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Abstract 

Despite widespread availability of cytotoxic chemotherapeutic agents, the killing tumour cells 

without affecting healthy surrounding tissue remains elusive, although recent developments in terms 

of plasmonic nanoparticles capable of photothermal killing have some promise. Here we describe 

novel DNA aptamer-tethered gold nanorods (GNRs) that act as efficient photothermal therapeutics 

against tumour cells, but not their isogenic normal cell counterparts. A modified Cell-SELEX 

process was developed to select a novel DNA aptamer (KW16-13) that specifically recognised and 

was internalised by cells of the MCF10CA1h human breast ductal carcinoma line but not by those 

of its isogenic normal counterpart (MCF10A). GNRs conjugated to KW16-13 were readily 

internalized by the MCF10CA1h tumour cells with minimal uptake by MCF10A normal cells. 

Upon near infrared (NIR) light irradiation, tumour cell death of > 96%, could be effected, compared 

to < 1% in the normal cells or cells incubated with GNRs alone, our KW16-13 aptamer-targeted 

GNRs thus showing>71-fold tumor cell death than GNRs-targeted with a previously described 

aptamer. This demonstrates the significant potential for Aptamer functionalised-GNRs to be used 

effective and above all selective anti-cancer photothermal therapeutics. 
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Introduction 

Breast cancer is the second most prevalent cancer worldwide with more than 1.7 million new cases 

diagnosed worldwide in 2012 (WHO). Although numerous chemotherapeutic agents are available 

for the treatment of breast cancer, none of them are truly specific for tumour cells, instead resulting 

in significant and unwanted toxic side-effects. A potential approach is photothermal therapy2, which 

involves using light to elevate the localised temperature of the tumour tissue to 42 – 45 ° C, 

resulting in cell death3.Since this type of non-specific heating damages the tissue as a whole, 

including the normal tissue surrounding the tumour cells, nanotechnology approaches have been 

applied to photothermal therapy for cancer treatment, with varying degrees of 

success4.Nanoparticles are particularly attractive for this application due to their ability to 

accumulate in the poor lymph vessel architecture commonly associated with tumour tissues5, 

6.Nanoparticles with a high surface to volume ratio can also be functionalised with targeting ligands 

to enhance cell surface binding7. When irradiated with light, the nanoparticles can kill the cells in 

the area, but this damages the entire tissue and results in unwanted side effects. 

 

Plasmonic nanoparticles capable of photothermal killing have great promise as therapeutics through 

their chemical inertness, high biocompatibility and fine-tunability of structural parameters8.In 

particular, gold nanorods (GNRs) have particular advantages in that they canexhibit a strong 

broadband longitudinal surface plasmon absorption (LSPR) in the range of 600 to 1100 nm9-12. The 

LSPR band can be fine-tuned simply by varying the aspect ratio (length of long to short sides) of 

the GNR to reside in the tissue-transparent Near Infra-Red (NIR) region13.Importantly,GNRs 

sustain a higher absorption cross section at NIR frequencies per unit volume compared to 

nanospheres or nanoshells1, making them highly attractive possibilities for treating deep tissue 

cancers9 with minimal damage to healthy tissue. 
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Due to the nature of tumour cells and the fact that they originate from normal cells, one of the major 

challenges to cancer therapy is to specifically target tumour cells with minimal damage to the 

surrounding healthy normal tissue. To actively target cancers, various biomolecules including 

peptides and antibodies14-22have been used to functionalise GNRs for targeted therapies23, 24, but 

none of these approaches have proved truly tumour specific, as the target molecule to which they 

are directed on the tumour are also usually expressed on normal tissue, although to a lesser 

extent.DNA aptamers25-27which are short single-stranded pieces of DNA or RNA that fold into 3-

dimensional structures and bind to target molecules based on their shape, represent an exciting 

alternative, with advantages such as facile scale-up by chemical synthesis, ease of conjugation to 

GNRs and a relative absence of immunogenic effects28-30. Although aptamer-GNR conjugates have 

previously been used in drug delivery/cancer therapy to target cancer cells with some success19, 22, 24, 

31-33 these studies compared the photothermal killing of Apt-GNRs on various tumour cell lines 

without a normal counterpart cell comparison. Here we utilise the powerful MCF10 breast cancer 

isogenic cell series, where a normal human breast cell line (MCF10A) has been used to generate 

various tumour cell lines, resulting in a series of normal/tumour cells on an identical genetic 

background, enabling true comparison of the specificity of treatments for tumorigenic cells. This 

study represents the first report of isogenic tumour and normal cells being used for direct 

comparison of the tumour cell specific photothermal killing effect of Apt-GNRs. 

 

In this study we describe the generation of a new tumour-specific aptamer (KW16-13)-GNR 

complex targeted against MCF10CA1h breast cancer cells and not MCF10A normal breast cells 

from an identical genetic background34, 35. KW16-13 demonstrates strong binding to and 

internalisation by MCF10CA1h cells as well as two other isogenic breast cancer lines, but not to the 

isogenic normal MCF10A cell, thus acting as a targeting molecule able to differentiate specifically 

between tumor and normal cells. The KW16-13-GNRs constructs could act as highly efficient 

photothermal agents exhibiting strong tumour cell killing following laser irradiation, with > 70-fold 
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specificity for tumour compared to normal cells (Scheme 1). This demonstrates the significant 

potential for Aptamer coupled-GNRs to be used for safe, effective and above all selective anti-

cancer therapy. 

 

 

Results and Discussions 

Generation of tumour-specific DNA aptamers by modified Cell-SELEX 

Tumour cell-specific targeting GNRs were generated using a series of isogenic cell lines from the 

tumour progression model, where the lines differ only in their tumorigenic status. The lines are 

based on the spontaneously immortalized non-tumorigenic MCF10A normal human breast 

epithelial line, which has been transformed with the activated c-Ha-ras oncogene to generate the 

pre-malignant MCF10AT line35, which in turn was used to generate the MCF10CA1h cell line 

through xenograft implant in mice34. The MCF10AT cell line generates small nodules in mice, 

which are representative of benign ductal aggregates and mild hyperplasia with 25% progressing 

into carcinomas. In contrast, the MCF10CA1h cell line forms well-differentiated carcinomas in 100% 

of mice and the MCF10Ca1a has a fully malignant and metastatic phenotype and is consistent with 

a high grade carcinoma 36. This series of cell lines represents a powerful human breast tumour 

progression model. 

 

To generate aptamers specific for tumour cells, a modifed whole-cell SELEX procedure29 was used 

(Scheme. 2). Aptamers were targeted against the MCF10Ca1h tumour cells, with the MCF10A 

isogenic normal cells used for negative counter-selection. After each round of positive/negative 

selection, the remaining aptamer pool was amplified by PCR prior to the next round. 

Simultaneously, aptamer selection was monitored using a 5’FITC-labelled primer to generate 

fluorescent aptamer pools by PCR. Following separation and removal of the non-fluorescent reverse 

strands the ssDNA pools were refolded and incubated with either MCF10A normal or MCF10Ca1h 
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tumour cells (4h, 37°C). Live cell confocal laser scanning microscopy (CLSM) of the washed 

samples demonstrated increased specificity of the aptamer pool for the tumour cells with each 

subsequent round of selection (Fig. 1A). Quantitation of the relative fluorescence levels in each cell 

type revealed an ~9-fold increase in tumour-cell selectivity after 16 rounds compared to the 

unselected random aptamer library (Fig. 1B).  After 18 rounds of cell-SELEX, the tumour cell-

selectivity remained constant and the aptamer pool was subcloned and sequenced. The resultant 

sequences were grouped into families using an iterative clustalX analysis process (see Experimental 

Section) and the 6 most abundant aptamer species synthesised for individual analysis. 

 

DNA aptamers bind to and are internalised by the target tumour but not isogenic normal cells 

Single stranded DNA oligonucleotides corresponding to the 6 selected aptamer sequences were 

synthesised with a fluorescent 5’-FAM tag (Integrated DNA Technologies). Prior to use, the 

aptamers were refolded and then incubated with the MCF10 tumour progression series cell lines for 

6 h to examine tumour cell selectivity. After rigorous washing the cells were imaged live by CLSM 

(Fig. 2 and not shown), with two aptamers, KW16-16 and KW16-13, demonstrating the greatest 

level of selectivity for tumour cells, with little to no binding to the normal MCF10A cells observed 

for either aptamer (Fig. 2A). As a positive control, an aptamer from the literature, KMF2-1a37, 

originally targeted against the MCF10AT1 cell line (see above)34, was tested in parallel. Similar to 

KW16-16 and -13, FAM-KMF2-1a showed increased binding to the more advanced tumour lines 

(Fig. 2), but noticeable binding to the MCF10A normal cells was also observed, indicative of 

reduced tumour cell selectivity (Fig. 2A), particularly in comparison to KW16-13. This 

demonstrates that aptamers generated in similar fashion can have dramatic differences in tumour 

cell selectivity presumably dependent upon their unique interacting partners on the cell surface and 

importantly that KW16-13 has robust tumour cell selectivity and is therefore a strong candidate for 

use in future therapeutic applications. 
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To further examine the cell selectivity of the generated aptamers and therefore their potential utility 

in therapeutic applications, KW16-13, KW16-16 and KMF201a were tested against a panel of other 

human cell lines, which included the transformed embryonic kidney 293T line, the A549 lung 

adenocarcinoma line and the HeLa cervical cancer line (Supplementary Fig. S1). No staining above 

background was observed in any of the samples, with the noticeable exception of KMF2-1a, which 

demonstrated significant cytoplasmic uptake in HeLa cells only. This further confirms the limited 

specificity of the KMF2-1a aptamer for its targeted line and validates the KW16-13 and -16 

aptamers as breast cancer specific, positioning them as excellent candidates for further examination. 

As KW16-13 showed higher tumour selectivity than the other aptamers tested, it was selected for 

further examination in this study.  

 

Synthesis and Characterization of KW16-13-GNRs  

GNRs coated with cetyltrimethylammonium bromide (CTAB) were synthesized using a seed-

mediated approach13 and imaged by transmission electron microscopy (TEM; Fig. 3, inset), the 

GNRs found to be a highly uniform and reproducible population with a calculated aspect ratio of 

+2.602. UV visible spectra analysis was performed to investigate the optical properties of the GNRs 

(Fig. 3), with two main plasmon resonances evident, corresponding to a transverse peak around 518 

nm and a strong longitudinal peak (LSPR) at 682 nm. In order to connect aptamers to the surface, 

the GNRs must first be PEGylated to remove the CTAB layer and provide reactive groups to which 

the thiol-aptamers can subsequently be attached. UV visible spectra analysis (Fig. 3) demonstrated a 

small shift in LSPR (to 678 nm), confirming the replacement of CTAB by PEG. PEG coating of the 

GNRs was further confirmed using Fourier Transformer Infra-Red (FTIR) analysis (Supplementary 

Figure S2). A further shift to 675 nm was observed after reaction with thiolated-KW16-13, 

confirming aptamer coating. GNR functionalization with KW16-13 was further established using 

agarose gel electrophoresis (Supplementary Figure S3). Similar results were observed for GNRs 
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coated with the KMF2-1a (not shown). Apts were coated onto GNRs at a ratio of 2:1, which was 

found to be optimal in our small scale initial testing. 

 

KW16-13-GNRs specifically recognise tumour cells 

The light scattering properties of the GNRs were exploited to confirm that the KW16-13-GNRs 

retain tumour cell-specific targeting using dark field microscopy. Under a narrow beam of white 

light, GNRs will scatter light at a different wavelength depending upon their size and due to the 

surface plasmon resonance of the GNRs generated in this study the scattered light is in the visible 

spectra.MCF10A normal and MCF10CA1h cells were incubated without or with 100 µl of either 

PEG-GNRs or KW16-13GNRs for 4 h, fixed with 4% paraformaldehyde and then analysed by dark 

field microscopy. Compared to control, the PEG-GNRs demonstrated a small amount of 

binding/uptake in both the normal and tumour cells indicative of low-level non-specific uptake (Fig. 

4). In contrast, the KW16-13-GNRs were internalised strongly by the MCF10CA1h cells, with few 

binding to the MCF10A normal cells. These results demonstrate that the KW16-13-GNRs retain 

tumour cell specificity and are excellent candidates for investigation as anti-tumour therapeutics.  

 

KW16-13-GNRs effect specific photothermal killing of tumour but not normal cells  

To examine the photothermal cell killing properties of the GNR complexes, both MCF10A normal 

and MCF10CA1h tumour cells were incubated with either PEG-, KW16-13- or KMF2-1a-GNRs for 

4h at 37°C, prior to 600 mW irradiation for 5 min using an 808 nm laser as described in the 

Experimental Section. This wavelength overlaps with the LSPR of the GNRs used in this study and 

also corresponds with the region at which tissue has the lowest absorption, which results in the 

maximum penetration of light and is therefore the most suitable for photothermal therapy. The 

photothermal properties of the GNRs were examined using an infrared thermometer which 

demonstrated a rapid and consistent rise in temperature to > 45°C within 5 min (Supplementary Fig 

S4). Cells were stained with Trypan blue to identify dead cells, imaged under bright field 
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microscopy at 4X (see 4X enlarged – Fig. 5A) and scored for % cell death in the irradiated area(Fig. 

5B).The photothermal therapy had an almost immediate effect, consistent with previous reports35. 

Additionally, we observed that extending the trypan blue incubation period beyond 5 min, led to 

cell detachment from the coverslip, hampering quantitation. This is evident in Fig. 5A, where some 

of the irradiated cells in the KW16-13GNR tumor sample have detached, leaving a visible blank 

area in the center of the irradiated zone. 

Both tumour and normal control cells showed no visible effects after irradiation treatment alone, 

consistent with previous reports that short exposure to laser irradiation in this wavelength is not 

detrimental to tissue9, as cellular organelles absorb light at very low levels in the NIR region. Cells 

incubated with PEG-GNRs alone prior to irradiation displayed very low levels of cellular death 

(<1%), which was however similar in both tumour and normal cells, indicative of a low level of 

non-specific uptake of the GNRs by the cells. 

Both the KW16-13- and the KMF2-1a-GNRs were able to mediate photothermal cell killing in 

response to NIR irradiation, but the effects varied greatly in terms of both efficiency and tumour 

cell specificity between the two complexes. While the KW16-13-GNRs induced >95% cell death in 

the irradiated area, the KM2-1a-GNRs produced only 3-6% cellular death under the same 

conditions (Figure 5). Importantly, the KW16-13-GNRs also displayed a pronounced tumour cell 

specificity, causing death in only 1% of normal cells (consistent with background levels), resulting 

in ~ 74-fold more tumour cell death than normal cells. This was in contrast to the KMF2-1a-GNRs, 

which showed only a 2.5-fold enhancement in tumour cell killing compared to normal cells (Fig. 

5C). The 808 nm laser used in this study was chosen as the tissue penetration properties of this 

wavelength make it the ideal choice for progression towards preclinical studies. However, the 

GNRs used in this study have a maximal absorption in the 700 nm range, but even with the 808 nm 

laser we have achieved almost 100% tumour cell death, demonstrating the effectiveness of the 

photothermal approach. Future studies will concentrate on tuning the plasmon resonance of the 
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GNRs to be optimal at 808 nm, potentially increasing the specificity and effectiveness of the 

treatment, enabling shorter irradiation treatments. 

 

To further validate active targeting of tumor cells by the KW16-13-GNRs, flow cytometry (FACS) 

based cell viability assays were conducted by irradiating the cells with the 808 nm laser after 

incubation with the GNRs as explained in the Experimental Section. The cells were then stained 

with propidium iodide21 and analysed by flow cytometry (Figure 6A). Consistent with the 

experiments above, the control cells remained 100% viable and the PEG-GNRs showed ~4-6% cell 

death due to low-level non-specific uptake in either line. Although KW16-13-GNRs and KMF2-1a-

GNRs both initiated tumor cell specific death, the efficiency of KW16-13-GNRs (<71%) was much 

higher than that of the KMF2-1a-GNRs (<37%). Significantly, normal cells treated with KW16-13-

GNRs did not show any significant cell death beyond the non-specific level observed for PEG-

GNRs, whereas the KMF2-1a-GNRs had a significant detrimental effect (>18% cell death) 

confirming the specificity of KW16-13-GNRs (Figure 6B).  

 

Taken together this data demonstrates that the KW16-13-functionalised GNRs are able to mediate 

efficient and above all highly specific tumour selective cell killing and are therefore highly suitable 

candidates for development as anti-tumour agents. 

 

Experimental Section 

Chemicals 

Cetyltrimethylammonium bromide (CTAB), Gold (III) chloride hydrates (HAuCl4), Silver nitrate 

(AgNO3), Ascorbic acid, Sodium borohydride (NaBH4), Tris (2-carboxyethyl) phosphine) (TCEP) 

and Paraformaldehyde (PFA) were all purchased from Sigma Aldrich. Monomethoxy poly- 

(ethylene glycol) thiol (mPEG-SH; MW 5000 Da) was purchased from Polymer science, Inc. 

Trypan blue solution and Propidium Iodide stain were purchased from Thermo Fisher Scientific Inc.   
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Mammalian cell culture and transfection 

MCF10A, MCF10AT and MCF10CA1h cells were cultured in DMEM/F12 medium with 10 mM 

HEPES (Sigma), supplemented with 2.2g/l sodium bicarbonate, 5% horse serum, 100 ng/ml cholera 

toxin (Sigma), 0.5 µg/ml hydrocortisone, 10 µg/ml bovine insulin and 20 ng/ml human epidermal 

growth factor (EGF) (GIBCO). All cells were grown at 37ºC in 5% CO2. Cells were seeded onto the 

indicated tissue culture treated petri dishes or glass coverslips (13 mm in diameter) 24h prior to 

experiments. 

 

SELEX library and primers 

A single stranded oligonucleotide library consisting of 52 random nucleotides flanked by known 

18-nt primer binding sites were obtained from Integrated DNA Technologies (5’- 

ATACCAGCTTATTCAATT-(N)52-AGATAGTAAGTGCAATCT-3’. The primer sequences were 

forward: 5’-ATACCAGCTTATTCAATT and reverse: 5’-AGATTGCACTTACTATCT. 5’-FAM- 

ATACCAGCTTATTCAATT and 5’Biotin- AGATTGCACTTACTATCT oligonucleotides were 

also synthesised for amplification and monitoring.  

 

Adherent Cell SELEX 

A schematic of the process is given in Scheme. 2. An initial starting library of approximately 8.6 X 

1015 sequences was prepared in 500µl of binding buffer (25 mM glucose, 5 mM MgCl2, 15 µM 

BSA, DPBS; DPBS: 0.9 mM CaCl2/1 mM MgCl2/PBS) and boiled (95°C, 5 min)/flash-cooled (ice, 

3 min) to generate folded ssDNA. Prior to use, the library was further diluted with 500 µl binding 

buffer and incubated with a confluent 10 cm dish of MCF10CA1h cells pre-washed twice with 

wash buffer (25 mM glucose, 5 mM MgCl2, DPBS), 1 h, RT with gentle agitation. Cells were 

washed 3 times in wash buffer and detached using a cell scraper into 500 µl of DNase-free H2O. 
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Cells were boiled at 95°C, 10 min, followed by centrifugation at 13,100 x g, 5 min to recover 

aptamer sequences from the supernatant. For the first round of selection only, the entire selected 

pool was pre-amplified by PCR (due to the low number of individual DNA sequences present), 

using a standard forward primer and a biotin-tagged reverse primer. The pool was then amplified by 

standard PCR (again using a standard forward and biotin-tagged reverse primer) and the resulting 

double-stranded aptamers were separated using streptavidin-coated beads and column 

centrifugation to remove the unwanted biotin-tagged reverse sequences from the aptamer sequence 

(see PCR and strand separation). The single stranded aptamer sequences were then precipitated 

and used for the next round of SELEX. Prior to each subsequent round of SELEX, the selected 

aptamer pool from the previous round was denatured/flash cooled as previously to generate folded 

ssDNA. Subsequent rounds of SELEX were performed as per the first round except the recovered 

aptamer sequences underwent a counter-selection step against MCF10A cells as follows: Aptamers 

recovered from the supernatant of boiled MCF10CA1h cells (post-incubation) were incubated with 

a confluent 10 cm dish of MCF10A cells pre-washed twice with wash buffer, 1 h, RT with gentle 

agitation. Unbound aptamers recovered in the supernatant (selected pool). PCR amplification and 

strand separation proceeded as per first pool. From the third round of SELEX onwards, the culture 

dish for both positive and negative selection was reduced to 6 cm to decrease non-specific binding.  

 

PCR and strand separation 

Aptamers resulting from the first round of selection were subjected to a pre-amplification PCR 

performed using GoTaq DNA polymerase (Promega) according to the manufacturer’s instructions 

(cycle conditions; 95°C for 150 s, 10 cycles of 30 s each of 95°C, 56.3°C and 72°C, followed by 

72°C for 180 s) on an eppendorf Mastercycler Pro S thermocycler. For all subsequent rounds the 

conditions were optimised each time as, unlike PCR for homogeneous DNA, PCR with randomised 

nucleotides reaches a maximum, after which point by-products begin to form and the aptamer 

product decreases. To optimise cycle number, parallel PCR reactions were performed and one tube 
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was removed after each of 12, 14, 16, 18 and 20 cycles and analysed by gel electrophoresis (3% 

agarose). The optimal conditions were used for a larger (1 ml total volume) preparative PCR was 

performed using standard forward and biotin-tagged reverse primers. The resultant biotin-labelled 

double-stranded aptamers were boiled for 5 min and flash-cooled on ice for 3 min to generate 

folded single-stranded DNA and incubated with 100 µl streptavidin sepharose, pre-washed with 500 

µl binding buffer. The slurry was centrifuged at 500 x g for 30 s in a mini-column and the flow-

through passed-through the column 3 times. The resultant single-stranded aptamers were 

precipitated from the flow-through via isopropanol precipitation. The pellet was stored at -20°C 

until reconstitution in binding buffer for the next round of SELEX. 

 

Aptamer cloning 

After 18 rounds of SELEX the aptamer pool was PCR amplified with unmodified primers. The 

amplified library was ligated into pCRTM2.1-TOPOTMvector and cloned into TOP10 one-shotE. coli 

cells using the TOPO TA cloning kit (Life Technologies). The plasmids were purified using the 

WizardR SV 96 Plasmid DNA Purification System (Promega).  

 

Aptamer Sequencing 

Double stranded DNA aptamers were sequenced using the M13 forward and reverse primers 

provided in the TOPO TA cloning kit. High-throughput sequencing was performed by Micromon 

(Monash University, Clayton, Victoria, Australia).  

 

CLSM and Image Analysis  

Cells incubated with fluorescently labelled aptamers (1h, 37°C) were washed twice with PBS 

imaged live on an Olympus FV1000 Fluoview inverted microscope using a 100 X oil immersion 

lens. The mean fluorescence was determined from digitised images using the ImageJ 1.49m public 
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domain software (NIH), and statistical analysis performed using a 2-tailed unpaired t-test and the 

GraphPad Prism 5.0c software.  

 

Synthesis of GNRs 

GNRs were prepared by a modified seed-mediated method similar to that described by Nikoobakht 

et al13, as follows: 10 ml of seed solution (0.1M CTAB,0.25 mM HAuCl4 was added to 600µl of 10 

mM NaBH4and stirred at 600 rpm for 2 min, followed by a 2 h incubation at 30º C with no agitation. 

In parallel 200 µl of 4 mM AgNO3 was added to 10 ml of growth solution (0.1M CTAB, 0.5 mM 

HAuCl4), followed by 80 µl of 0.08 mM ascorbic acid. Following the 2 h incubation, 12 µl of the 

seed solution was added to the growth solution and incubated at 30º C for 2h to generate the GNRs. 

GNRs were recovered after centrifugation at 7000 rpm for 10 mins and the supernatant discarded. 

 

PEGylation of GNRs 

To replace the CTAB with PEG, 1 ml of 15 mg/ml mPEG-SH solution was added to the pre-

prepared GNRs, incubated at RT for 2 h and centrifuged at 6800 rpm for 8 mins. GNRs were 

redispersed twice in deionized water to remove any unreacted mPEG-SH. 

 

Aptamer attachment to PEG-GNRs 

5’ thiolatedKW16-13 and KMF2-1a Aptamers were synthesised by Integrated DNA Technologies. 

100 µl of 0.1M thiolated-aptamers were deprotected using 100 µl 0.1M TCEP solution for 1 h at RT. 

100 µl of the PEG-GNRs was added and the mixture stirred at 600 rpm for 12 h at RT in a 

thermomixer. GNRs were centrifuged at 6800 rpm for 8 min, decanted, and redispersed in 

deionized water to remove any unconjugated Aptamer.  

 

UV Visible Spectra and TEM Analysis of GNR complexes 
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UV-visible absorption spectra GNRs at each stage of preparation were recorded using an Agilent 

8453 UV-vis spectrometer. Transmission electron microscopy (TEM) images were taken with FEI 

Tecnai T20 Twin TEM.  

 

Cellular binding and dark field microscopy 

MCF10CA1h tumour and MCF10A normal cells grown on coverslips were incubated with 100 µl 

GNRs in 2 ml culture media at 37° C for 4 h washed thrice with PBS and fixed using 4% PFA.We 

tested several concentrations and incubation times to optimize GNR use, with 100 µl of purified 

GNRs chosen as optimal in terms of the balance between easy visualization of the GNRs (e.g. Fig. 

4) but with maximal effect (e.g. cell killing). No adverse effects in the absence of irradiation were 

seen at any concentration for any of the GNRs. Coverslips were mounted using 2% propyl-gallate 

and analysed under field using a Cytoviva Hyperspectral Imaging system with oil immersion at 

100X magnification. 

 

NIR- Photothermal ablation using KW16-13-GNRs 

For the laser ablation experiment, a CW diode laser (Chanchung New Industries Opto electronics 

Tech.co. Ltd) at 808 nm was used. This wavelength is in the NIR region at which tissue has low 

absorption. It also overlaps efficiently with the longitudinal plasmon resonance of the prepared 

GNRs. For this experiment, MCF10A normal and MCF10CA1h tumor cells seeded in 35mm dishes 

were incubated with 100 µl GNRs for 4 h at 37°C.Cells were washed twice with DMEM to remove 

unbound GNRs and transferred into phenol free DMEM. Cells were irradiated with 600mW of 

808nm CW diode laser (Chanchung New Industries Opto electronics Tech.co. Ltd), covering a 

diameter of 6mm for 5 min.40 µl Trypan blue was added and cells were imaged using an Olympus 

Provis AX70 wide field microscope with a 4X objective and scored for dead cells. 

 

Flow Cytometry Analysis for Cell Viability 
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MCF10A normal and MCF10Ca1h tumor cells seeded in 35 mm dishes were incubated with 100 µl 

of the indicated GNRs for 4 h at 37°C. Cells were washed twice with PBS to remove unbound 

GNRs and irradiated with an 808 nm CW diode laser at a power density of 600 mW for 5 min, 

covering an area of 24 mm2. Cells were then dispersed in 500 µl of PBS and transferred to FACS 

tubes. 0.5 µl of propidium iodide was added prior to FACS analysis using an LSR IIb cell analyser 

(BD Biosciences Ltd) with a 488 nm laser. FACSDiva software was used to calculate the cell 

viability. 

 

Conclusions 

We have successfully developed and validated a DNA aptamer that is highly specific for breast 

cancer cells, with no observable binding to isogenic normal cells. When coupled to the surface of 

GNRs tuned for plasmonic resonance in the NIR range, they serve as highly effective tumour 

targeting moieties that efficiently deliver GNRs to tumour cells, resulting in >95% tumour cell 

death after NIR irradiation. The high tumour-cell specificity exhibited by the novel GNRs, under 

the direction of the KW16-13 aptamer makes them exciting candidates for development as novel 

anti-tumour therapeutics, to exert maximal specific tumour cell death that is safe, effective and 

minimally invasive.  
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Figures and Legends 

 

Figure 1. Aptamers selected by the Cell-SELEX process show tumour cell-specific targeting. 

A. Fluorescently labelled aptamer pools, generated by PCR using 5’FAM-tagged primers after each 

round of Cell-SELEX (e.g.The unselected pool and the 16th round of selection), were incubated 

with MCF10A normal or MCF10Ca1h tumour cells for 4 hours at 37°C, washed and imaged live by 

CLSM.B. The specific cellular fluorescence for each sample was determined by image analysis 

from digitised images such as those in (A). The data is represented as fold tumour-cell specificity, 

relative to the unselected pool for each round. 
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Figure 2. KW16-16 and KW16-13 aptamers specifically bind to and are internalised by breast 

cancer cells. 

A. 5’-FITC-labelled KW16-16, KW16-13 and the KMF2-1a control aptamer were incubated with 

MCF10A normal and the increasingly tumorigenic isogenic MCF10AT, MCF10CA1h and 

MCF10Ca1a cells for 4 h at 37°C, washed and imaged live by CLSM. B. The mean specific 

fluorescence of each sample was determined from digitised images such as those in (A). Results 

represent mean ± SEM (n > 50), for a single typical experiment from a series of two similar 

experiments. C. Fold-tumour cell selectivity, relative to MCF10A normal cells was determined 

from (B).  
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Figure 3. Integrity of CTAB-, PEG- and Apt-GNRs as indicated by UV spectral analysis.  

UV visible spectra were determined for each of the stages of aptamer synthesis as described in the 

Experimental Section. The inset shows a typical TEM image of KW16-13-GNRs. 
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Figure 4. Tumor cell specific binding by KW16-13-GNRs. 

Normal (MCF10A) and tumour (MCF10CA1h) cells were incubated without (control) or with PEG-, 

KW16-13-, or KMF2-1a-GNRs for 4h at 37°C, washed and fixed with 4% PFA, and imaged by 

dark field microscopy using a 100X objective. Arrows indicate representative sites of GNR 

association with cells (not all GNR binding sites are indicated). 
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Figure5. Tumor cell-specific photothermal killing by KW16-13-GNRsas measured by Trypan 

blue exclusion. 

A. Normal (MCF10A) and tumour (MCF10CA1h) cells were incubated with the indicated Apt-

GNR complexes for 4 h at 37°C, washed and irradiated with 600 mw NIR light for 5 min. Trypan 

blue was added and the samples imaged under bright field microscopy using a 4 X objective B. 

Trypan blue positive (dead) cells were scored for each sample. Results represent the mean ± SEM 

(n > 120), averaged from a series of 3 similar experiments. C. Fold tumour cell specificity, relative 

to MCF10A cells, was calculated from the results of (B). 
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Figure 6.  Tumor cell-specific photothermal killing by KW16-13-GNRs as measured by FACS 

analysis/PI staining. 

Normal (MCF10A) and tumour (MCF10CA1h) cells were incubated with the indicated Apt-GNR 

complexes for 4 h at 37°C, washed and irradiated with 600 mw NIR light for 5 min. Propidium 

Iodide was added and the samples analysed for viability by flow cytometry.  Results represent the 

mean ± SEM (n=10000), averaged from a series of 2 similar experiments. 
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Scheme 1. Schematic representation of the synthesis and use of Apt-GNRs for targeted 

photothermal therapy.  

CTAB-GNRs are synthesised using a seed-mediated approach (1). The CTAB is replaced by PEG 

(2) to enable Aptamer attachment (3). The resultant Apt-GNRs are incubated with tumour cells 

followed by photothermal ablation in the near infrared range (4), leading to cell death specifically in 

tumour cells (5). CTAB- Cetyl trimethylammonium Bromide, PEG- Poly Ethylene Glycol, Apt- 

Aptamer, GNR- Gold Nanorod, NIR- Near Infra-Red. 
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Scheme 2. Schematic representation of the Cell-SELEX approach to derive tumour cell-

specific targeting aptamers. 

A ssDNA DNA aptamer library (1) is incubated with the MCF10CA1h target cells (2) for positive 

selection. The bound aptamers are extracted from the cell surface (3) after vigorous washing and 

incubated with the MCF10A control normal cell (4) for negative selection. The unbound aptamers 

(5) are then amplified by PCR (6) and the positive/negative selection rounds are repeated until a 

constant selected aptamer pool is generated, typically 18-20 rounds of SELEX. The resultant pool is 

then subcloned (7) and sequenced (8).  
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