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Docetaxel (DTX) is an anticancer treatment widely used in the clinic for the treatment of various human malignancies, including Non-Small-Cell Lung Cancer (NSCLC). Its low water solubility and systemic toxicity, however, negatively impact the clinical application of such drug. In order to improve DTX solubility in biological fluids and decrease its adverse effects in patients, the scientific community is currently focusing on developing drug delivery systems where DTX is the payload. In this context, the present study aims at presenting a step forward in the development of platforms based on gold complexes for multifunctional approaches (theragnostic tools) and stimuli-responsive therapies. Tetrachloroauric acid (HAuCl4) were complexed with the antitumor drug and dicarboxylic acid-terminated polyethylene-glycol (PEG) to form the nanometric complex named DTX-Au-PEG. Following reduction with sodium borohydride (NaBH4), the DTX-Au-PEG complex formed hybridmetal nanoparticles (DTX IN PEG-AuNPs), where DTX was protected in the gold core embedded within the polymer chains. To achieve therapeutic targeting, DTX-Au-PEG complex and DTX IN PEG-AuNPs were chemical combined with the human anti-EGFR polyclonal antibody, which recognizes the hERG1 channel aberrantly expressed on the membrane of human lung cancer cells. The active targeting was demonstrated by various analytical techniques (Raman and UV-Vis spectroscopies); whereas, in vitro experiments on tissue-mimetic, three-dimensional (3D) tumoroids grown at the Air-Liquid Interface (ALI) demonstrated that DTX encapsulation within a gold core strongly influenced the drug efficacy, with a significant increase of the DTX therapeutic index when AuNPs were specifically targeted against EGFR.

Collectively, our study demonstrated that a drug delivery system based on Au (III)-DTX complexes constitutes an encouraging chemical approach to build Au (III) complexes into real chemotherapeutic drugs for cancer treatment.

INTRODUCTION

Therapeutic gold complexes are widely known to exhibit peculiar medical properties [1] .Several biological (in vitro) and animal (in vivo) investigations have demonstrated, for example, the strong anti-cancer properties of several classes of gold (I) and gold (III) complexes [2] . Similarly, gold complexes can respond to externally applied physical stimuli ("external stimuli" or "exogeneous stimuli"), such as X-rays [3] and laser light [4] ,providing a tuneable and controllable platform for targeted drug release and/or theragnostic approaches. However, the majority of anti-cancer active gold complexes is highly cytotoxic and unstable under physiological conditions, thus hindering their clinical translation [5] .On the other side, docetaxel (DTX), a semi-synthetic taxane, is an inhibitor of microtubule polymerization leading to cell cycle arrest at G2/M and subsequent apoptosis and cytotoxicity [6] . It is clinically employed in the treatment of breast, non-small-cell lung, ovarian, and head and neck cancer [7] .

Because of its bulky, extended fused ring chemical structure bearing several hydrophobic substitutes, DTX has high lipophilicity (log Poct=4.1) [8] and very poor aqueous solubility (limited to 6-7 mg/mL) [9] , thus limiting its maximum clinical dosage. To overcome the limitations of both gold complexes and DTX, some of the authors have successfully pioneered a novel simple strategy to synthesize and scale-up hybrid gold nanotherapeutics by an experimental procedure named "Method IN" where the drug or biomolecules chemically cooperate with gold salt (HAuCl4) via chelation bonding [10][11][12] [13][14] . This strategy can be applied to any active pharmaceutical ingredients (API)capable of complexation, such as carboxylates, phosphonates, anthracycline, alkaloid and flavonoids [15][16] . The size and pH-responsive behaviour of the nanotherapeutics thus obtained are dependent on the complex combinations of polymer ligands, drug molecules, and centre metal ions [17] . Entrapment of the API within the gold core without involving any covalent bonding to the nanoparticle structure, results in: (a) a simpler strategy for drug delivery, where, the drug release within the cancer cell does not require an active lysis of the covalent bonds linking the drug to its cargo; (b) API protection from hydrolysis/inactivation once in the blood flow; and (c) potential for theragnostic applications.

The present communication highlights our most recent advances in the formation of DTX gold complexes before (Au I) and after reduction to hybrid nanoparticle (Au 0) form, and reports some promising preliminary in vitro anti-cancer activity data on tissue-mimetic, 3D ALI tumoroids representative of the human NSCLC tissue.

RESULTS AND DISCUSSION

In a previous study, some of the authors reported a novel synthetic process to produce flowershaped, DTX-loaded hybrid gold nanoparticles (DTX IN PEG-AuNPs) [13] . In such process, DTX was chelated to the AuCl4 ions, followed by(a) stabilization by diacid polymer molecules (PEG-COOH) and(b)reduction with a strong reducing agent (NaBH4). In the present work, such synthetic process was further optimised, for the successful functionalization of the hybrid gold nanoparticles with a human anti-EGFR antibody for the targeted therapy of Non-Small-Cell Lung Cancer (NSCLC) (scheme 1). Furthermore, the physico-chemical and biological properties of the drug-complex (as intermediate product) and of the final hybrid nano-therapeutic were investigated in depth, before and after antibody binding. 

Physico-chemical characterization

When DTX was added to the AuCl2 -solution and then embedded with PEG-diacid, by stacking process [13][10] , the formation of metallo-micelles was observed by TEM (Figure 1-panel A-1).The DTX IN PEG-AuNPs nanostructures obtained exhibited a polyhedral-like shape, with a diameter ranging between 50 and 60 nm.The NP sizes were confirmed by DLS measurements (Table 1in Supporting Information).Zeta potential measurements show that DTX IN-PEG-AuNPs were colloidally more stable than the corresponding gold complexes Au-DTX-PEG (z-potential = -25.6 ± 0.5 mV and -10 ±1 mV). This stability was enhanced with the steric arrangement of DTX during synthetic process of pegylated gold nanoparticles. Other studies have reported the synthesis of similar nanostructures (snowflakes) using silver nanocube [20] , copolymers in solution [21] and biomolecules [22] . The presence of the peak at 305 nm on the UV-Vis absorption spectrum of DTX-Au-PEG products was due to the PEG-AuCl2 -, confirming the formation of electrostatic interactions between PEG chains and Au (III)-DTX complexes (Figure 1-panel A-3). This behaviour is associated to π-π* electronic transitions due to interactions between the taxanes ring and AuCl4 -ions [13] providing clear evidence of the complex formation. Based on previously reported findings [10] [23] we suggest that, Au (III)-DTX complexes migrate through PEG molecules and a considerable quantity of complexes diffused and is captured inside the PEG layer [23] .

Following the grafting of the anti-EGFR polyclonal antibody (pAb) onto the AuNP surface (Ab EGFR @DTX IN PEG-AuNPs), a red shift of the absorbance peak from 305 to 310 nm was observed, demonstrating the successful bioconjugation of the complex with the pAb.The bioconjugation of anti-EGFR pAb onto DTX IN PEG-AuNPs was further demonstrated by the changes in the wavelengths of the localized surface plasmon (LSP) band (Figure 1-panel B-3). DTX IN PEG-AuNPs showed an LSP band centred at ~522 nm, typical of AuNPs [24] .After immobilization of anti-EGFR pAb onto DTX IN PEG-AuNPs, the resulting solution was characterized by a LSP peak at 568 nm, which could be assigned to a change of localized refractive index of AuNPs. Based on the UV-Vis spectra, we suggest that such red shift is associated to formation of van der Waals inter-antibody interactions following the successful bioconjugation of the AuNPs surface with anti anti-EGFR [25] [26] . In a previous work, some of the authors observed a phenomena of agglomeration after pAb conjugation onto DTX IN PEG-AuNPs [13] . In the present communication such short fall in the synthetic process was overcome by modifying the experimental conditions in terms of antibody concentration and ionic strength conditions, thus identifying the most suitable conditions where to allow the antibody to sterically conjugate onto gold-hybrid surface of nanoparticles. Hypothesizing that the size of the anti-EGFRpAb is about 10 nm [27][28] , we can estimate that the antibody stabilised the inter-particle distance via a double combination of electrostatic and steric repulsions among the various antibodies linked to the PEG-chain grafted onto the nanoparticle surface. This phenomenon was confirmed by TEM imaging analysis (Figure 1-panel B-2) where gold nano-flowers were assembled and oriented as small uniformly dispersed chains, confirming that the amphiphilic anti-EGFR pAb PEG layer grafted to the gold core of the nano-flowers stabilized the colloidal suspension.

In order to define the changes associated with the pAb grafting procedure, comparative Raman studies were carried out, before and after pAb grafting, on gold complexes (Au-DTX- and 278 cm -1 . These bands, associated to the gold chloride stretches, ν(Au-Cl), and δ(O-Au-O) in aliphatic ring (C7-C9), provide evidence of the formation of a complex between AuCl2 - and DTX in solution, as previously described [13] . The presence of peaks at 194 cm -1 , 180 cm -1 and 156 cm -1 confirmed the distinct chemical behaviour of DTX, under complexation with gold ions, as reported in [29] . The grafting of the anti-EGFR pAb onto the complex (red line) induced a decrease and broadening of the peaks abovementioned, with a complete disappearance of the peak at 194 cm -1 , due to the plane active deformation of antibody confirming a higher number of pAb conformations inside the DTX-Au-PEG layer (higher porosity or lower charges) after electrostatic binding.

On the other hand, the achievement of pAb grafting onto DTX IN PEG-AuNPs by carbodiimide chemistry (EDC/NHS) was also confirmed by Raman spectroscopy (Figure 1panel B-4).SERS effect was in fact observed, with some of the fingerprint bands (e.g. at 709 and 794 cm -1 ) shifting to lower frequencies and becoming broader as compared to DTX IN PEG-AuNPs (black line) and DTX free (red line). This phenomenon is associated to a change of environment for the DTX molecule into the gold salt (HAuCl4) [29] .Also, new peaks 

Preliminary data on biological activity

In a recent study, some of the co-authors have demonstrated that it is possible to form 3D tumoroids of human NSCLC cells (A549 cell line) on Transwell™ inserts, and culture them at the Air-Liquid Interface (ALI) [30] (Figure 2A). Such tumoroids recapitulate key elements of both the lung tumour tissue, namely: (a) the direct contact with the gas phase (air), a critical feature influencing NSCLC pathogenesis and response to drug treatments [31] ; (b) the threedimensional architecture; and (c) Multi Drug Resistance (MDR) driven by the MRP1 drug efflux pump, a key chemoresistance pathway in NSCLC patients. Thus, to prove the potential of the AuNPs developed as nano-enabled chemotherapeutic against NSCLC, their efficacy in triggering cancer cell death was tested in such 3D ALI tumoroids as a proof-of-principle experiment. Interestingly, when tested on ALI 3D tumoroids, DTX loaded AuNPs (targeted and untargeted with anti-EGFR pAb) induced a strong increase in cytotoxicity as compared to the drug in its molecular form (Figure 2B). No cytotoxicity was triggered by the complexes. No-tably, only Ab EGFR @ DTX IN PEG-AuNPs triggered a cytotoxicity equal to 50% circa, suggesting that active targeting of such receptor, which is over expressed on the surface of the A549 cells forming the culture, plays a key role in the mechanism of action of these gold nanomedicines. Anticancer drugs targeting microtubules (such as DTX) are generally considered cytostatic. These drugs induce a small reduction (above 80%) of the total ATP levels in cancer cells [32] . Our results show a good agreement with the predicted mechanism of action of the anticancer drug tested, with null or small ATP reduction in exposed tumoroids (Figure 2C). Thus, we concluded that DTX complexation did not induce any change in the drug mechanism of action hence the pharmaceutical efficacy. Further studies are however needed to elucidate the biological pathways and biochemical mechanisms that determine the different efficacy of gold complexes and drug-loaded AuNPs. Figure 2 .(A) Schematic of the architecture and composition of the in vitro cell model, as previously reported in Movia et al. [19] .Drawings not to scale (B) Percentage (%) cytotoxicity and (C) total ATP levels following 72 h exposure. Data are reported as average ± standard error of the mean (nreplicates = 3; ntests = 3). p values indicate significant differences as compared to untreated cultures (NT) (one-way ANOVA).

CONCLUSION

Here we have reported an improved synthetic process to synthetized targeted gold nanotherapeutics starting from gold complexed to an insoluble but clinically-relevant chemotherapeutic (DTX). Unlike a previous synthetic procedure reported by some of the authors, the ad-hoc conditions developed herein allow the synthesis of a nanotherapeutic that is stable in physiological fluids. Furthermore, as mentioned above, the ALI 3D tumoroids employed herein to test the efficacy of the targeted gold nanotherapeutic, mimic one of the MDR mechanisms characteristic of NSCLC patients, the MRP1 up regulation [30] . Thus, from our preliminary study we can hypothesize that Ab EGFR @ DTX IN PEG-AuNPs have the capability to overcome such resistance, by favoring the drug internalization and retention within the cancer cells. Thus, in conclusion, the chemical approach described herein demonstrates the opportunity to bring forward gold nanotherapeutics in pre-clinical pharmaceutical stages for cancer treatment. EXPERIMENTAL SECTION Materials and methods. All products were purchased from Sigma Aldrich as mentioned above and were used as received without additional purification [13] Synthesis of DTX Au-PEG Complex. 5 ml of gold solution (HAuCl4) (2.5×10 -4 M) was mixed to DTX (1.25 ml, 1.72 x 10 -4 M in water) under magnetic stirring for 10 min. 65 µl of dicarboxylic PEG was then added and mixed at room temperature. The realization of the DTX Au-PEG-Complex was noted as a gradual colour modification of the solution from yellow to pale pink after inclusion of the PEG diacid. Chemical samples of each synthetic step were collected at 27-29 °C and characterized by spectroscopic techniques as described previously [13] . The "as-prepared" DTX Au-PEG-Complex solution was purified by centrifugation at 5,000 rpm for 4 min for two timesat 4°C (Eppendorf Centrifuge 5415 R,FA-45-24-11Fixed-angle rotor); then, the supernatant was rejected. The precipitate was re-dispersed in an equivalent amount of PBS (pH = 7). This operation was repeated twice to remove excess of not-conjugated dicarboxylic PEG. Synthesis of DTX IN-PEG-AuNPs. Chemical protocols were performed as previously described [33] and are summarized in scheme 1. Anti-EGFR-pAb immobilization onto DTX Au-PEG Complex. The grafting of anti-EGFR-pAb onto DTX-PEG-Au complex was performed by carbodiimide chemistry. Briefly, 50 μl of EDC/NHS mixture (40/10 mg ratio) in PBS (pH 9.0) was added into 5 ml of DTX-PEG-Au complex solution under magnetic stirring at room temperature. After 1 h, 50 µL (0.1 ng/ml) of anti-EGFR-pAb in PBS was added in 2 ml of the solution and stirred for 3 h at room temperature. The obtained anti-EGFR@-DTX-Au-PEG complex were purified by centrifugation two times at 5,000 rpm for 5 min to eliminate excess of unconjugated anti-EGFR-pAb.

Anti-EGFR-pAb immobilization onto DTX IN-PEG-AuNPs.

The binding of anti-EGFR-pAb onto DTX IN-PEG-AuNP surface was performed at pH 9.0 in PBS by carbodiimide chemistry, as described previously [13] .

Determination of Anti-EGFR-pAbconcentration onto DTX Au-PEG Complex and DTX IN PEG-AuNPs.

AuNPs concentration was established by mathematical methods described previously [15] .

Stability ofAnti-EGFR-Ab @DTX Au-PEG Complex and Anti-EGFR-Ab @DTX IN PEG-AuNPs.

The stability of both nanoparticles was detected by UV VIS by dispersing the various formulations in Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Invitrogen, Bio-Sciences Ltd, Ireland) supplemented with glucose (1,000 mg/l), gentamicin (5 μg/ml) and 10% Foetal Bovine Serum (FBS) (Sigma-Aldrich, Ireland) and incubating the dispersions thus obtained for 72 h (Figure S1 in Supporting Information).

Physico-chemical characterization

All the characterizations were realized in triplicate in order as described previosly [10] . UV/Vis measurements Absorption spectra were recorded using a Perkin Elmer Lambda UV/Vis 950 spectrophotometer in plastic cuvettes with an optical path of 10 mm. The wavelength range was 250-900 nm.

Transmission Electron Microscopy (TEM)

Size and morphology of NPs were analyzed by transmission electron microscopy (TEM) (JEM-1011 TEM, Jeol, Inc., Peabody, MA) using a Morada CCD camera at an accelerating voltage of 100 kV.

Raman Spectroscopy

The Raman experiments have been performed on an Xplora spectrometer (Horiba Scientifics-France). The Raman spectra have been recorded using an excitation wavelength of 785 nm (diode laser) at room temperature. For measurements in solution, a macro-objective with a focal length of 40 mm (NA = 0.18) was usedin backscattering configuration. The achieved spectral resolution is equal to 2 cm -1

Dynamic light scattering (DLS)

The size measurements were performed using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) equipped with a He-Ne laser (633 nm, fixed scattering angle of 173°) at room temperature.

Zeta potential measurements

The zeta potential of AuNPs dispersed in water was measured using the electrophoretic mode of a Zetasizer NANOZS (Malvern Instruments Ltd, UK). Cell culture. Human adenocarcinoma cells (A549 cell line) were obtained from the American Tissue Culture Collection (ATCC®) (LG Standards, England). The A549 cell line was authenticated as previously reported [19] . A549 cells were cultured in supplemented DMEM.

Cells were cultured at 37 °C and 5% CO2. Formation of ALI 3D tumoroids. The in vitro cultures were formed as previously described [30] and cultured for 14 d prior to exposure. The medium in the basolateral chamber was changed every 3 d to ensure cell culture growth and viability.

Scheme 1 .

 1 Scheme 1.Schematic representation of the synthesis of DTX IN PEG-AuNPsand Anti-EGFR functionalisation (Please note that drawings are not in scale and only intended to provide a representative schematic of the case in question).Abbreviations: DTX docetaxel; PEG-AuNPs, polyethylene glycol-

  PEG and Ab EGFR Au-DTX-PEG complexes) as well as on the nanotherapeutics produced(DTX IN PEG-AuNPs and Ab EGFR @ DTX IN PEG-AuNPs). Focusing our attention on the drug-gold-complexes (Figure 1-panel A-4), we could detect several spectral changes in the range 200-500 cm -1 once the pAb was introduced (red line). This confirmed a chemical and steric modification of DTX chelated with gold ions and PEG-diacid molecules after grafting with anti-EGFRpAb. The Raman fingerprint of the Au-DTX-PEG complex (black line) is the presence of a strong band at 210 cm -1 and a double peaks around 263 cm -1

  appeared as a double peak at 1247-1286, 1346-1375, 1522-1574 cm -1 due to ν(CH) deformation, ν(C-C) stretching, ν(O-C-O) stretching and/or the deformation vibrations of the -NH2 of anti EGFR pAb (blue line).

Figure 1 :

 1 Figure 1:Panel (A):TEM images of Au-DTX-PEG complex before (1) and after conjugation of pAb anti-EGFR (2)Scale bars: 50 nm.UV-Vis (3) and Raman (4) spectra of Au-DTX-PEG complex before (black-line) and after conjugation of pAb anti-EGFR (red line). Panel (B): TEM images of DTX IN-PEG-AuNPs before (1) and after conjugation of pAb anti-EGFR (2)Scale bars: 50 nm.UV-Vis (3) and Raman (4) spectra of DTX IN-PEG-AuNPs before (black-line) and after conjugation of pAb anti-EGFR (red line).

Exposure to AuNPs. ALI 3D tumoroids were exposed to docetaxel (DCTX), PEG-AuNPs-DCTX IN, anti-EGFR-PEG-AuNPs-DCTX IN, and the complementary complexes for 72 h. A drug concentration equal to 10 4 nM was tested. Docetaxel were purchased as in the form specified by the European Pharmacopoeia. DCTX, AuNPs and the complementary complexes were dispersed in physiological hypertonic saline, constituted by a 0.9% NaCl solution supplemented with 1.25 mM CaCl2 and 10 mM HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid) (all purchased from Sigma-Aldrich, Ireland). Such solution is a fully biocompatible vehicle, ensuring that no cytotoxic response was triggered by the vehicle itself. Drugs were administered by pipette to the apical side of the ALI cultures, as previously described [30][34] . In inhalation therapy, drugs are deposited as aerosols onto the air-facing lung epithelium. To test a physiological drug application scenario, a small volume (30 µl) of drugs solution was added to the apical side of the cultures, as previously reported [30,35] , to ensure the direct contact of the epithelium with the gas phase. Lactate dehydrogenase (LDH) cytotoxicity assay. Cell culture supernatants were harvested after 72 h exposure, and cytotoxicity was evaluated by Thermo Scientific Pierce LDH Cytotoxicity Assay Kit (Fisher Scientific, Ireland), as previously reported [19] . Each condition was tested in triplicate (nreplicates = 3), and experiments were repeated three times (ntests = 3). Data are presented as average ± standard error of the mean. Quantification of ATP levels. After 72 h exposure, the CellTiter Glo® 3D Reagent (Promega, MyBio, Ireland) was added to the cultures and incubated for 30 min on a plate shaker (ambient temperature). Supernatants were then transferred to 96-well clear bottom black microplates (Corning, Fischer Scientific, Ireland) and luminescence read by an FLx800 plate reader (BioTek, Mason Technology, Ireland) (integration time = 0.5 s/well; gain = 135). Each condition was tested in triplicate (nreplicates = 3), and experiments were repeated three times (ntests = 3). Data are presented as average ± standard error of the mean. Statistical analysis. Graph-Pad Prism (Graph-Pad Software Inc., La Jolla, CA, USA) was used to carry out the statistical analysis. A p value < 0.05 was considered statistically significant. The statistical tests used for each dataset are specified in the corresponding figure caption. ACKNOWLEDGMENT This study has been funded, in parts, by the Irish Research Council under the Government of Ireland Postdoctoral Fellowship scheme to DM, and the Center for Alternatives to Animal Testing Award (CAAT Project #2018-17). DM and APM would like to acknowledge the partialresearch and financial support from the European Union's HORIZON 2020 Framework Programme under GRANT AGREEMENT NO. 760928 and 761104.