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Abstract

Purpose—To demonstrate delivery of Au nanocages to cells using the galectin-1 binding peptide 

anginex (Ax) and to demonstrate the value of this targeting for selective in vitro photothermal cell 

killing.

Materials and methods—Au nanocages were synthesised, coated with polydopamine (PDA), 

and conjugated with Ax. Tumour and endothelial cell viability was measured with and without 

laser irradiation. Photoacoustic (PA) mapping and PA flow cytometry were used to confirm cell 

targeting in vitro and in tissue slices ex vivo.

Results—Cell viability was maintained at ≥50% at 100 pM suggesting low toxicity of the 

nanocage alone. Combining the targeted construct (25 pM) with low power 808 nm laser 

irradiation for 10–20 min (a duration previously shown to induce rapid and sustained heating of 

Au nanocages [AuNC] in solution), resulted in over 50% killing of endothelial and tumour cells. 

In contrast, the untargeted construct combined with laser irradiation resulted in negligible cell 

killing. We estimate approximately 6 × 104 peptides were conjugated to each nanocage, which also 

resulted in inhibition of cell migration. Binding of the targeted nanocage reached a plateau after 

three hours, and cell association was 20-fold higher than non-targeted nanocages both in vitro and 

ex vivo on tumour tissue slices. A threefold increase in tumour accumulation was observed in 

preliminary in vivo studies.
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Conclusions—These studies demonstrate Ax’s potential as an effective targeting agent for Au-

based theranostics to tumour and endothelial cells, enabling photothermal killing. This platform 

further suggests potential for multimodal in vivo therapy via next-generation drug-loaded 

nanocages.
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Introduction

A handful of Au-nanoparticle-based therapeutics have recently entered pilot clinical studies 

against cancer [1–4], and a variety of preclinical systems are under intense investigation in 

laboratories across the globe [5,6]. Many of these nanotechnology-based systems rely on the 

enhanced permeability and retention (EPR) effect, by which nanoparticles passively 

accumulate in the tumour interstitium due to both extravasation and poor lymphatic 

clearance of tumours [7]. However, most studies show accumulation in the tumour of 1% or 

less of the injected dose [8]; the majority of injected materials accumulate in the liver and 

spleen [9,10]. Recent work has further shown that the pathophysiology of the tumour itself 

affects the uptake of nanoparticles [11]. The biodistribution of injected particles is highly 

dependent on their size, shape, and surface chemistry [12,13]. Use of targeting agents has 

shown the capacity to affect the tumour uptake and clearance rates of these particles [14], 

which can potentially reduce toxicity, costs, and other adverse effects. A variety of targeting 

agents have been conjugated to nanoparticles to direct them to specific proteins 

overexpressed on the cell surface of particular tumour types [15].

Targeting specific cells further increases the time that nanomaterials associate within/on the 

cell and tissue of interest, better localising therapeutic efficacy as the particles do not 

passively reside in the tumour interstitium [16] but rather bind to and/or are internalised by 

cells. For instance, targeted Au nanorods showed much greater ability to radiosensitize cells 

relative to untargeted particles despite roughly equivalent accumulation of the particles in an 

in vivo prostate cancer model [17]. In another study, polydopamine (PDA) coated Au 

nanorods were conjugated with anti-MUC1, which enabled selective photothermal killing of 

MUC1 overexpressing cells in vitro [18]. Similarly, we recently demonstrated the use of 

drug-loaded, targeted, PDA coated Au nanocages (AuNCs) for the eradication of established 

S. aureus biofilms [19]. Photothermal killing of bacterial cells was augmented with 

antibiotic delivery, and the close association between the offending cells and the 

nanotherapeutic was critical for the efficacy of the construct, which emphasises the 

importance of targeting in increasingly complex environments. This approach was adapted 

for tumour cell killing in part because of the strong photothermal capacity of AuNCs 

[20,21]. Indeed, the robust optical properties of the AuNCs, specifically the large absorption 

cross-section [22] and sensitivity of the localised surface plasmon resonance (LSPR) [23], 

guided its selection as the core particle. The PDA coating was added to enhance 

biocompatibility [24,25], enable drug loading [26], and provide a readily accessible 

functional handle for the conjugation of the targeting moiety [27].
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While targeting tumour cells shows great promise for enhancing nanoparticle therapeutics, 

there is an extensive network of vasculature that supports these cells within a tumour. This 

vasculature is actively proliferating to provide new vessels that supply the growing tumour 

with nutrients [28], and studies suggest that the dividing vasculature is the limiting factor in 

tumour growth [29]. Targeting these dividing vascular cells to promote extravasation of the 

particles into the tumour parenchyma and damage the tumour vasculature is critical for 

effective use of nanoscale particles since they are unable to effectively penetrate the tumour 

microenvironment by passive means due to the tumour physiology. Indeed there are several 

endothelial specific vaccines that are in early stage clinical trials [30], with the goal being to 

educate the immune system to eradicate the rapidly dividing vasculature within the tumour. 

Tumour endothelial cells are also under investigation as a target for radiation [31–33] and 

chemotherapy [34] and we have demonstrated potent therapeutic effects using a vascular 

targeted gold nanoparticle in recent work [35–38].

Anginex (Ax) is an amphipathic synthetic 33-mer (3.6 kDa) that binds to galectin-1 [39], 

which plays an important role in cell division, adhesion, and migration. Important to the 

need for both effective delivery and therapeutic effect, galectin-1 is overexpressed by certain 

tumour cells and proliferating endothelial cells [40,41], and it is up-regulated by many 

stressors, including chemotherapy, radiation, and hypoxia [42,43]. Ax has been 

demonstrated to interfere with galectin-1’s biological functions and inhibit cell proliferation 

[44–46]. Ax has further been shown to inhibit tumour angiogenesis and subsequent tumour 

growth [47–49]. Due to its structural stability and capacity to bind to both tumour and 

proliferating endothelial cells, Ax presents itself as a potent tumour microenvironment 

targeting agent that can bring a therapeutic agent to the tumour microvasculature and 

facilitate extravasation and activity [44,50,51].

In this work, Ax was used as a targeting agent to induce AuNC-mediated photothermal 

killing of tumour and endothelial cells. AuNCs were coated with PDA, isolated, and 

conjugated with Ax on the order of 60,000 peptides per AuNC. Ax was chosen for 

association with both tumour and endothelial cells, and the biological activity of Ax was 

retained after conjugation with AuNCs. 808nm laser-induced heating was used to kill both 

tumour and endothelial cells in vitro. Photothermal killing was only effective when the 

targeting agent was present on the AuNCs. In vitro binding to cells was further investigated 

using photoacoustic (PA) microscopy and PA flow cytometry. Mass analysis was performed 

to quantify the particle association with cells. These methods were then applied to validate 

that these particles target tumour tissue. Collectively, these data demonstrate the potency of 

using Ax as a targeting agent for photothermal treatment of tumour tissue and the potential 

of Ax-based photothermal nanomedicine to augment or replace other treatment modalities.

Materials and methods

Synthesis of PDA coated AuNCs (AuNC@PDA)

The AuNCs were synthesised by the galvanic replacement reaction between Ag nanocubes 

and HAuCl4 as previously described [52] and fully detailed in the Supporting Information. 

AuNC@PDA was prepared by self-polymerization of dopamine on the surface of AuNCs 

under basic conditions in the presence of O2 as previously described [19]. Briefly, 3 ml of 5 
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nM AuNC aqueous suspension was diluted to 200 ml using Tris-buffered saline (20 mM Tris 

and 100 mM NaCl, pH = 9) in a 250-ml, 3-neck, round-bottom flask. The reaction flask was 

briefly flushed with O2 and placed in a bath sonicator held at 4°C with ice. Dopamine 

hydrochloride (0.2 mmol, 36.0 mg) was added to the flask, the vessel was sealed under 1 

atm O2, and the mixture was sonicated throughout the reaction until the extinction peak of 

AuNC had red-shifted ~30 nm (~60 min). The reaction was quenched by addition of 100 µL 

concentrated acetic acid. After this reaction, the product was collected by centrifugation at 

6000 rcf for 10 min, washed with H2O twice and recovered by centrifugation at 17,000 rcf 

for 10 min at 4°C. The AuNC@PDA was resuspended in H2O at a concentration of 6 nM for 

characterisation and future use. Transmission electron microscopy (TEM) images were 

acquired using a JEM-1011 (Jeol). Optical absorption spectra were recorded using a UV–vis 

spectrometer (Cary 50, Agilent). The elemental analysis was performed using an inductively 

coupled plasma mass spectrometer (ICP-MS; iCAP Q, Thermo Scientific, Waltham, MA).

Anginex conjugation

Anginex was synthesised and purified as previously described [49]. Ax was conjugated to 

the surface of AuNC@PDA through the N-terminal amine and lysines by Michael addition 

to form AuNC@PDA-Ax [27]. Briefly, 1 nM AuNC@PDA were dispersed in 1 ml of 10 

mM borate buffer (pH = 9) and 100 µg/mL of Ax was added to the solution. The reaction 

was allowed to proceed at 4°C overnight. The conjugates were collected and washed three 

times with H2O by centrifugation at 19,000 rcf for 5 min at 4°C. The conjugates were 

dispersed in H2O for future use and stored at 4°C. Conjugation efficiency was determined by 

Bradford assay of the first supernatant using various concentrations of AuNCs. The 

hydrodynamic radius of each preparation was assessed using a Particle Metrix nanoparticle 

sizing and distribution system (Particle Metrix GmbH, Germany). Particles were routinely 

analysed in this system at 1000 × dilution in LC water. Colloidal stability was assessed by 

monitoring the absorbance at the LSPR maximum over time, in the absence of agitation, 

following dispersion of 100 pM AuNC@PDA or AuNC@PDA-Ax in H2O, PBS, or cell 

culture medium containing 10% FBS.

Cell viability

For viability studies, cells were seeded in a 96 well plate at 1000 cells/well and allowed to 

adhere for at least 3 h. The cells were dosed with various nanoconstructs in a final volume of 

100 µl and incubated for 3 d (5% CO2, 37°C, 100% humidity). After incubation cell viability 

was assessed using CCK-8 assay (Dojindo, Japan) and the difference in absorbance between 

450 nm and 650 nm was used as the metric. For in vitro photothermal experiments, 25 pM 

AuNC@PDA or AuNC@PDA-Ax was incubated with the cells overnight, after the cells had 

been allowed to adhere for 3 h. Cells were washed twice with fresh media prior to irradiation 

by a diode laser (0.75 W, 808 nm); following irradiation cells were incubated for 72 h before 

viability was assessed. All viability assays were normalised to untreated cells within the 

same experiment, and biological triplicates were performed.

Migration assay

A six-well plate was seeded with 4T1 cells and allowed to become confluent. A total of 5 

non-overlapping scratches were made using a 200 µL pipette tip. The media was 

Jenkins et al. Page 4

Int J Hyperthermia. Author manuscript; available in PMC 2018 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immediately aspirated and replaced with 0.5% FBS containing media followed by treatment 

with PBS, 20 µg/mL Ax, or 25 pM AuNC@PDA or AuNC@PDA-Ax. The wound was 

monitored for 72 h, and the width of the wound was measured using ImageJ (National 

Institute of Health, Bethesda, MD) at three spots per wound at various time points.

Inductively coupled plasma mass spectrometer

Each cell type was seeded at 20,000 cells per well in a 24-well plate and allowed to adhere 

overnight. AuNC@PDA (100 pM) or AuNC@PDA-Ax (4, 20, 100 pM) were added to wells 

and incubated for 2 h. Ax at 12 µM was preincubated for 5 min for use as a blocking agent. 

All samples were generated in triplicate. Cells were trypsinized, subjected to several freeze 

thaw cycles, digested with aqua regia and diluted to a final volume of 10 ml in 18 MΩ H2O 

(final concentration 3% HCl, 1% HNO3). For tissue, Balb/c mice averaging 6–8 weeks of 

age (Jackson Labs, ME) were inoculated subcutaneously in the rear limb with 1 × 105 4T1 

cells. After 10 days, tumours had grown to an average size of 8–10 mm at which time the 

animal was injected intravenously via the tail vein with 0.1 pmol AuNC@PDA or 

AuNC@PDA-Ax (N = 3 per group). Tumours were harvested 24 h after injection and 

digested at 90 °C in 0.5 ml HNO3 (99.999%) and 0.1 ml H2O2 (30%) overnight. After 

digestion, 0.25 ml HCl (99.999%) was added; the solution was diluted to 15 ml and filtered 

using a 70 µm cell strainer (Fisher). ICP-MS was performed using iCAP Q (Thermo). Argon 

was used as a carrier gas at a flow rate of 1.05 ml/min, and the fluid flow of 0.97 ml/min. 

The matrix alone was run between samples to reduce sample carryover. Immediately prior to 

analysis, calibration standards between 0.1 and 100 ppb Au (1 mg/mL stock, ULTRA 

Scientific) were prepared by serial dilution and run.

Darkfield imaging

Cells were seeded at 6 × 104 cells/well in an eight chamber slide (LabTek, Electron 

Microscopy Sciences, Hatfield, PA). Cells were allowed to adhere overnight and then 

incubated with different formulations for 3 h (10 pM AuNC) on a rocker. Cells were then 

washed four times with PBS and fixed with 100% ethanol (1 h, – 20°C). Cells were rinsed, 

mounting medium was added, and a cover slip was affixed with nail polish. Darkfield 

imaging was carried out using an Olympus IX81 microscope (Olympus Inc, Center Valley, 

PA) with a cytoviva darkfield condenser (Cytoviva Inc, Auburn, AL), halogen illumination, 

and a 20 × objective. Images were captured using an integrated Olympus DP72 camera.

Photoacoustic-fluorescence flow cytometry

For PA and fluorescence flow cytometry, 4T1 cells were seeded at 105 cells/well in a 24-well 

plate overnight then dosed with 20 pM of various nanoparticle formulations. Samples were 

allowed to incubate for up to 4 h, washed with PBS, then stained with rhodamine b 

isothiocyanate, trypsinized, collected by centrifugation, fixed with paraformaldehyde (2%, 

20 min, 4°C), and washed three times with PBS. Details regarding the flow cytometry 

system can be found in the supporting information.
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Photoacoustic mapping

For PA mapping, 105 4T1 cells were seeded in a one chamber slide (LabTek) or a 35 mm 

dish with coverslip bottom overnight. Media was removed and fresh media was added. Cells 

were then dosed with AuNCs at 20 pM for 2 h on a rocker. After incubation, the media was 

removed. Cells were stained with Hoechst 33342 stain for 20 min. The stain was removed, 

and cells were washed twice with PBS (2% FBS). Cells were then fixed with 2% 

paraformaldehyde (20 min, 4°C). The paraformaldehyde was removed, and the cells were 

washed twice with PBS; then a thin layer of personal lubricant (Walgreen’s) was added to 

reduce Brownian motion. Details regarding the PA mapping system can be found in the 

supporting information.

Ex vivo studies

Balb/c mice averaging 6–8 weeks of age (Jackson Labs, Bar Harbor, ME, USA) were 

inoculated subcutaneously in the rear limb with 4 × 105 4T1 cells. After 8–10 days, tumours 

grew to an average size of 8–10 mm at which time the animal was euthanized and the 

tumour tissue was excised and frozen in OCT mounting medium. Sections of 5 µm thickness 

were prepared using a cryostat and affixed AuNC to glass slides. The tissue was fixed with 

acetone, rehydrated with PBS, and blocked for 30 min with 5% bovine serum albumin in 

PBS. Then the sections were stained with the 2.5 pM (in 5% BSA) for 1 h followed by three 

washes with PBS. A chamber was mounted to the slide and filled with DI H2O to provide 

acoustic coupling during PA mapping.

Results

Synthesis and characterization of nanoconstructs

The three-step procedure used to generate the nanoconstructs is illustrated schematically in 

Figure 1; AuNCs were synthesised, coated with PDA, and conjugated with Ax for use in 

targeting galectin-1 expressing cells. AuNCs were successfully synthesised using the 

galvanic replacement method [52]. Based on TEM measurements, the AuNCs had an 

average exterior edge length of 39±3 nm and an interior edge length of 28 ± 3nm (Figure 

S1). The LSPR maximum appeared at 753 nm and had an extinction coefficient of ~1 × 1010 

cm−1 M−1. Based on analysis by ICP-MS, these AuNCs were determined to be 81% Au and 

19% Ag by mass.

Dopamine was autopolymerised on the AuNC surface under basic, aerobic (pH = 9, 1 atm 

O2) conditions. The reaction progress was monitored using UV-vis spectroscopy (Figure 

2(A), Figure S2). The peak at 410 nm indicates the formation of the quinone intermediate 

[53], and the shift in the LSPR was monitored as a proxy for coating thickness. Aliquots 

were removed at 0, 30, 60, and 90 min (Figure 2(B–E)) incubation to assess the progress of 

the reaction, and the organic layer became thicker and denser as the reaction proceeded. For 

the following studies the reaction was quenched at 60 min, corresponding to an LSPR of 

~770 nm.

Ax was conjugated to the surface via Michael addition. Various AuNC@PDA concentrations 

were incubated with 100 µg/mL Ax in borate buffer overnight. The AuNC@PDA-Ax was 
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isolated by centrifugation, and the protein concentration of the supernatant was quantified 

using the Bradford Assay (Figure 3(A)). These data indicated a maximum conjugation of 

~5.8×104 Ax/AuNC based on the linear portion of the curve. This conjugation efficiency 

indicates 100 pM AuNC@PDA-Ax contains 5.8 µM Ax (~21 µg/mL), which is well below 

IC50’s reported for murine endothelial cells (>75 µM) [54]. The hydrodynamic diameter as 

measured by nanoparticle tracking analysis increased from 126 nm to 135 nm following Ax 

conjugation. Colloidal stability was assessed in H2O, PBS, and cell culture medium (Figure 

3(B)). AuNC@PDA showed a negligible decrease in extinction in any medium. Conversely, 

AuNC@PDA-Ax suspensions had no extinction after 24 h in H2O or PBS. In cell culture 

medium, 60% of the Ax-conjugated particles remained suspended after 24 h, and the settled 

particles were easily redispersed by inverting the cuvette.

Darkfield imaging was used to qualitatively confirm the targeting capacity of the Ax moiety 

due to the high scattering cross-section of the AuNC (Figure 3(C–F)). It was found that 

much greater cell binding occurred when high ratios of Ax and AuNCs were used. 

Additionally, AuNC@PDA and AuNC@PDA-Ax were incubated for 2 h with tumour and 

endothelial cells, harvested, and the Au in each sample was quantified by ICP-MS (Figure 

3(G)). Without targeting, a degree of non-specific binding was observed at 100 pM. With Ax 

as a targeting agent, increasing the dose from 4 to 20 to 100 pM resulted in roughly five-fold 

increases in particles associated with cells with each increasing concentration. Interestingly, 

the 2H11 (endothelial) cells had more associated particles on average than the 4T1 (tumour) 

cells. When the cells were pre-incubated for 5 min with 12 µM free Ax, (twice the Ax dose 

contained in 100 pM AuNC@PDA-Ax), the number of bound particles per cell declined by 

~80 and ~95% in 4T1 or 2H11 cells, respectively.

Cell viability and photothermal treatment

Alone, these formulations were found to have an ED50 (effective dose to kill 50% of cells) 

greater than 100 pM AuNC in both cancer (4T1) and endothelial (2H11) cell lines (Figure 

4(A)). Conjugation of Ax did not result in a significant change to the ED50. Cells were 

incubated overnight with 25 pM AuNC@PDA-Ax and treated photothermally with a diode 

laser (808 nm, 800 mW, ~2W/cm2) after several washing cycles to remove unbound 

particles. Cell viability was assessed after three days (Figure 4(B)). Neither laser irradiation 

alone (20 min) nor treatment with particles in the absence of irradiation resulted in 

significant loss of cell viability in either cell type. Similarly, 20min irradiation after 

incubation with untargeted AuNC@PDA only resulted in ~15% reduction in cell viability. 

However, incubation with AuNC@PDA-Ax combined with 10 min irradiation resulted in 

~60% reduction in viability, while 20 min irradiation resulted in a 90% reduction of viable 

tumour cells. Endothelial cells showed a 35% and 65% reduction in viability following 10 

and 20 min irradiation, respectively. A thermocouple was used to determine the temperature 

of a well containing 25 pM AuNC@PDA-Ax in media without cells; after 30 min irradiation 

the temperature remained <40 °C. The ineffectiveness of the untargeted AuNC@PDA and 

the low bulk solution temperature of AuNC@PDA-Ax suggest that the targeted construct 

delivered high nanoregional heating that induced cell death.
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A wound healing assay was used to confirm the retention of Ax’s biological activity (Figure 

4(C–D)). Within 72 h, wounds without treatment or treated with AuNC@PDA had 

completely closed with similar closure rates. The width of the wound had decreased by 

~50% in the presence of 20µg/mL Ax and ~30% in the presence of 20 pM AuNC@PDA-Ax 

(~4 µg/mL Ax) after 72 h, indicating the retention of the biological activity of Ax following 

conjugation.

Photoacoustic characterization

PA and fluorescence flow cytometry further confirmed binding of AuNC@PDA-Ax to 4T1 

cells. A plateau of ~50% of cells being positive for AuNC@PDA-Ax was reached after 3 h 

incubation in serum-containing media (Figure 5(A)). No significant change in the percentage 

of cells with bound particles nor the amount of particles bound to cells on average was 

observed between two and five washes (Figure 5(B)).

PA scanning was used to semi-quantitatively visualise cells with particles associated. A 

schematic illustration of the PA mapping system can be found in Figure S5. After 18 h 

incubation (Figure 6(A) and (B)), significant adherence of particles to the tissue culture slide 

was observed, but AuNC@PDA without Ax showed little PA signal above the background in 

the cells, while most cells had bound particles when incubated with AuNC@PDA-Ax and 

showed a roughly 15-fold increase in PA signal amplitude, against the untargeted particle. 

The results of high-resolution, Z-stacked images showed that after 2 h incubation (Figure 

6(D)) the targeted particles were bound to the cell surface, while untargeted particles showed 

no significant signal. These studies indicate a rapid and specific interaction between the 

tumour cells and the targeted particle.

Tumour studies

The ability of the construct to bind to the tumour was confirmed using 5 µm tumour 

histological sections that were incubated with AuNC@PDA (Figure 7(A)) or AuNC@PDA-

Ax with ~600 Ax/AuNC (Figure 7(B)) or 60,000 Ax/AuNC (Figure 7(C)) for 1 h followed 

by PA mapping of the tissue. Corresponding plots of PA intensity can be found in Figure S6. 

Similar to the in vitro study, a weak PA signal was observed with AuNC@PDA that was 

effectively identical to the background signal from the nontumour region. Conjugation with 

~600 Ax induced 14-fold higher mean signal intensity within the tumour as compared to the 

region outside it, and conjugation with 60,000 Ax led to an additional four-fold increase 

(Figure 7(D)) in background-corrected mean signal intensity. A very obvious and readily 

detectable increase in PA signal across the tumour section of the AuNC@PDA-Ax was 

observed despite an increase in non-specific adsorption to the slide surface. Additionally, 

tumour-bearing mice were given an i.v. injection of 0.1 pmol of AuNC@PDA or 

AuNC@PDA-Ax. Tumours were harvested after 24 h, digested, and the uptake of AuNCs 

was quantified using ICP-MS (Figure 7(E)). A threefold increase in Au uptake following Ax 

conjugation compared to non-targeted AuNCs was observed.
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Discussion

These studies demonstrate the feasibility of targeting AuNCs to the solid tumour 

microenvironment via galectin-1 expression on endothelial and tumour cells in a murine 

breast cancer model. Significant photothermal killing of tumour and endothelial cells was 

observed (Figure 4) only after administering the targeted AuNC and exposing cells to NIR 

laser irradiation. Interestingly, in general the non-targeted nanocages had limited effect in 

any of our in vitro assays, highlighting the critical need for more than passive accumulation 

of nanomaterials in the tumour in order for specific therapeutic effects to be achieved. Our 

results suggest that Ax is a promising approach to overcome this limitation as demonstrated 

here by quantification of cellular uptake (Figure 3(G)) and tumour uptake (Figure 7(E)). 

Further, the bulk temperature in the irradiated wells remained less than 40°C for the entire 

20 min irradiation with targeted or non-targeted nanocages, well below typical hyperthermic 

conditions. In this context the value of targeting the nanocages to the cells enabled a 

therapeutic response beyond what would be expected using conventional hyperthermia 

where average temperatures are typically just over 40°C. We surmise that the targeted 

nanomaterials were able to damage cells due to a marked, intense nanoregional heating 

around the bound AuNCs in the membrane or cytoplasm of the cells. Interestingly, the 

tumour cells showed somewhat lower particle uptake than the endothelial cells, but they 

showed a greater photothermal response. While it may be expected from our prior work and 

that of others that a galectin-1 targeted construct would preferentially bind to endothelial 

cells, unpublished data from our lab suggests that 2H11 cells are more resistant to 

hyperthermia than tumour cells, which may explain this somewhat paradoxical result. 

Ongoing work in our laboratory is centred on the addition of drug-loading to the platform, as 

the AuNC constructs have already been used to controllably release drugs within tumours 

photothermally [55,56]. Ultimately, we expect that effective tumour destruction could be 

obtained in lesions accessible to laser irradiation by virtue of superficial growth (such as in 

chestwall disease) or by interstitial laser approaches.

The optical and photothermal properties of the AuNC structure appear to be equal to or 

superior in many ways to other nanoparticle morphologies. The combination of the melanin-

like PDA coating and the AuNC enable the system to function as a potent generator of PA 

signal, allowing for non-invasive detection of single particles in tissue or cell preparations. 

This was demonstrated in the current study when the PA detection was executed in vitro 
(Figure 6), by flow cytometry (Figure 5), or ex vivo in histological sections of similar 

tumours (Figure 7). One of the more exciting aspects of targeted nanomedicines is the 

promise of obtaining a truly theranostic agent – one that can detect where the tumour is 

while simultaneously allowing therapy to be directed at it. Additionally, accumulation in the 

tumour can be monitored relatively easily, allowing the timing of the intervention to be 

optimised for maximum effect regardless of unique tumour pathophysiology. We surmise 

that our approach has merit in both of these aspects due to the detection sensitivity of the 

AuNC and its great capacity for heat generation upon absorption of near infra-red light [22]. 

When directed on or near the membrane of a galectin-1 expressing cell using the Ax peptide 

targeting strategy, this microheating gradient is enough to damage and kill cells. Our future 

studies are focussed on understanding the proper treatment sequences and doses for effective 

Jenkins et al. Page 9

Int J Hyperthermia. Author manuscript; available in PMC 2018 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



solid tumour control in vivo, either by thermal damage alone or in combination with 

radiotherapy or chemotherapy-loaded nanocages.

Targeting galectin-1 is a promising approach as it is a widely expressed molecule present in 

and around the membrane of cells in a solid tumour. Breast tumours, pancreatic tumours, 

and multiple myeloma have all been shown to have up-regulated levels of galectin-1 [57–

59]. Here, we demonstrate that even while bound to the AuNC, Ax at levels comparable to 

our previous work (2 µM or higher) [33] retains potent biological activity as evidenced by 

the marked inhibition of cell migration achieved (Figure 4). Additionally, cell association of 

the AuNCs can be competitively inhibited by co-incubating with free Ax. This suggests that 

our labelling strategy is not only feasible from a chemical synthesis standpoint, but that the 

peptide retains its normal biological activity and thus validates our approach with regard to 

the particle synthesis, PDA coating, and conjugation of the peptide. Overall, this new vehicle 

with dimensions of ~50 nm in its fully functional state and preferential ability to bind to and 

be a therapeutic effector in a model of metastatic breast cancer appears to be promising for 

improved nanomedicines against various solid malignancies.

An important consideration in the translation of nanomedicines from the bench to the clinic 

is the reproducibility of materials’ biological effects. Certainly, considerations like cell lines 

and experimental procedures account for some of the variance in biological effects observed 

with nanomaterials reported by different labs. We observed consistent results across 

biological triplicates for our studies. Further, reproducible large scale synthesis of 

monodisperse AuNCs has been demonstrated by ourselves and others [52,60–62]. 

Additionally, many studies using AuNCs have shown little in vivo toxicity of the AuNCs 

alone [56,63] a major factor in developing any nanomedicine for clinical approval. The 

conjugation efficiency of Ax was reproducible when the same particle stock solution was 

used. The greatest source of heterogeneity is likely the PDA coating itself (as shown in 

Figure 2), which is unsurprising due to the variety of covalent and noncovalent interactions 

that hold the polymer together, though we can achieve low batch-to-batch variation. Indeed 

there continues to be great uncertainty as to the structure of the coating itself [64]. We are 

developing more robust and reproducible synthetic routes to improve the homogeneity of the 

polymer coating within each batch. Use of this type of system is particularly appealing as a 

nanomedicine because the high photothermal conversion efficiency of the AuNC allows a 

low dose of both laser energy and AuNCs to be used. Similarly, the high reproducibility and 

high synthetic yield of these materials make them appealing as therapeutic agents with 

realistic potential for further development.

Conclusions

In this report, we demonstrate the use of the anti-angiogenic peptide Ax as a targeting agent 

for PDA-coated AuNCs, and the retention of the peptide’s biological activity was confirmed. 

While the targeted and non-targeted constructs by themselves had limited toxicity at 

identical concentrations, application of laser irradiation resulted in a significant decrease in 

viability for both tumour and endothelial cells only with the targeted nanocages. Targeting 

was confirmed in vitro using darkfield microscopy, PA microscopy, PA flow cytometry, and 

ICP-MS. We were further able to use the PA system to confirm targeting to tumour tissue 
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and initial in vivo biodistribution studies resulted in a three-fold increase in retention of the 

targeted nanocage compared to the nontargeted nanocage. This platform represents a 

promising route for targeting the vasculature as well as the tumour cells for multimodal 

detection and treatment of various cancers. In the future, this potent photothermal-

therapeutic platform can potentially be further multiplexed with targeted chemotherapy 

delivery or radiotherapy and combined with a variety of image-guided approaches for 

personalised treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the construction of AuNC@PDA-Ax and its biological action. Not 

to scale.
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Figure 2. 
Synthesis and characterisation of PDA layer. (A) Scheme of polymerization (B) LSPR 

maximum as a function of reaction time. Original spectra can be found in Figure S2; 

representative TEM images of AuNC@PDA after the reaction had proceeded for different 

time periods: (C) 0 min, (D) 30 min, (E) 60 min and (F) 90 min.
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Figure 3. 
Anginex (Ax) is present on the AuNCs and enables in vitro association with tumour cells. 

(A) Bound Ax as a function of AuNC@PDA concentration; (B) colloidal stability of 

AuNC@PDA and AuNC@PDA-Ax in various media; typical darkfield images of 4T1 cells 

incubated with (C) no treatment, (D) AuNC@PDA, and AuNC@PDA-Ax with (E) ~ 102 or 

(F) ~ 104 Ax/AuNC@PDA, arrows indicate cell-bound particles; and (G) ICP-MS 

quantification of AuNC per cell following 2 h incubation where the “100 pM + free axe” 

represents a blocking study using 2:1 ratio of free Ax to particle bound Ax.
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Figure 4. 
Nanocages have low toxicity alone while only targeted nanocages induce supra-additive 

photothermal killing and block functional ability of cells to migrate. (A) Viability of 

(squares) 4T1 and (diamonds) 2H11 in the absence of laser irradiation under increasing 

(open) AuNC@PDA or (filled) AuNC@PDA-Ax concentrations normalised to untreated 

cells; (B) cell viability during photothermal experiments for (striped) 4T1 and (solid) 2H11 

cell lines normalised to untreated cells; (C) migration assay of 4T1 cells that were (circles) 

untreated or treated with (triangles) 20 pM AuNC@PDA, (squares) 20 µg/mL Ax, or 

(diamonds) 20 pM AuNC@PDA-Ax; (D) Representative images of the wound after 72h, 

with 0h traced in white and 48h traced in red. Viability assays are result of three independent 

experiments and error bars represent SEM.

Jenkins et al. Page 18

Int J Hyperthermia. Author manuscript; available in PMC 2018 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
PA flow cytometry reveals strong association of targeted AuNCs with 4T1 tumour cells. (A) 

Percentage of PA positive cells as a function of incubation time with 25 pM Ax-conjugated 

AuNCs. (B) Particles bound to cells as a function of washes presented as per cent of AuNC 

PA signal with simultaneous rhodamine (non-specific cell stain) fluorescence signal.
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Figure 6. 
Multimodality imaging of cells and associated nanocages. 4T1 cells were incubated with (A) 

AuNC@PDA-Ax or (B) AuNC@PDA for 18 h and stained with DAPI. The same area was 

imaged via (left) PA, (centre) scattering, and (right) fluorescence microscopy arrows in the 

PA image are used to denote the location of cells; (C) background corrected quantification of 

photoacoustic signal associated with cells (n= 30), error bars show SEM; and (D) 3 D 

reconstruction of the PA signal of a typical 4T1 cell incubated with AuNC@PDA-Ax for 2h 

demonstrating widespread surface binding of the construct by this time point taken using a 

60 × objective.
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Figure 7. 
Ex vivo tumour targeting. PA mapping of sequential 4T1 tumour sections from a single 

tumour stained with either (A) AuNC@PDA, (B) AuNC@PDA-Ax (600 Ax/AuNC), or (C) 

AuNC@PDA-Ax (60,000 Ax/AuNC) as detected with photoacoustic mapping. Green shows 

high intensity pixels, red shows low intensity pixels, and black shows no signal. Tumour 

sections were stained with crystal violet and the outline overlaid and shown in white. Inset 

shows only the photoacoustic signal from a representative region. (D) Quantification of 

mean background corrected PA intensity from 20 arbitrary regions within each tumour 

section. (E) ICP-MS quantification of 4T1 tumour uptake of AuNC@PDA and 

AuNC@PDA-Ax 24h after i.v. administration of 0.1 pmol of each preparation.
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