1 h for 8 h, the 

solutions were centrifuged, and an aliquot of the supernatant 

was collected and an equal amount of buffers was added at 

each time point of sample collection. The collected samples 

were measured for fluorescence at 560/485 nm emission and 

excitation wavelengths, respectively. The percentage of Dox 

released in each buffer solution was calculated by cumulative 

fluorescence values and compared with free Dox.

Dot blot analysis
For determining efficient conjugation of Tf to GNR-Dox-NP, 

dot blot analysis was performed. Briefly, 3 µL of GNR-

Dox-Tf-NP and Tf-SH were spotted onto a nitrocellulose 

membrane and allowed to dry for 20 min at room tempera-

ture. The membrane was then soaked in 5% BSA dissolved 

in TBS-T (10 mM Tris, pH 7.5, containing 0.15 M NaCl, 

0.1% Tween 20) for 1 h at room temperature, followed by 

incubation with CD71 mouse monoclonal primary antibody 

(1:200 dilution with BSA) for 30 min at room temperature. 

Then, the membrane was washed three times with TBS-T 

for 5 min, followed by incubation with the appropriate 

secondary antimouse antibody (1:1,000) for 40 min at room 

temperature. The membrane was then washed with TBS-T 

three more times, incubated with a chemiluminescence 

reagent (Thermo Scientific) for 1 min, and blots developed 

by exposing the membrane to an autoradiographic film 

(Thermo Scientific).

Optimization of Dox and Tf concentration
A549 cells (0.2×106/well) suspended in RPMI media contain-

ing 10% serum were seeded in six-well tissue culture plates 

and incubated at 37°C. After 24 h, the culture medium was 

aspirated and replaced with 1 mL of serum-free medium. 

Incubation continued for 1.30 h to activate the receptors. 

Then, the cells were treated with GNR-Dox-NP carrying 

different concentrations (0.5, 1, 2, 4, 6, and 8 µg/mL) of Dox. 

After 4 h of Dox treatment, the culture medium was replaced 

with media containing 5% serum. Incubation continued for 

an additional 20 h. After the incubation period, the cells 

were washed twice with PBS and harvested. The number of 

viable cells was determined by trypan blue assay as previ-

ously described. The number of viable cells was calculated 

and expressed as a percentage. Cells that were not treated 

with Dox served as controls. Based on these results, we chose 

2 µg/mL of Dox for all of the studies described herein.

To optimize the Tf concentration, A549 cells were seeded 

in six-well plates as described above for Dox optimization. 

We added GNR-Dox-Tf-NP with fixed Dox concentration 

(1.25 µg/mL) and varying Tf concentrations (0.05, 0.1, 0.2, 

0.5, 1, and 2 µg/mL) to the cells. At 24 h after treatment, the 

cells were washed, and trypsinized, and cell viability was 

determined. From the results, 2 µg/mL of Tf was identified as 

the optimal concentration for the studies described herein.

hyperspectral imaging
Hyperspectral data was acquired using CytoViva’s hyper-

spectral imaging system (CytoViva Inc., Auburn, AL, USA). 

The system contains a high signal-to-noise dark-field illu-

minator and hyperspectral imaging components integrated 

on a research-grade microscope. Using a motorized stage, 

hyperspectral data were collected in the 400–1,000 nm range 

for every pixel in the image one row at a time, utilizing the 

“pushbroom” approach. These data were compiled and pre-

sented as a datacube containing spectral and spatial data.Figure S2 histogram showing nanoparticle number and size distribution.
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To identify the GNRs conjugated with Dox and Tf and 

Dox alone, a particle filter was run on all images to gather 

spectra corresponding to each substance to create reference 

spectral libraries. Particle filter collected spectra based on a 

set intensity threshold. Once the spectra were collected, they 

were filtered against the negative control image to eliminate 

any false positives. The remaining spectra comprised the 

spectral libraries representing GNR-Dox-NP, GNR-Dox-

Tf-NP, and Dox alone.

The spectral libraries were then used to spectrally identify 

and spatially map GNR-Dox-NP, GNR-Dox-Tf-NP, and Dox 

in the 2 hour images of the cells containing each compound. 

Using the spectral angle mapper algorithm, the reference 

library was compared to each spectrum in the respective 

2 hour images. Any pixel in the image whose spectrum 

matched a spectrum in the library was false-colored red.
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