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Abstract
Gold nanoparticles (AuNPs) have emerged as promising drug delivery candidates that can be leveraged for cancer therapy. Lung cancer (LC) is a heterogeneous disease that imposes a significant burden on society, with an unmet need for new therapies. Chemotherapeutic drugs such as afatinib (Afb), which is clinically approved for the treatment of epidermal growth factor receptor positive LC, is hydrophobic and has low bioavailability leading to spread around the body, causing severe side effects. Herein, we present a novel afatinib-AuNP formulation termed Afb-AuNPs, with the aim of improving drug efficacy and biocompatibility. This was achieved by synthesis of an alkyne-bearing Afb derivative and reaction with azide functionalized lipoic acid using copper catalyzed click chemistry, then conjugation to AuNPs via alkylthiol-gold bond formation. The Afb-AuNPs were found to possess up to 3.7-fold increased potency when administered to LC cells in vitro and were capable of significantly inhibiting cancer cell proliferation, as assessed by MTT assay and electric cell-substrate impedance sensing respectively. Furthermore, when exposed to Afb-AuNPs, human alveolar epithelial type I-like cells, a model of the healthy lung epithelium, maintained viability and were found to release less pro-inflammatory cytokines when compared to free drug, demonstrating the biocompatibility of our formulation. This study provides a new platform for the development of non-traditional AuNP conjugates which can be applied to other molecules of therapeutic or diagnostic utility, with potential to be combined with photothermal therapy in other cancers.


1. Introduction

Non-small cell lung cancer (NSCLC), the predominant subtype of LC, is responsible for the most cancer related deaths worldwide1. A variety of chemotherapeutic drugs are employed to achieve disease control, however the heterogeneity of NSCLC2 coupled with resistance mechanisms3 largely prevent curative outcomes. The discovery of activating (oncogenic) mutations in the tyrosine kinase domain of epidermal growth factor receptor (EGFR) in patients that responded to the tyrosine kinase inhibitor (TKI) gefitinib4-5 laid the foundations for personalized medicine approaches in NSCLC. This form of therapy whereby specific oncogenic mutations are targeted, improved survival for patients harboring such alterations6. Activating mutations in EGFR are the most common mutations in NSCLC7, therefore inhibition of EGFR represents an attractive therapeutic strategy. However, as with chemotherapy, these TKIs suffer from poor accumulation in the tumor and induce dose limiting toxicities due to systemic distribution around the body, limiting clinical efficacy. This is reflected in the 5-year survival rate of NSCLC, which stands at 19%8, highlighting an unmet need for more efficacious therapeutic options.
Nanomedicine involves the application of nanotechnology to address medical questions and has the potential to greatly enhance cancer diagnosis and therapy9-10. Of particular interest is the use of nanoparticles (NPs) for drug delivery applications11. The enhanced permeability and retention (EPR) effect12  can permit augmented accumulation of NPs at the tumor site, a phenomenon that has been documented in vivo13. Additionally, the decoration of NPs with polyethylene glycol (PEG) facilitates a prolonged circulatory half-life14, reduces opsonization and clearance by the mononuclear phagocyte system15, and decreases non-specific protein adsorption16, culminating in more time for NPs to accumulate in tumors. Although reliance on the EPR effect is not optimal in vivo17, these factors predicate most NP-based drug delivery strategies to solid tumors. Gold nanoparticles (AuNPs)18 are excellent candidates for drug delivery vehicles19-20 based on their biocompatibility21, ease of functionalisation22, optical and photothermal properties23-24 as well as potential for pharmaceutical scale-up25. The clinical utility of AuNP conjugates is evidenced by the success of CYT-6091, a formulation of recombinant human tumor necrosis factor-α, thiolated PEG and AuNPs, in phase I trials26 as well as other preclinical studies27.
We sought to develop an AuNP-conjugate platform using afatinib (Afb), a second generation TKI that has demonstrated enhanced efficacy in EGFR mutated LC over first line platinum based chemotherapy28 and TKIs such as gefitinib29. The native structure of Afb does not permit direct conjugation to AuNPs, therefore we synthesized a novel Afb analog containing a pedant alkynyl which was coupled to an azide functionalized lipoic acid moiety using a copper(I) catalyzed Huisgen 1,3-dipolar cycloaddition (otherwise known as a ‘click reaction’)30. The cyclic disulfide group of lipoic acid enabled covalent attachment of the Afb analog to the surface of AuNPs. The AuNPs were then PEGylated for biocompatibility and colloidal stability using a heterobifunctional PEG containing sulfhydryl (-SH) and carboxyl (-COOH) groups. The resulting formulation, termed Afb-AuNPs (Figure 1), comprises of both the active component of Afb and PEG as independent entities, as opposed to the conventional strategy to PEGylate AuNPs prior to drug linkage, or via non-covalent attachment, which can affect drug loading31-32.
The conjugates were fully characterized prior to assessment of in vitro cytotoxicity in LC cells and human alveolar epithelial type I-like cells (TT1) cells, a unique model of the healthy lung epithelium derived from primary human alveolar type II cells33, that we previously used to demonstrate pulmonary uptake and translocation of NPs34. The real time effect on proliferation and uptake in LC cells was also evaluated. Furthermore, we examined cytokine release from LC cells and TT1 cells to gain insight into the inflammatory response upon AuNP exposure. We hypothesize that Afb-AuNPs possess enhanced anticancer activity in LC cells, particularly in cells with EGFR mutations. In this report, we demonstrate the novel synthesis and development of Afb-AuNPs, highlight the anticancer potential of such a system and applicability to other small [image: H:\Me\PhD\Manuscripts\Gold paper\Figure 1 ACS.png]molecules and therapeutics.














Figure 1.  Schematic representation of the development of Afb-AuNPs. Citrate-capped AuNPs are first conjugated with thiolated afatinib analogs (blue) by virtue of a cyclic disulfide anchor. Subsequently, drug-bearing AuNPs are then PEGylated (red), enabled by further thiol-gold bond formation culminating in Afb-AuNPs.


2. Experimental Section
2.1. Organic synthesis. The synthesis of compounds 2-6 were performed by adaptation of a published method35 from the commercially available starting material 1 (7-chloro-6-nitro-4(3H)quinazolinone). The full synthetic details and characterization of these and all other compounds (9-16) can be found in the supplementary information (Figure S1-S23).
2.2. Assembly of Afb-AuNPs. To a 1 mL solution of unmodified AuNPs (Sigma-Aldrich, UK, 500 µg/mL), 70 µL of disulfide 16 (50 µg, 1 mM in DMSO) was added dropwise and stirred for 2 hours in the dark at room temperature. The reaction mixture was subjected to centrifugal filtration at 2,800 x g for 10 minutes (10kDa MWCO, Amicon Ultra-15, regenerated cellulose, Millipore, MA, USA), washed with twice with water and re-suspended back to their original volume. This was then followed by the dropwise addition of 10 µL of 2 mM poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (HS-PEG-COOH, MW 3,400; Sigma-Aldrich, UK) to the AuNPs. This was stirred overnight in the dark at room temperature. Subsequently, Afb-AuNPs were purified using centrifugal filtration as described above, re-suspended in water and stored at 4 ºC.
2.3. Characterization of Afb-AuNPs. Transmission electron microscopy was performed using a JEOL 1400 Plus electron microscope (JEOL Ltd, Hertfordshire, UK) with an accelerating voltage of 120keV. Images were captured using an AMT XR16 camera and processed using AMT image capture software (Woburn, MA, USA). Dynamic light scattering and zeta potential measurements were determined in water using a Zetasizer Nano ZS ZSP (Malvern Instruments Ltd, Worcestershire, UK) in triplicate. UV-vis spectra were obtained using 100 µL of appropriately diluted sample per well in a 96 well plate and acquired using a SpectraMax i3X (Molecular Devices, CA, USA). 
2.4. Calculation of drug conjugation efficiency. To determine the amount of Afb-A bound to AuNPs, a solution of Afb-AuNPs (100 µL, 100 µg/mL)  and supernatant after conjugation (100 µL) was analyzed using UV-vis spectroscopy (λabs = 345 nm). The concentration of Afb-A bound to AuNPs was calculated with reference to a calibration curve (0-500 µg/mL, R2 = 0.9942).
[bookmark: OLE_LINK7][bookmark: _GoBack]2.5. In vitro drug release. A 1 mL solution of Afb-AuNPs was placed into a Float-A-Lyzer dialysis device (3.5 kDa MWCO, Spectrum Laboratories Inc., CA, USA) and  incubated in either phosphate buffer (10 mM, pH 7.4) or acetate buffer (10 mM, pH 5.5) containing 0.5% (v/v) polysorbate 80 with mild agitation (100 rpm) at 37 °C. At predetermined time points, 1 mL of sample was taken and the removed volume was immediately replaced with fresh buffer. Absorbance measurements (λabs = 345 nm) of the release medium were acquired using a ND-1000 spectrophotometer (Thermo Fisher Scientific, DE, USA).
2.6. Cell culture and nanoparticle exposure. TT1 cells were cultured to confluence in 96-well tissue culture plates using DCCM-1 medium (Geneflow, Lichfield, UK) supplemented with 10% (v/v) newborn calf serum (NCS, Invitrogen, Paisley, UK) and 1% (v/v) penicillin/streptomycin/glutamine (PSG; Invitrogen, UK). A549 (lung adenocarcinoma) and PC-9 (lung adenocarcinoma, kindly gifted by Professor Michael Seckl, Imperial College London) were cultured in RPMI-1640 medium (Sigma-Aldrich, UK) supplemented with 10% (v/v) fetal bovine serum (FBS; Invitrogen, UK) and 1% (v/v) PSG. Cells were plated at 0.25x105 per well and confluence was achieved within 48 hours. Throughout, cells were maintained in a humidified incubator at 37 °C, 5% CO2. Confluent monolayers were treated with AuNPs, PEG-AuNPs and Afb-AuNPs dispersed in appropriate medium at concentrations ranging from 0.03-30 µg/ml of AuNP and exposures were performed in triplicate for all cell lines.
2.7. Cell viability. Following exposure to nanoparticles for 72 hours, growth media containing AuNPs was removed and cells were washed twice with sterile Dulbecco’s phosphate buffered saline (DPBS; Sigma-Aldrich, UK). Cells were then incubated in a solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, VWR, UK), placed at 37 °C and were left until formazan crystal formation could be observed. The MTT solution was aspirated, cells were lysed and samples were analyzed spectrophotometrically (λabs = 570 nm) using a SpectraMax Plus 384 spectrophotometer (Molecular Devices, UK).  
2.8. Electric cell-substrate impedance sensing (ECIS). Live cell proliferation studies were performed using the RTCA iCELLigence system with RTCA Data Analysis Software 1.0 (ACEA Biosciences, CA, USA). This system allows for label-free, real time, dynamic monitoring of cells using impedance as a readout of cell viability and proliferation. AuNPs, PEG-AuNPs and AFB-AuNPs were mixed with the cell suspensions at equivalent concentrations, seeded on a L8 E-plate (ACEA Biosciences, USA) and incubated for 0.5-2 hours at room temperature to allow cellular equilibration and adhesion. The plates were then placed in the impedance recorder in a humidified incubator at 37 °C, 5% CO2 and measurements were taken every hour for 72 hours. A cell concentration of 0.25x105 cells per well was used for all experiments. Cells grown in complete medium and medium alone were used as controls. Each treatment was assessed in triplicate or quadruplicate.
2.9. Inflammatory mediator release. Following exposure of cells to NPs for 72 hours, conditioned medium was collected and release of IL-6 and IL-8 was quantified using enzyme-linked immunosorbent assays (ELISA). Samples were analyzed in accordance with the manufacturer’s instructions (PeproTech, USA). Data were collected spectrophotometrically (λabs = 450 nm) using a SpectraMax Plus 384 spectrophotometer (Molecular Devices, UK). Results were generated from three separate experiments with three readouts per experiment.
2.10. Nanoparticle uptake. A549 cells were plated on a µ-Slide 8 well-chambered coverslip (Ibidi, Germany) at a density of 3 x 105 cells per well and incubated overnight to allow cellular attachment. The cells were then exposed to Afb-AuNPs (20 µg/mL) prepared in the complete growth medium used for initial cell plating. After 3, 6 and 24 hours, Afb-AuNPs were removed and the cells were washed three times with PBS, fixed with 4% (v/v) paraformaldehyde and permeabilized with ice-cold methanol. Subsequently, cells were stained with anti-lysosomal-associated membrane protein (LAMP)-2-Alexa Fluor 488 (Thermo Fisher Scientific, UK) and Hoescht 33342 (Thermo Fisher Scientific, UK). AuNPs were visualized using a He-Ne laser, λ = 543 nm. Images were captured using a Leica TCS SP5 confocal microscope (Leica Microsystems, Germany) with a 63x objective lens and processed with ImageJ software.
2.11. Statistical analysis. Data are presented as the mean ± standard error, where n = 3 (three independent experiments performed with three different cell generations) unless otherwise stated. Statistical comparisons were selected a priori therefore significant observations were verified by t-test or one-way analysis of variance (ANOVA) with Bonferroni post-test. Prism v5 (GraphPad, USA) was used for all statistical calculations. In all analyses, a P value of <0.05 was considered significant.


3. Results and Discussion
3.1. Synthesis of an afatinib analog for conjugation to AuNPs
The first step was to synthesize an analog of Afb that retained its activity and was amenable to conjugation to AuNPs. The construction of the Afb model 16 (Scheme 1) required the synthesis of an afatinib precursor 6 and the synthesis of alkyne and azide containing units 9 and 13 which would combine via a ‘click’ reaction to form the linker portion of the construct. In brief, chlorination of commercially available 7-chloro-6-nitro-4(3H)quinazolinone 1, using POCl3 afforded 4-chloroquinazoline 2 which was not isolated but used in the subsequent nucleophilic aromatic substitution (SNAr) reaction at C-4 with 3-chloro-4-fluoroaniline to give 4-amino quinazoline 3 (77%). Two sequential further SNAr reactions at C-7 with benzenesulfinic acid (→ 4, 87%) and then (S)-(+)-tetrahydro-3-furanol gave ether 5 (66%). Reduction of the C-6 nitro group using Raney-Ni then gave the 6-amino quinazoline core 6 (77%, Scheme 1A). Ensuring the preservation of the C-4 aniline and C-6 acrylamide groups surrounding the quinazoline core was important, as they have been shown to be critical motifs that dictate selectivity for EGFR and irreversible covalent binding via Michael addition to cysteine 797 in the EGFR kinase domain,36 respectively. Indeed, X-ray crystallography of Afb bound to both wild type EGFR and the EGFRT790M mutant demonstrated covalent bond formation between the acrylamide group of Afb and cysteine 79737, confirming the structure-activity relationship is governed by the acrylamide group in particular.
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Scheme 1. Synthesis of afatinib analog. (A) Beginning with starting material 1, we generated the quinazoline core (compound 6) also found in afatinib, in 4 synthetic steps. (B) Synthesis of linker fragments and completion of the molecule. Compound 9 contains an alkyne and 13 has a cyclic disulfide group to allow attachment to AuNPs and an azide group for click chemistry with 9. (C) Attachment of the alkyne bearing group to the quinazoline core and subsequent click reaction and deprotection to give the final compound 16. 
Synthesis of the alkyne and azide containing units 9 and 13, which were designed to combine to form the linker between the AuNPs and the 6-amino quinazoline 6, required just two steps and three steps respectively from commercial materials. Thus, the alkyne 9 was prepared by reaction of methyl trans 4-bromocrotonate 7 with propargylamine to give amine 8, which was not isolated but protected as its N-Boc derivative (48%). The azide 13, which contains the aurophilic cyclic disulfide moiety, was synthesized by reduction of (±)-α-lipoic acid 10 to give alcohol 11 (97%), tosylation to give  sulfonate 12 (62%) and then azide displacement (76%). Assembly of compounds 6, 9 and 13 was orchestrated as shown in Scheme 1B.  Ester 9 was coupled with quinazoline 6 by trimethylaluminium mediated amidation to give amide 12 (95%). This molecule presents a terminal alkyne in place of the dimethylamino unit found in Afb, to facilitate the click reaction. We chose to replace the dimethylamino group with propargylamine, as previous studies have shown good tolerance to substitution at this position38-39. The introduction of propargylamine gave quinazoline derivative 14 which contains an alkyne functionality to facilitate the click reaction with azide 13.  To attach the two components, we therefore reacted azide 13 and alkyne 14 together in the presence of copper sulfate and sodium ascorbate to give triazole 15 (65%). Finally, Boc deprotection was achieved using 10% HCl in 1,4-dioxane to give 16 as the final product in a 98% yield (Scheme 1C). 
3.2 Development and characterization of Afb-AuNPs
The construction of Afb-AuNPs began by taking commercially available citrate-capped AuNPs and tethering the Afb analog 16 (termed Afb-A) to them, followed by addition of a thiolated PEG linker, utilizing well-established alkyl thiol-gold chemistry40. The cyclic disulfide group was used to attach Afb-A to AuNPs; by providing two Au-S bonds per molecule greater stability is achieved, thereby ensuring efficient drug loading, as single Au-S bonds have been shown to be displaced by strong nucleophiles41. One previous study that used single Au-S linkages to PEGylate AuNPs also aimed to conjugate Afb42. However, the conjugation yields were significantly less than presented here, potentially due to the method of coupling; EDC/NHS chemistry is well suited for nucleophilic primary amines43; as Afb does not possess any, this may have prevented conjugation. 
Conjugation of Afb-A was confirmed by UV-visible spectrometry. We found that 80% of Afb-A was bound to AuNPs, equivalent to 0.08 µg Afb-A per µg of AuNP (0.4 mol Afb-A per AuNP). Dynamic light scattering (DLS) measurements (Figure 2A) revealed an increase in the diameter of AuNPs confirming conjugation. Unmodified AuNPs were 40 nm, PEGylated AuNPs were approximately 43 nm and Afb-AuNPs were approximately 46 nm in diameter (Table S1). Further indirect confirmation of conjugation was evidenced by the changes in surface charge, as measured by zeta potential (Figure 2B). The zeta potential of unmodified AuNPs was -35mV, which became less negative as molecules were conjugated to the AuNP surface, owing to displacement of negatively charged citrate anions. The construct was PEGylated in order to afford increased biocompatibility and retention of a negative surface charge by virtue of free, terminal carboxyl groups. The negative surface charge also aids in preventing non-specific adsorption of proteins to the surface of the NP.  Accordingly, Afb-AuNPs had a zeta potential of -19.7mV (Table S1). Optical parameters such as the extinction and scattering efficiencies of AuNPs are influenced by particle size. As such, UV-vis spectroscopy can determine the size of AuNPs based on their surface plasmon resonance (SPR), in excellent agreement with the mathematical theory that underpins the technique44. Concordantly with DLS, UV-vis spectroscopy (Figure 2C) revealed an increase in size as AuNPs were modified. We observed a red shift in SPR of modified AuNPs, indicative of increasing particle size, further suggesting successful conjugation of Afb-A to AuNPs. The red shift in the SPR can be attributed to the increase in dielectric constant around the surface of the AuNP upon conjugation with thiolated ligands45. Unmodified AuNPs had a λmax of 523 nm, which increased when AuNPs were PEGylated, to 525 nm and increased further to 530 nm when Afb-A and PEG were conjugated to AuNPs. The release of Afb-A from AuNPs (Figure 2D) was examined at physiological and acidic pH (7.4 and 5.5 respectively). Differential rates of liberation from AuNPs were observed after as early as 2 hours whereby 41% of Afb-A had been released at pH 5.5 compared with 23% at pH 7.4. At all further time points assessed the cumulative release of Afb-A was consistently greater at pH 5.5 than that at pH 7.4. The Au-S bond is labile below pH 6 due to protonation of the S atom46-47, therefore the acidic environment may act to expedite release from the AuNP. Transmission electron microscopy (TEM) confirmed Afb-AuNPs had a spherical morphology (Figure 2E and 2F) and exhibited size measurements in agreement with those obtained using alternative methods (Figure 2G). Thus, AuNPs were successfully modified without drastically altering their physicochemical properties or compromising colloidal stability.
These physicochemical characteristics are well suited for delivery to solid tumors via the EPR effect. Afb-AuNPs are of a suitable size (~46 nm) such that they avoid renal filtration (NPs with a diameter less than 6 nm are filtered by the kidneys) and excess sequestration in the liver as larger NPs become entrapped within hepatic sinusoids48. Moreover, a PEG sheath increases hydrophilicity which provides a steric barrier to opsonization, thereby further mitigating recognition by the RES49. These properties are known to increase the circulatory half-life of nanoparticles in vivo50 improving the probability for drug-bearing NPs to accumulate in tumors. Although dependence on the EPR effect for nanoparticle delivery may not be optimal for all tumor types, strategies to augment this process can be implemented51. For example, localized hyperthermia can be used to promote vascular permeability in tumors52.
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Figure 2. Characterization of Afb-AuNPs. (A) Hydrodynamic diameter measurements of AuNPs (black), AuNP-PEG (blue) and Afb-AuNPs (red) obtained by dynamic light scattering. (B) zeta potential measurements of the AuNPs mentioned above (mean ± SD, n = 3). (C) UV-vis spectra of AuNPs discerning the λmax and corresponding red shifts as AuNPs are functionalized. (D) In vitro release profile of Afb-A from AuNPs at pH 7.4 or pH 5.5 (mean ± SD, n = 3). (E) transmission electron micrograph of Afb-AuNPs (40,000 x magnification, scale bar = 100 nm). (F) further magnified image of Afb-AuNPs (200,000 x magnification, scale bar = 20 nm). (G) histogram of Afb-AuNP sizes as measured by TEM (distribution presented as mean ± SD).

This approach is of particular interest when using AuNPs as drug delivery vehicles; AuNPs such as hollow nanoshells and nanorods can transform photons in the form of near infra-red light into thermal energy, creating hyperthermic regions proximal to the NPs. This intrinsic property is leveraged in the process of photothermal therapy whereby AuNPs that have accumulated in tumors thermally ablate the tissue53. This modality can increase the permeability of the tumor to chemotherapy and NPs acting as a dual therapy and EPR effect enhancer54. Moreover, terminal carboxyl groups on PEG chains can be used to attach tumor specific targeting moieties such as nucleic acids55 or peptides56 in an attempt to more adroitly target tumors. The work presented in this study can be combined with these functionalities for multimodal chemo and thermal therapy
3.3 Afb-AuNPs cause NSCLC cell cytotoxicity
[image: C:\Users\ac1714\Desktop\Figure 2.png]As a proof of concept, a dose response to Afb-AuNP treatment was determined using confluent monolayers of the lung adenocarcinoma cell line PC-9, which harbors a deletion within exon 19 in EGFR57, sensitizing them to TKI therapies. AuNPs and PEGylated AuNPs were not cytotoxic at any of the doses investigated, in agreement with previous literature58, whereas dose-dependent cytotoxicity was observed when cells were exposed to Afb-AuNPs (Figure 3A). 








Figure 3. In vitro cytotoxicity of Afb-AuNPs. (A) The lung adenocarcinoma cell line PC-9 and (B) A549 were exposed to increasing concentrations of AuNPs (black), AuNP-PEG (blue) or Afb-AuNPs (red) for 72 hours and cell viability was assessed by MTT assay. Data are expressed as mean ± SEM, n = 3, *, P < 0.05; **, P < 0.01; ***, P < 0.001.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Significant reductions in cell viability (24% compared to AuNP, P < 0.05) were seen at doses as low as 0.3 µg/mL AuNP. There were further reductions in cell viability with increasing concentrations of Afb-AuNPs; at 3 µg/mL, Afb-AuNPs reduced cell viability by 81% compared to the equivalent concentration of AuNPs (P < 0.001), demonstrating both the biocompatibility of AuNPs and the therapeutic potential of Afb-AuNPs. The versatility of the system was shown by screening Afb-AuNPs in the lung adenocarcinoma cell line A549 (Figure 3B) which are wild type for EGFR expression and are not sensitive to TKIs. Despite this, Afb-AuNPs retained some efficacy, particularly at the higher doses examined. At an AuNP concentration of 10 µg/mL, Afb-AuNPs induced a 42% reduction in cell viability compared to the equivalent dose of AuNPs (P < 0.01). A further decrease in cell viability was noted at an AuNP dose of 30 µg/mL, where Afb-AuNPs elicited a 60% decrease in cell viability (P < 0.001). 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]To elucidate the extent to which AuNPs were influencing the cytotoxic effect of Afb-A, the effect of free Afb-A and Afb-AuNPs at different doses was examined. In PC-9 cells (Figure 4A) Afb-AuNPs were significantly more cytotoxic than equimolar concentrations of free drug at a majority of doses studied. At 0.03 µM, Afb-A decreased cell viability by 43%, whereas Afb-AuNPs at the same drug concentration caused significantly more cell viability loss (66%, P < 0.05). This observation was recapitulated at 0.1 µM (P < 0.01) and further increased doses (P < 0.001) where Afb-AuNPs induced almost complete loss of cell viability (~ 91%). In the less sensitive A549 cells (Figure 4B) free Afb-A and Afb-AuNPs exhibited similar efficacy up to a concentration of 3 µM where Afb-AuNPs were significantly more cytotoxic than equivalent free Afb-A (64% vs 40% reduction in viability, P <  0.01), a result that was also observed at 10 µM (P <  0.01). Similar observations were also witnessed when Afb-AuNPs were compared to free Afb in a dose response fashion (Figure S24). Furthermore, the IC50 of free Afb-A in PC-9 cells was found to be 0.05 µM whereas Afb-AuNPs had an IC50 of 0.02 µM, representing a 2.5 fold increase in potency. Similarly, in A549 cells the Afb-A IC50 was 6.08 µM compared to 1.65 µM for Afb-AuNPs, translating to a 3.7 fold potency increase; thus, we could attribute the cytotoxic effects observed to the conjugated Afb-A. Indeed, in A549 cells the IC50 of Afb-AuNPs was significantly lower than that reported previously for Afb59 which was comparable to free Afb-A. Although the mechanism underlying this increase in potency is not fully clear, one explanation could be increased intracellular concentration of Afb-A due to uptake of AuNPs60. As Afb has been shown to alter the efflux function of P-glycoprotein61 (otherwise known as ATP-binding cassette sub-family B member 1, ABCB1), the enhanced intracellular levels of Afb-A may then serve to inhibit its own efflux over time, leading to greater or more sustained inhibition of EGFR, however further [image: ]studies would be needed to explore this.




Figure 4. Dose response curves post Afb-AuNP and Afb-A treatment. (A) PC-9, (B) A549 and (C) alveolar epithelial TT1 cells were exposed to increasing concentrations of Afb-A or Afb-AuNPs for 72 hours and cell viability was assessed by MTT assay. Data are expressed as mean ± SEM, n = 3, *, P < 0.05; **, P < 0.01; ***, P < 0.001.

We also investigated the effect of free Afb-A and Afb-AuNPs on TT1 cells (Figure 4C); as these cells cover 95% of the alveolar epithelial surface62, the implications of toxicity to these cells could be instrumental in determining choice of therapy and its success. Moreover, examination of the normally functioning cells proximal to the disease area of interest is a procedure which is often excluded from in vitro drug delivery studies even though there is potential for drug interaction with normal cells.  Afb-AuNPs and unmodified AuNPs (Figure S25) were not overtly cytotoxic at any of the doses studied, however free Afb-A was found to be significantly more cytotoxic at 3 and 10 µM (P < 0.05). This data may suggest a selectivity of Afb-AuNPs towards cancerous cells, which could be predicated on EGFR expression. Indeed, we have previously shown the distinction between TT1 cells and A549 cells and that TT1 cells better represent the alveolar epithelial type I cell63 and therefore serves to more accurately reflect the differential in vivo interactions of Afb-AuNPs in the alveolar region where lung adenocarcinomas are most prevalent.
3.4 Afb-AuNPs inhibit NSCLC cell proliferation
[bookmark: OLE_LINK6]After profiling the effect of Afb-AuNPs on confluent monolayers, we next investigated the effect of Afb-AuNPs on actively proliferating cells, using a cell-impedance based system that allows for label free, real-time study of cell proliferation. A dose-dependent response to Afb-AuNPs was observed in PC-9 cells (Figure 5A), whereas AuNPs and PEGylated AuNPs did not have anti-proliferative effects (AuNP concentration was equal to the AuNP concentration in the highest dose of Afb-AuNPs), consistent with cell viability results. No significant difference was noted when cells were treated with Afb-AuNPs at a dose of 0.03 µM (Figure 5B), however 0.1 µM Afb-AuNPs significantly inhibited cell proliferation compared to AuNPs (P < 0.01). As the dose of Afb-AuNPs increased, the inhibition of proliferation was greater; 0.3 µM and 1 µM Afb-AuNPs inhibited cell proliferation by 74% and 78% respectively compared to AuNPs (P < 0.001). In A549 cells (Figure 5C), a pattern somewhat similar to cell viability studies was observed whereby only the highest dose of Afb-AuNPs was able to inhibit cell proliferation. This dose of free Afb (10 µM) was also able to inhibit cell proliferation to the same degree (Figure S26), suggesting maintenance of therapeutic efficacy using Afb-AuNPs.  The biocompatibility of AuNPs and PEGylated AuNPs was again confirmed in these cells as no inhibitory effect was noted (Figure 5D), whereas Afb-[image: ]AuNPs at a dose of 10 µM reduced the proliferative capacity of the cells by 33% (P < 0.001).

















Figure 5. Inhibition of cell proliferation by Afb-AuNPs. (A) Representative proliferation curves of PC-9 cells upon exposure to AuNPs, AuNP-PEG, or increasing doses of Afb-AuNP. (B) quantification of cell proliferation at 72 hours (untreated cells used as control) . (C-D) as in (A-B) but cell proliferation assessed in A549 cells. Data are expressed as mean ± SEM, n = 4,**, P < 0.01; ***, P < 0.001

The intrinsic sensitivity to TKIs plays a role in the differential cytotoxicity of Afb-AuNPs, which is exemplified by these proliferation studies, whereby lower concentrations of Afb-AuNPs were required to inhibit PC-9 cell proliferation compared to A549 cells. These results corroborated those observed in the cytotoxicity studies but also demonstrated that Afb-AuNPs retained efficacy under different experimental conditions, as unmodified AuNPs were not found to significantly reduce the proliferation of either cell type. Taken together, these results demonstrate that Afb-AuNPs can act not only on confluent monolayers of cells, but also actively proliferating cancer cells, highlighting the utility of the AuNP system. 
3.5 Conjugation of Afb to AuNPs attenuates inflammatory cytokine release
After investigating the anticancer capacity of Afb-AuNPs, we next explored the inflammatory response of the healthy alveolar epithelium upon exposure to Afb-AuNPs and the free drug equivalent. At a majority of the doses investigated, the release of interleukin (IL)-6 from TT1 cells was not significantly different between Afb-A and Afb-AuNPs (Figure 6A). A slight trend towards increased IL-6 release as the dose increased was noted, with no more than 90 pg/mL detected, suggesting a tolerability of Afb-AuNPs at the alveolar epithelial interface. At a dose of 10 µM, both Afb-AuNPs and Afb-A stimulated IL-6 release, however Afb-A elicited a 2.5 fold increase in IL-6 production compared to the equivalent dose of Afb-AuNPs (P < 0.001). We observed a similar pattern with IL-8 release from TT1 cells (Figure 6B); we noted a 1.9 fold increase in the release of IL-8 at a dose of 3 µM Afb-A compared to Afb-AuNPs (P < 0.01) however this difference was not observed at any other doses. Moreover, we did not see significant release of IL-6 or IL-8 by A549 cells when exposed to Afb-AuNPs (Figure S27) indicating the lack of immunogenicity these molecules possess. As IL-6 is heavily involved in driving pro-tumorigenic inflammation64 this has led to its implication in the pathogenesis of LC65. The underlying mechanism appears to centralize around an IL-6/STAT3 signaling axis whereby IL-6 fosters oncogenic signaling through activation of STAT366. Moreover, activated EGFR prolongs this signaling cascade67, providing a rationale for dual anti IL-6/EFGR therapy in LC. Indeed, attenuation of pro-inflammatory cytokine release, particularly IL-6, from TT1 cells upon exposure to Afb-AuNPs compared to free Afb-A provides supporting evidence for the biocompatibility of [image: ]our system.






Figure 6. Inflammatory mediator release from TT1 cells. Alveolar epithelial cells were exposed to increasing doses of Afb-A or Afb-AuNPs and the release of (A) IL-6 and (B) IL-8 from confluent monolayers was measured by ELISA. Data are expressed as mean ± SEM, n = 3,**, P < 0.01; ***, P < 0.001.
3.6 Cellular uptake of Afb-AuNPs 
Finally, in order to better understand the intracellular fate of Afb-AuNPs, the uptake of these particles by A549 cells was investigated using confocal microscopy (Figure 7). After 3 h, there was evidence of intracellular accumulation of AuNPs suggesting surface functionalization did not prevent internalization. Visualized (in red) by virtue of their SPR, dispersed AuNPs were distributed throughout the cytoplasm and perinuclear region, and were not observed in the nucleus (blue), in agreement with previous studies using AuNPs of a similar size68. Small clusters of AuNPs appeared to localize near to endosomal structures (merge panel) implying an endosomal route may have been utilized by the cells to internalize the particles. At 6 h post AuNP exposure, the appearance of AuNP clustering in the cytoplasm was more apparent and there was no evidence of lysosomal co-localization. When we examined the cells 24 hours post AuNP exposure, further coalescence of the AuNPs in the cytoplasm was evident, and although we did not observe signs of co-localization, larger clusters of AuNPs were found to be close to the nucleus and proximal to lysosomes which could be due to lysosomal escape, allowing for cytoplasmic release of Afb and subsequent inhibition of EGFR. AuNPs are known to be internalized into cells by endocytosis, however their method of entry is largely dependent on their physicochemical properties. The clustering dynamics we observed are consistent with the intracellular trafficking of AuNPs of approximately 50 nm in diameter whereby AuNPs were found to accumulate and cluster in lysosomes over time69. Although we did not see direct evidence of co-localization at the 24 hour time point, Afb-AuNPs appeared to coalesce proximally to lysosomes suggesting Afb-AuNPs may be internalized by an endocytic mechanism. It has been shown previously that AuNPs of this size are taken up into cells by endocytosis70, although future studies would be needed to fully outline the internalization process. Clustering of Afb-AuNPs via lysosomal processing could be due to increased agglomeration, as the cleavage of Afb-A and PEG from AuNPs may impact colloidal stability. Similar to the tumor microenvironment, lysosomes have an acidic pH which can lead to increased Afb-A release from AuNPs due to Au-S bond breakage. This bond cleavage results in release of the drug cargo from the AuNPs into the cytoplasm where it can subsequently bind to EGFR. A majority of Afb-A is released from AuNPs after 48 hours and may continue to be released from AuNP depots within the cell, whereas free Afb-A initially traverses the plasma membrane, it may be effluxed or inactivated as previously postulated, therefore more Afb-A becomes available over time if delivered using AuNPs providing a potential explanation for the increased potency demonstrated in the cytotoxicity studies. 3 hours
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24 hours
Nucleus
Lysosome
AuNP
Merge

























Figure 7. Intracellular uptake and distribution of Afb-AuNPs. A549 cells were exposed to Afb-AuNPs for 3, 6 or 24 hours prior to imaging by confocal microscopy. The nucleus is visualized in blue, lysosomes in green and AuNPs in red. Scale bar = 15 µm.
4. Conclusion
In summary, a novel AuNP formulation was developed based on the clinically approved chemotherapeutic agent Afb. To achieve this, a molecular analog of Afb was synthesized that permitted conjugation to AuNPs, to create Afb-AuNPs. Afb-AuNPs were shown to exhibit cytotoxicity towards and inhibit proliferation of NSCLC cells whilst maintaining biocompatibility in TT1 cells, a model cell of the healthy alveolar epithelium. Afb-AuNPs were also shown to be non-inflammatory in both healthy and cancerous cells, and were internalized, despite surface modifications, however the mechanism is still to be fully elucidated. Results presented here suggest Afb-AuNPs would be promising candidates for future in vivo studies given their physicochemical properties and in vitro efficacy. Furthermore, the methodology outlined provides an avenue of exploration using other therapeutics not typically utilized for conjugation to NPs, expanding the molecular toolkit available for drug delivery.
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