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ABSTRACT 
[bookmark: _GoBack]There is a need for novel strategies to treat aggressive breast cancer subtypes and overcome drug resistance. ZnO nanoparticles (NPs) have potential in cancer therapy due to their ability to potently and selectively induce cancer cell apoptosis. Here, we tested the in vitro chemotherapeutic efficacy of ZnONPs loaded via a mesoporous silica nanolayer (MSN) towards drug-sensitive breast cancer cells (MCF-7: estrogen receptor-positive, CAL51: triple-negative) and their drug-resistant counterparts (MCF-7TX, CALDOX). ZnO-MSNs were coated on to gold nanostars (AuNSs) for future imaging capabilities in the NIR-II range.  Electron and confocal microscopy showed that MSN-ZnO-AuNSs accumulated close to the plasma membrane and were internalized by cells.  High-resolution electron microscopy showed that MSN coating degraded outside the cells, releasing ZnONPs that interacted with cell membranes.  MSN-ZnO-AuNSs efficiently reduced the viability of all cell lines, and CAL51/CALDOX cells were more susceptible than MCF7/MCF-7-TX cells. MSN-ZnO-AuNSs were then conjugated with the antibody to Frizzled-7 (FZD-7), the receptor upregulated by several breast cancer cells. We used the disulphide (S-S) linker that could be cleaved with a high concentration of glutathione normally observed within cancer cells, releasing Zn2+ into the cytoplasm. FZD-7 targeting resulted to approximately three-fold amplified toxicity of MSN-ZnO-AuNSs towards the MCF-7TX drug-resistant cell line with the highest FZD-7 expression. This study shows that ZnO-MSs are promising tools to treat triple-negative and drug-resistant breast cancers and highlights the potential clinical utility of FZD-7 for delivery of nanomedicines and imaging probes specifically to these cancer types.

Introduction
Breast cancer is the most prevalent cancer in women, with approximately 1.7 million cases diagnosed annually worldwide. The disease is complex but is conventionally classified according to the presence of the oestrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) [1]. Over 70% of breast cancers express ER and 15% overexpress HER-2 and for these cases anti-hormonal and anti-HER2 therapies are available. For the remaining patients whose tumors express none of these receptors (so-called triple negative breast cancers, TNBC), non-targeted chemotherapy is the only treatment option, since few specific targeted agents for this aggressive subtype of breast cancer have yet been identified [2]. Although most breast cancer patients initially respond well to chemotherapeutic treatment, a high proportion of patients relapse with distant metastases. Unfortunately, at this stage the tumors have evolved a complex genetic reprogramming, clinically manisfested as, among others, a resistance to further treatment, usually with fatal consequences. Overall, there is an urgent need to develop novel targeted strategies to overcome drug resistance.
[bookmark: _Hlk521926502]Cell-targeted multifunctional nanomaterials hold great promise as new tools in breast cancer therapy, providing effective platforms to deliver theranostic (combined therapeutic and diagnostic) functionality directly to tumors to increase drug potency and efficacy. An advantage here is that the nanomedicine can be injected directly inside the solid breast tumour, avoiding problems with systemic clearance of the nanomedicine after IV injection. Nanomaterials are able to deliver combinations of drugs and alternative therapeutic modalities, which act in concert on the cells. ZnONPs are promising chemotherapeutics due to their ability to dissolve, triggering excess reactive oxygen species (ROS) production, and induce cell apoptosis [3]. ZnONPs show a high degree of cancer cell selectivity being more toxic to breast cancer than to healthy cells [3,4]. ZnONPs have also been used as carriers for chemotherapeutic drugs, with recent work showing that simultaneous delivery of ZnONPs with doxorubicin (Dox) amplifies the potency of Dox in 3D cancer spheroids of Dox-resistant ovarian breast cancer cells, but not in Dox-sensitive triple negative MDA-MB-231 cells [5]. Ionic zinc is an essential trace element involved in a number of normal and pathological biological processes, such as homeostasis, immunofunction, oxidative stress, apoptosis, and aging [6]. Zn2+ is also implicated in cancer and has emerged as an attractive potential chemotherapeutic, inducing alterations in gene expression, reduction in cellular metabolism and triggering apoptosis in cancer cells [6-8]. Furthermore, zinc is suggested as a valuable adjuvant in chemotherapeutic regimens, since it amplifies, and is in some cases prerequisite for, activation of the tumor suppressor p53 protein by several chemotherapeutics [9].
Functionalizing nanoparticles is a widely-used technique that allows for conjugation with targeting ligands, which possess inherent ability to selectively bind to specific cell types and, therefore, confer “smartness” to nanoparticles. The family of seven-span transmembrane frizzled (FZD) receptors (over)expressed by most breast cancer cell types is a promising target for chemotherapy [10]. The Wnt/β-catenin pathway, triggered by the FZD-7 receptor family has been implicated in cancer, and agents that block Wnt signaling by interfering with the extracellular receptor–ligand interactions are being developed in cancer therapy [11]. A previous study has demonstrated that FZD receptors are strongly upregulated in human breast cancer tissues compared with the adjacent normal tissues [12]. Breast cancers are characterized by hyperactive Wnt signaling mediated by an overexpressed FZD-7 transmembrane receptor [13]. Thus, FZD-7 represents both a specific biomarker for breast cancers and a promising target for therapy and diagnostic imaging of breast cancers, including multidrug resistant subtypes. 
Based on this concept, the aim of this work was to engineer a new integrated chemotherapeutic platform comprising:  (i) ZnONPs (possessing chemotherapeutic toxicity in breast cancer cells), encapsulated within the mesoporous, silica surface coating, (ii) a star-shaped AuNP as the core (AuNS), to incorporate a plasmonic metal with exceptional brightness for deep tissue in the NIR-II range and for tracking by confocal microscopy in reflectance mode, (iii) The surface-conjugated anti-Frizzled antibody (FZD-7), to target our nanostructures directly to breast cancer cells. Here we show that our nanoplatform efficiently reduces the viability of breast cancer cells and that chemotherapeutic potency of ZnONPs increases by using an anti-FZD-7 antibody as a molecule to target them to breast cancer cells high Frizzled7 expression. Co-delivery within a nanoparticle will in future increase cell specificity and potency of chemotherapeutics, without inducing detrimental systemic side effects.

RESULTS 
Synthesis and Characterization of MSN-ZnO-AuNS 
[image: Slide1]
Figure 1. (a) Nanostar synthesis and steps used to coat the AuNS with a ZnONP-mesoporous silica (MSN) shell. Upper panel, a scheme summarizing the fabrication protocol and structures synthesized at each step of the protocol; middle panel, details of the synthesis protocols used to make each component of the MSN-ZnO-AuNS. (b-d), The AuNP seeds (b), the AuNS, (c) and the ZnONPs (d).
The fabrication protocol developed for the synthesis of MSN-ZnO-AuNSs is depicted schematically in Figure 1a (see Materials and Methods for details). First, AuNSs were synthesized via a surfactant-free seed-mediated approach [14]. Bright-field transmission electron microscopy (BF-TEM) showed that the Au seeds had a mean diameter 9.71.0 nm (Figure 1b), while the grown AuNSs had an overall diameter of 56.210.1 nm (Figure 1c).  The ZnONPs used were commercially available with a diameter of 4.40.9 nm (Figure 1d). Following synthesis, the AuNSs were coated with a thin layer of MS (11.73.5nm; Figure 2a-c) that simultaneously encapsulated ZnONPs within its the pores (Figure 2b, c). High-resolution TEM (HR-TEM, Figure 2b-c) images revealed crystalline NPs (white arrow Figure 2b-c) with diameters of ~4.2±1.2 nm within the amorphous mesoporous silica layer. The efficiency of ZnONP encapsulation into the mesoporous silica was 89.9 ± 3.5%. The zeta potential of the MSN-ZnO-AuNS at pH 7 changed following incorporation of the ZnONPs (Figure 2d). The average diameter of the AuNSs before and after MSN coating, and their surface area, mass, pore diameter and density are shown in Table Figure 2e. 
[image: Slide2]
Figure 2. Characterization of the MSN-ZnO-AuNS. (a) Low-magnification TEM image of the MS-ZnO-AuNS structures. (b, c) Higher magnification images of MSN-ZnO-AuNS illustrating that the ZnONPs were encapsulated within silica coating layer. (d) Zeta potential values (pH 7) of the nanostructures at different steps during synthesis and after anti-FZD-7 conjugation. (e) Physicochemical characterization of the nanostructures that make up the MSN-ZnO-AuNS. (f) Release of Zn2+ ions from the MSN-ZnO-AuNS in solutions buffered at pH 5 and 7. 

To estimate Zn2+ ion release from the MSN-ZnO-AuNSs during potential uptake by cancer cells, we used inductively coupled plasma - optical emission spectrometry (ICP-OES).  ICP-OES was used to measure ion release over 24 hours at pH 7 and 5 that mimic the extra- and intra-cellular environments of breast cancer cells, respectively (Figure 2f). Release of Zn2+ ions from either the MSN-ZnO-AuNSs or ZnONPs was negligible at pH 7, at any time point. In addition, our previous work showed that ZnONPs alone, do not dissolve in the cell culture medium (complete DMEM medium) used in the current study [3]. Therefore, negligible Zn2+ release is expected to take place extracellularly during cell exposure. In contrast, at pH 5, used to simulate the acidic environment of the lysosomes, 80% of Zn2+ load was released from the MSN-ZnO-AuNSs within 6 h and complete ZnO dissolution had taken place by 24 h. Zn2+ release from bare ZnONPs was even more rapid than MSN-ZnO-AuNSs, suggesting a delaying role of the MSN coating. These findings indicate that the ZnONPs within the MSN-ZnO-AuNSs will dissolve in the acidic intracellular environment of the breast cancer cells and release Zn2+ ions locally, which could subsequently induce apoptosis [3]. Since the ICP-OES measurements showed that 100% of the Zn2+ are released after 24 hours (Figure 2f), we expect that there will be no adverse longer term effects related to residual ZnO NPs.
Cytotoxicity, Cellular Uptake and MSN Coating Degradation
[image: ]Figure 3. MSN-ZnO-AuNS, ZnONPs and ZnCl2 (a control compound) reduce the viability of CAL51, CALDOX, MCF-7 and MCF-7TX cells. WST assay, 24 h treatment. (a) CAL51 breast cancer cells, (b) Doxorubicin-resistant CAL51 cells (CALDOX), (c) MCF-7 breast cancer cells and (d) Tamoxifen resistant MCF-7 breast cancer cells (MCF-7TX). (e) Table showing the IC50 values of each compound. (f) Cell viability following treatment with CTAB-coated (control) AuNS. n = 3; ± SEM; * significance vs. ZnCl2; # significance vs. ZnO NP where **/## p < 0.01 and ***/### p < 0.001. 

The toxicity of MSN-ZnO-AuNSs, ZnONP or ZnCl2 and Zn2+ controls was measured by exposing estrogen receptor-positive (ER+) breast cancer cell line (MCF-7) and a TNBC cell line (CAL51), as well as their drug-resistant counterparts (MCF-7TX and CALDOX), to varying concentrations of each compound for 24 hours (Figure 3a-e).  All three compounds reduced cell viability in a  Zn2+ load-dependent manner (**p<0.01 and ***p<0.001, n=3) in all cell-types, starting at concentrations as low as 10 µg/ml. Interestingly, the IC50 of the ZnO NPs was much lower for the MCF-7 TX – resistant to paclitaxel - than the MCF7 cells (Figure 3e). Importantly, in all tested cell lines, the MSN-ZnO-AuNSs had significantly higher cytotoxic potency than ZnCl2 and/or ZnONPs (Figure 3a-d), as also reflected by lower IC50 values (Figure 3e). To confirm that the higher toxicity of the MSN-ZnO-AuNSs was not due to the surfactant (CTAB) used during the MS layer formation, we tested whether the MSN-coated AuNSs devoid of ZnONPs had any cytotoxic effect. No reduction in cell viability was measured for any of the cell lines (Figure 3f), confirming that the surfactant had been successfully removed following MSN-encapsulation. There were only mild differences between the drug-resistant and drug-sensitive cell types (CAL51 vs. CALDOX and MCF7 vs. MCF-7TX, see Figure 3e for IC50 values). However, CAL51/CALDOX cells were more susceptible to MSN-ZnO-AuNSs treatment than MCF7/MCF-7-TX cells (IC50 12.4/15.2 vs. 30.8/28.6 µg/ml Zn2+, respectively, Figure 3e).
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Figure 4. Interaction of the MSN-ZnO-AuNS with CAL51 breast cancer cells. (a) Confocal micrographs showing uptake of the MSN-ZnONP-AuNS (25 µg/ml) at 2 h and 4 h. Co-localization (yellow; boxed region) between the MSN-ZnO-AuNSs (red, reflectance mode) and lysosomes (LAMP1, green) is indicated by the white arrows.  The cell nuclei were stained with Hoechst 33342 (blue). (b) An ADF-STEM image of Au nanostars in the vicinity of the cells at 2 hours.  (c) A magnified region of the ADF image in (b) showing three Au nanostars within an organic matrix (on a lacey carbon support film). (d) A zinc compositional map showing aggregates of ZnONPs associated with the plasma membrane (arrows) and surrounding the cells within an organic matrix. (e) EDS map showing distribution of Au with an (f) examples of EDS spectrum taken from region d and e. (g) An HR-TEM image of ZnO nanoparticle aggregates surrounding the cell without any crystalline structure. (h) HR-TEM image of Au nanostars showing lattice fringes corresponding to (111) orientation and (i) a higher magnification image of the top right corner of the NS in (h).

We next investigated the cellular localization and degradation of MSN-ZnO-AuNS using laser scanning confocal and electron microscopy. Confocal micrographs of CAL51 cells confirmed that after 2 and 4 h exposures the MS-ZnO-AuNSs were present both adjacent to the plasma membrane and inside the cells, with occasional co-localization of the MSN-ZnO-AuNSs with lysosomes indicating that the adsorptive endocytosis may have taken place (Figure 4a). Electron microscopy was then used to image possible degradation of the ZnONPs and MSN coating after 2 hours of cell exposure (Figure 4b-i). A representative annular dark field scanning transmission electron microscopy image (ADF-STEM) of MSN-ZnO-AuNS and ZnONPs in the proximity to CAL51 cells at 2 hours is shown in Figure 4b,c. Spatially resolved EDX chemical maps showed regions with raised zinc intensity along areas of the plasma membrane of the cells associated with the AuNSs (Figure 4d-f). The phase contrast HR-TEM images of the zinc-rich deposits at the plasma membrane in Figure 4g demonstrates that they were composed of several small dense particles with no medium to long-range order within a less dense shell, which was possibly a remnant of the MSN coating. At 2 hours, some of the MSN-ZnO-AuNSs surrounding the cells were no longer coated by a MSN-ZnO layer (Figure 4 h, i), whereas for other particles the MSN-ZnO coating remained (Supplementary Figure 1). The MSN-ZnO-AuNSs and ZnONPs were not detected by TEM in the extra or intracellular environments for any of the other cell exposures, suggesting that the ZnONPs had dissolved or that the MSN-ZnO-AuNSs are not internalized by these cells within this time-frame. These results indicate that ZnONPs dissolve in the acidic microenvironment of cancer cells, supported by our previous work [3], and the MSN coating degrades in proximity to the breast cancer cells releasing the ZnONPs. The observed degradation of the MSN in the extracellular environment is consistent with previous reports that have shown that silica degrades slowly in aqueous media at pH 7 [15].  This process involves hydration, hydrolysis and nucleophilic attack of OH− in the siloxane framework and the subsequent release of silicic acid.  

FZD-7 expression in breast cancer cells and cytotoxicity of FZD-7 targeting nanostructures
[bookmark: _Hlk532275656][image: Slide5]
Figure 5. Anti-human frizzled-7 (FZD-7) antibody conjugation and doxorubicin drug encapsulation within MSN-ZnO-AuNS: The MSN-ZnO-AuNS was incubated with MPTES to create the thiol surface group (-SH) on the MSN-ZnO-AuNS. The FZD-7 was incubated with ITH to create the thiol group (-SH) at the amine terminal of antibody molecule (FZD-7-SH). After the purification process the HS-MSN-ZnO-AuNS was further incubated with FZD-7-SH to create a disulfide bind (-S-S-) link between the FZD7 and MSN-ZnO-AuNS, shown here as FZD-7-S-S-MSN-ZnO-AuNS. The FZD-7 molecule also served as a “gate-keeper” for the encapsulated drug molecules and ZnONPs (circles); once the FZD-7-S-S-MSN-ZnO-AuNS-Dox were in proximity to the cancer cells with a high concentration of GSH [36], the GSH could cleave the disulfide bond, releasing drug inside the cancer cells to activate cell death.   

Finally, we used an anti-FZD-7 antibody to promote active targeting of the MSN-ZnO-AuNSs to the breast cancer cells and increase their potency; the anti-FZDZ-7 antibody has previously been shown to interact selectively with FDZ-7 in living MBA-MB0231 cells [13]. The fabrication of anti-FZD-7-conjugated (FZD-7)-S-S-MSN-ZnO-AuNSs is depicted schematically in Figure 5. As a non-specific targeted control, Immunoglobulin G-functionalized nanostructures (IgG-S-S-MSN-ZnO-AuNSs) were also synthesized using a similar protocol [13]. It is expected that the disulfide (S-S) bond could be cleaved with a high concentration of glutathione (GSH) normally observed within cancer cells, resulting in the release of Zn2+ ions, into the cell cytoplasm. The zeta potential of the IgG-MSN-ZnO-AuNs and FZD7-MSN-ZnO-AuNS were 24.7  1.3 and 34.2  0.9 mV at pH 7.
[image: Slide6]
Figure 6. (a,b) Expression of the Frizzled-7 (FZD7) in MCF and CAL51 cancer cell lines, determined by quantitative real-time polymerase chain reaction (qRT-PCR, n=3 independent experiments) and immunoblotting (n=4 independent experiments). FZD7 RNA levels (a) and protein expression (b) were significantly higher in CAL51 than in CALDOX cells and lower in MCF-7 than in MCF-7TX cells, two-tailed t-test. (c-f) Confocal micrographs showing the cellular interaction of the FZD7-MSN-ZnO-AuNS and IgG-MSN-ZnO-AuNS non-targeted controls (red) with MCF-7TX cells following 2 and 4 hour incubation, showing more avid association of the FZD7 nanostructures with the cells. Cell nuclei were stained with Hoechst 33342 (blue) and lysosomal compartments with Lamp1 (green). Co-localization (yellow) of the MSN-ZnO-AuNS (red) with the lysosomes (green) indicated by the white arrows. The MSN-ZnO-AuNS were imaged in reflectance mode. (g) Quantitative analysis of cellular uptake of FZD7-MSN-ZnO-AuNS and IgG-MSN-ZnO-AuNS, showing the percentage of cells that had internalized the nanostructures. * p < 0.05, ** p < 0.01 and *** p < 0.001.
The expression of Frizzled-7 by the breast cancer cells was evaluated using qRT-PCR and western blotting (Figures 6a, b, respectively). FZD-7 mRNA was upregulated ca. 2 fold in the CAL51 compared to CALDOX cells, and ca 3.5 fold in the MCF-7TX compared to MCF-7 cells (Figure 6a). Accordingly, the Frizzled-7 protein level in the CAL51 cells was ca. 2.5 times higher than that in the CALDOX cells, and the expression of FZD-7 in the MCF-7 cells was ca. 2 times lower than in MCF-7TX cells (Figure 6b). Representative confocal micrographs of MCF-7TX cells exposed to MSN-ZnO-AuNSs conjugated to anti-FZD7 or IgG for 2 and 4 hours are shown in Figure 6c-f. The FZD-7-MSN-ZnO-AuNSs associated with/were internalized by the MCF-7TX cells significantly more than the IgG-MSN-ZnO-AuNSs as reflected by the higher percentage of cells exhibiting internalized particles after 4 h of incubation (Figure 6g). These results suggest that the S-S bond was successfully cleaved when the anti FZD-7 conjugated nanostructures interacted with glutathione in the cytoplasm of breast cancer cells, triggering intracellular release of the ZnONPs.  To confirm that the S-S bond is cleaved by oxidation by GSH, we subsequently cultured CALDOX and MCF7-TX with, and without GSH [2mM], and showed that the IgG-MSN-ZnO-AuNSs only cause a significant reduction in cell viability when the GSH is added (Supplementary Figure 2). 
[image: Slide7]
Figure 7. (a-e) Unconjugated and anti-FZD7 conjugated MSN-ZnO-AuNS reduce the viability of CAL51, CALDOX, MCF-7 and MCF7TX cells with a dose-dependency (WST assay, 24 h treatment). The control IgG-conjugated IgG-MSN-ZnO-AuNS have no significant cytotoxic effect.  (c) Anti-FZD7 conjugated MSN-ZnO-AuNS have the highest cytotoxic potency in the FZD7-(over)expressing MCF-7TX cell line. (f) Table showing the IC50 values of each compound. N = 3; * significance vs. IgG, and # significance vs. ZnO NPs, **/## p < 0.01 and ***/### p < 0.001. 

FZD-7-MSN-ZnO-AuNS decreased the viability of all four cancer cell types, whereas the non-targeted IgG-MSN-ZnO-AuNS control nanostructures had no cytotoxic effects (Figure 7a-e). The cytotoxicity of MSN-ZnO-AuNSs and FZD7-MSN-ZnO-AuNSs did not differ in the CAL51, or MCF-7 cell lines (Figure 7a,c), although the non-targeted MSN-ZnO-AuNS were slightly more effective in the CALDOX cells (Figure 7b). However, in the MCF-7TX cells with the highest FZD-7 expression, the FZD7-conjugated (+) particles were significantly more toxic (Figure 7d,) than their FZD7 (-) counterparts with ca. three times higher potency (IC50 FZD7 -/+ 23.6/7.5 µg/ml Zn2+, Table Figure 7f). Importantly, the potencies of FZD-7-MSN-ZnO-AuNSs (MCF-7TX (7.5) > CAL51 (12.2) > CALDOX (24.6) > MCF7 (27.1), µg/ml Zn2+) correlated with the level of FZD-7 expression by these cells (MCF-7TX > MCF7, CAL51 > CALDOX, Figure 7f), emphasizing the potential of FZD-7 as a novel targeting molecule to localize nanoparticle delivery to a specific subtype of breast cancer cells.
Discussion
Here we show the potential of FZD-7-targeted nanoparticles to deliver a local dose of cytotoxic ionic zinc to kill cell types involved in aggressive breast cancers. Our nanocompounds efficiently reduced the viability of all four TNBCs and drug-resistant breast cancer cell lines used in the current study. The MSN-ZnO-AuNS were more overtly toxic towards the CAL (TNBC) than the MCF7 (ER+) cell types. The potency of anti-FZDZ-MSN-ZnO-AuNS correlated to the FZD-7 expression levels, with the most prominent cytotoxic effect observed in the MCF-7TX cells with the highest FZD-7 expression, highlighting the potential clinical utility of this target. The anti-FZD-7 antibody itself functioned as an effective gatekeeper to trigger release of the ZnONPs only in response to environmental cues (in this case GSH) produced by the breast cancer cells.  
[bookmark: _Hlk5868889]By testing each individual therapeutic component and making comparison to the multicomponent platform, we show that the ZnONPs were responsible for cancer cell death, in accordance with previous studies showing that ZnONPs are highly toxic in cancer cells. The mechanisms of toxicity is thought to be mediated by several mechanisms including oxidative stress induced by reactive oxygen species, with cancerous cells producing higher inducible levels than normal cells [1, 16, 17]. In previous work we showed (using a Zn2+‐sensitive dye and confocal microscopy imaging) that in most MDA-MB‐123 TNBCs, a rise of intracellular Zn2+ precedes cell death after exposure to ZnONPs [3]. Interestingly, for all cell lines, the MSN-ZnO-AuNSs were more effective in reducing cell viability than ZnCl2 and ZnONPs (Figure 3a-d), as also reflected by lower IC50 values (Figure 3e), possibly because the MSN shell protects the ZnONPs from extracellular dissolution and facilitates highly local delivery of the ZnONPs inside the cells [1]. We also found that the MSN-ZnO-AuNS are more toxic to the triple negative (CAL and CALDOX cells) than the (ER+) MCF-7 and MCF-7TX drug-resistant cell types and that the IC50 of the ZnO NPs was much lower for the MCF-7 TX than the MCF7 cells. The lower IC50 of the TX resistant MCF-7 cells compared to the naïve cells, is most likely due to a collateral sensitivity of these cells to the ZnO NPs. It is common that many drug-resistant cells elicit an increased sensitivity to other drugs / compounds [18,19].   A report comparing ER+ tamoxifen-sensitive breast cancer cells and ER+ tamoxifen-resistant breast cancer cells showed that the later have twice the level of intracellular zinc and show increased mRNA and protein expression levels of the LIV-1 zinc transporter, ZIP7 [20], which may explain the increased sensitivity of the MCF-7 TX cells to the ZnO NPs.  
   The comparative investigation of the mechanism(s) mediating Zn2+ cytotoxicity in the four cell lines was not the focus of this study; however, several factors may account for the different sensitivities of the TNBC and ER+ cells to Zn2+ treatment. First, intracellular zinc distribution and expression of zinc transporters regulating cytoplasmic Zn2+ levels differ between breast cancer cells types, showing distinct cancer subtype-specific profiles [21]. For example, high levels of ZIP6 levels have been found in patients with ER+ breast cancers [32]; tamoxifen resistant breast cancer cells have twice the levels of intracellular zinc and show increased mRNA and protein expression levels of the zinc transporter ZIP7 [23], whereas ZIP10 expression is associated with increased motility and invasiveness in triple-negative breast cell lines [24]. Second, triple negative and ER+ cancer cells may have different levels of ROS production in response to elevated intracellular Zn2+ and/or different sensitivity to ROS species. Finally, CAL51 and MCF7 cell subtypes, which are all known to be p53 functional [25,26], may have different profiles of p53 expression and/or activation following Zn2+ treatment resulting in differing apoptotic responses. Moreover, a report has shown that Zn can re-establish the chemo sensitivity of the drug resistant breast cancer cell-type (SKBR3) by restoring p53 active conformation [27]. Thus, the ability of ZnONPs to kill the drug sensitive and TNBCs that are resistant to classic treatments is an advantage of using this material in targeted cancer therapeutics. 
Here we also demonstrate a relationship between the potency of the FZD-7 targeted MSN-ZnO-AuNS and the level of FZD-7 expression by the breast cancer cells, with the highest cytotoxicity observed in the MCF-7TX cells that express high levels of FZD-7. Quantitative analysis of uptake of the FZD-7 and IgG functionalized nanostructures inside the MCF-7TX cells indicated that the anti-FZD-7-conjugation robustly promoted receptor-mediated endocytosis for this cell type.  A recent study supports our data, showing that FZD-7 antibody–nanoshell conjugates effectively inhibit Wnt signaling and induce apoptosis in TNBCs [13], and are drastically more effective than freely delivered FZD-7 antibodies, presumably due to their multivalency. Decreased viability of cells treated with FZD-7- antibody–nanoshells, but not cells treated with “freely” delivered FZD7 antibodies [13],  indicates the therapeutic potential of this technology. Our findings also agree with previous reports showing that IgG domains are not detectably internalized in living cells [28] and that IgG-conjugated NPs had no significant effect on tumor specific signaling in TNBC cells [13].
This study shows the potential clinical utility of using anti-FZD7 conjugated to an S-S linker sensitive to GSH levels, as a novel target to deliver toxic zinc ions and other drugs to breast cancer cells in the clinic. Moreover, the high flexibility of our platform allows for modifications to improve further the potency and efficacy of our nanocompounds. In particular, varying the surface density of the anti-FZD7 groups of the particles, “spikiness” or zeta potentials may be a future route to increase the potency of these nanoparticles. The Au star core could also be used as a photothermal therapy mediator to kill aggressive subtypes of breast cancers or as a NIR-II probe to image breast cancers that express FZD7 [29,30,31].   For instance, we have recently shown that by conjugating NIR fluorophores close to the AuNSs significantly enhanced NIR fluorescence was achieved, paving the way towards real-time high resolution imaging of tumors, which is currently unattainable with existing techniques [31]. Further work, including studies in animal models of breast cancer, are warranted based in our in vitro results to determine the distribution and effects of anti-FZD-conjugated Zn-delivering nanoparticles on chemotherapy-resistant breast cancer growth.

Materials and methods 
Materials
Tetraethylorthosilicate (TEOS), Cetyltrimethylammonium bromide (CTAB), sodium hydroxide (NaOH), Ascorbic Acid (AA), Chloroauric Acid (HAuCl4), silver nitrate (AgNO3), hydrochloric acid (HCl) and sodium citrate dibasic trihydrate were purchased from Sigma Aldrich., 5 nm diameter Zinc oxide (ZnO) nanoparticle solution was purchased from US Research Nanomaterials, Inc. Deionized (DI) water was purified using the Millipore Milli-Q gradient system (>18.2 MΩ). 
Gold nanostar synthesis 
The synthesis scheme used to make the MSN-ZnO-AuNSs is shown in Figure 1.  Gold nanostars were synthesized using a surfactant free seed-mediated method, as reported in our previous work [29].  Following synthesis, CTAB was added to the AuNS solution as a template for mesoporous silica deposition. The CTAB was added exactly 1 minute after the addition of ascorbic acid in the nanostar synthesis method. After stirring for 30 min, excess CTAB was removed by washing the AuNS three times with DI water using centrifugation at 10000 g for 25 min. The AuNSs were redispersed in DI water and stored at 4ºC until further use. The nanostars were, then, characterized using TEM, HR-TEM and dynamic light scattering (Zeta sizer (Malvern instrument 2000) before and after the silica coating (see detail in characterization section).  
Mesoporous silica coating and ZnONP encapsulation
CTAB-coated AuNS solutions were dispersed by ultrasonic bath sonication for 1 min. Next, 0.1 M NaOH (200 µL) per 5 mL of AuNS solution were added under stirring at 40ºC in a temperature-controlled water bath. After stirring for 5 min, different amounts of the ZnONP stock solution were added to the AuNSs, resulting to final ZnONP concentrations of 0.5, 1, 2 and 3 µg/mL. TEM was used to measure the diameter distribution of the ZnOsNPs (n=50) (refer to section on TEM for methods).  Next, a 80: 15: 5 solution of hexane: ethanol: TEOS (60 µL) per 5 mL of AuNSs were injected into the suspension. The suspension was stirred for 72 h at 40ºC to achieve mesoporous silica coating of the AuNSs and simultaneous encapsulation of ZnONPs within the pores of the MSN layer.  Following 72 h incubation, the samples were washed 3 times with 100% ethanol and 2 times with DI water by centrifugation at 10000g for 25 min at 4ºC, to remove excess CTAB, TEOS, and uncaptured ZnONPs. The MSN-ZnO-AuNSs were further washed by centrifugal filtration at 1250 g for 10 min, using Amicon ultra-4 centrifugal filter units (100 kDa molecular weight cut off); Merck Millipore, UK), with DI water at 25ºC, 70% ethanol at 4ºC and finally DI water at 25ºC. The MSN-ZnO-AuNSs were resuspended in DI water and stored in multiple 1.5 mL Eppendorf tubes at 4ºC. 
Isolation of the mesoporous silica-coated AuNSs
Density gradient centrifugation (DGC), using a glycerol continuous density gradient (30% glycerol to 10% glycerol) and centrifugation at 900 rpm for 120 min, with a step size of 30 min was used to isolate the MSN-ZnO-AuNSs suspension.  When centrifugation was complete, the thickest band of suspended AuNSs was extracted using a syringe (termed Fraction 1), as well as the AuNS pellet at the bottom of the falcon tube (Fraction 2). The remaining AuNSs in the gradient solution were collected by centrifugation at 10000g for 25 min (Fraction 3).  Fractions 1, 2, and 3 were washed via centrifugal filtration at 2000g for 10 min to remove excess glycerol, using 100 kDa MWCO filtration tubes, with DI water (3 mL), 70% ethanol (3mL) and finally DI water (3 mL). The washed MSN-ZnO-AuNSs fractions were resuspended in DI water and stored at 4ºC until further use. Fraction 1 was selected for the cell exposures due to its monosize distribution.
Characterization of nanostars
Assessment of particle size, surface charge density, mass and density
The coated nanostars (MSN-ZnO-AuNS) were characterized by measuring the particle size (hydrodynamic and primary) and zeta (ζ) potentials. The nanostars were suspended in deionized, distilled water, PBS buffer at pH 5 and pH 7 at the desired concentration and the suspensions were sonicated for 1 minute before taking measurements. Dynamic light scattering (DLS) and ζ-Potential measurements were performed on a Zetasizer Nano ZS (Malvern, UK) at 25 oC. Each measurement was performed in triplicate, with the arithmetic mean reported. The mass/nanostar was calculated from their mass divided by number of nanostars obtained following the purification step. Following the isolation process, the density of the nanostars was calculated theoretically by measuring the approximate particle volumes in the SEM/TEM and the fact that the Gauss’s maximum packing fraction for spheres contained within a volume is 74%, where the morphology of the coated nanostars was approximated to be a sphere.
Assessment of surface area and pore volume of mesoporous silica coated layer
The surface area of the silica coated layer was analyzed by Brunauer-Emmett-Teller (BET). The pore volume within the MSN and distribution measurements were obtained using discrete Fourier transform (DFT) and Barrett-Joyner-Halenda (BJH) methods respectively. Dry powders of non-coated (AuNS) or coated nanostars (MSN-ZnO-AuNS) were placed into round headed sample tube and loaded into machine (Autosorb IQ3, Quantachrome). The pore size of mesoporous silica was also confirmed with high resolution TEM imaging by taking intensity line profiles in Digital Micrograph® (Gatan, Pleasanton, CA, USA) across 30 randomly selected nanostars. 
Transmission electron microscopy (TEM) 
The morphology of AuNSs, MSN-ZnO-AuNSs and bare ZnONPs was examined by TEM using lacey carbon 300 Cu TEM grids. Bright field TEM (BF-TEM) and high resolution TEM (HR-TEM) were performed on an image-corrected FEI Titan 80–300 TEM/STEM operated at 300 kV. The diameter of the AuNS, MSN-ZnO-AuNS and MSN-coating thickness was measured using image J, from n=50 nanoparticles that were randomly viewed.  Imaging of the cells exposed to the nanostructures and chemical analysis was performed on the same microscope in the annular dark field scanning transmission electron microscopy (ADF-STEM) mode using a windowless Bruker XFlash spectrometer. Both experiments were performed at 80 kV on non-stained samples to enhance contrast from the silica and ZnONPs. STEM experiments were performed with a convergence semi-angle of 14 mrad and inner and outer ADF collection angles of 20 and 113 mrad, respectively. The probe diameter was <0.5 nm.

Inductively coupled plasma–optical emission spectrometry (ICP-OES)
Simulated body fluids (SBFs) with the following compositions were made to test the release kinetics of Zn2+ ions from the MSN-ZnO-AuNSs: (1) extracellular SBF (ex-SBF, pH 7): 25 mM HEPES-NaOH pH 7, containing 1 mM Na2HPO4, 2 mM CaCl2, 1 mM MgCl2, 5.8 mM KCl, 140.8 mM NaCl, and 5.6 mM glucose; (2) lysosomal SBF (lyso-SBF, pH 5): 25 mM MES-NaOH pH 5, containing 0.5 mM CaCl2, 1 mM MgCl2, and 200 mM KCl.  To determine the amount of free Zn2+ ions released from the incubated nanostructures over the time course of 0-24 h, aliquots were collected at selected time point and centrifuged at 14000 g for 10 min through 2 kDa centrifuge membranes (Sartorius Stedim VIVACON 500) to remove the nanostructures. The amount of ionic Zn2+ in the filtrates was measured by ICP-OES (Thermo Scientific, UK) with a Zn2+ detection limit of 5 ng/mL. Each experiment was repeated twelve times and the results were given as the mean and standard deviation of the twelve repeats. 
Conjugation of the targeting antibodies 
The functionalization scheme used to conjugate rabbit anti-human frizzled-7 (FZD7) to the surface of the MSN layer of MSN-ZnO-AuNSs is depicted in Figure 5.  The MSN-ZnO-AuNSs were dispersed in methanol and reacted with 3-mercapto-propyltrimethoxysilane (MPTES) for 24 h at room temperature under a nitrogen atmosphere to form a thiol functional group (SH-group) at their surface. The SH-MSN-ZnO-AuNSs were washed using centrifugal filtration several times to remove excess MPTES. Rabbit anti-human frizzled-7-SH (FZD7-SH) was prepared by dissolving the FZD7 antibody in HEPES buffered saline (2 ml, pH8.5, containing 1 mM EDTA), and reacted with 2-imino-thiolane hydrochloride (ITH) for 2 h at 4ºC. The final solution was dialyzed against a pH 8.5 HEPES buffer for 6 h to remove ITH. Subsequently, the anti-FZD7-SH was added into the mixture and the solution was stirred for another 24 h to obtain anti-FZD7-S-S-MSN-ZnO-AuNSs via disulfide (S-S) bonding. A similar procedure was applied to obtain Immunoglobulin G-functionalized nanostructures (IgG-S-S-MSN-ZnO-AuNSs). 

RNA extraction, reverse transcription and quantitative real-time polymerase chain reaction (qRT-PCR)
The expression of FZD7 in CAL51, CALDOX, MCF-7 and MCF-TX was analyzed using qRT-PCR. Cells were grown in complete media to reach confluence, and then trypsinized, centrifuged and collected as cell pellets for RNA extraction. Total RNA was extracted from the collected cells using a RNeasy Mini Kit (Qiagen, UK). The concentrations of were analyzed using a NanoDrop™ 2000/2000c (Thermo Scientific, UK). The first strand cDNA was synthesized using QuantiTect Reverse Transcription Kit (Qiagen, UK). Expression of FZD-7 was measured using QuantiFast SYBR Green RT-PCR kits (QIAGEN, UK) in 7500 Fast Real-time PCR system (Applied Biosystems, UK). PCR was performed in triplicate. The mRNA level of β-actin was measured as an internal control. Oligonucleotides used were: FZD7 sense 5’-CCAACGGCCTGATGTACTTT-3’, antisense 5’-ATGAAGTAGCAGCCCGACAG-3’; ACTB sense 5’-CATGTACGTTGCTATCCAGGC-3’, antisense 5’-CTCCTTAATGTCACGCACGAT-3’.

Immunoblotting assay
[bookmark: ]CAL, CALDOX, MCF-7 and MCF-7 TX cells (107 cells/dish) were grown in complete Dulbecco’s modified medium for 4 h before treatment. Immunoblotting was performed as described previously [22,33]. Mouse anti-FZD7 antibodies (1:1500; MA5-24378, Thermo Fisher) or rabbit anti-β-actin (1:2000; Sigma) were used. FZD7 expression was normalized to β -actin levels for each sample, and CALDOX/CAL and MCF-7 TX/MCF-7 expression ratios were evaluated from four to five independent experiments. Statistics was performed using GraphPad Prism 6 (GraphPad software, Inc., La Jolla, CA, USA) by two-tailed t-test; results are expressed as means ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001.

Cell treatment with the nanostructures 
The breast cancer cell lines (CAL51, CALDOX [22], MCF-7, MCF-TX [29]) were used and have been published on previously by our team. MCF-7 is an estrogen receptor-positive line prototypical of the most common form of breast cancer. CAL51 is a triple negative line, used as representative of the second most common form of breast cancer. MCF-7TX cells are resistant to paclitaxel, whereas CALDOX cells are highly resistant to doxorubicin, etoposide and mitoxantrone and were generated from MCF-7 and CAL51, respectively [26, 34]. The cells were cultured in complete Dulbecco’s modified medium (DMEM; Sigma, UK), supplemented with a mixture of 100U/ 100U/ 2 mM of Penicillin/Streptomycin/L-Glutamin (SPG; Invitrogen, UK) and 10% foetal calf serum (FCS; Sigma, UK). Cells were seeded at 10000 cells/well on 96-well plates (Corning, UK) and maintained at 37 °C with 5 % CO2 to reach confluence. The cells were rinsed twice in serum-free DMEM medium (Sigma, UK) before being exposed to ZnONPs, AuNSs, MSN-AuNSs, MSN-ZnO-AuNSs, IgG-S-S-MSN-ZnO-AuNSs, anti-FZD7-S-S-MSN-ZnO-AuNSs for 4 and 24 h. The nanostructures were prepared in serum-free DMEM culture medium at concentrations of 0, 1, 10, 25, 50, 80, 100, 150 and 200 μg/ml and bath sonicated for 30 s before exposure. To test whether zinc ion release was activated by GSH  cleavage, the GSH was added to the cells at a concentration of 2mM.  

Cell viability (WST assay) and IC50 estimation
The viability of cells exposed to nanostructures and ZnCl2 was analyzed using the Cell Proliferation Reagent WST-1 (Roche, UK). Briefly, cells were exposed to the nanostructures (ZnONPs, AuNSs, MSN-AuNS, MSN-ZnO-AuNSs, IgG-S-S-MSN-ZnO-AuNSs, FZD7-S-S-MSN-ZnO-AuNSs) at concentrations of 0-100 µg/ml, for 24 h. The cells were rinsed with PBS 3 times and incubated with the tetrazolium salt of WST-1 (dilution 1:10 from stock) for 1 h. The medium was collected and the absorbance at 450 nm was measured. For each nanocompound and cell type, cell viability values were normalized to survival levels of the respective non-treated (control) cells set as 100%. Three separate experiments were performed (n=3) and the data were presented as mean with standard deviation (SD).
For estimation of IC50 (Figure 3 and Figure 7), experimental data (cell viability vs. Zn2+ concentration) were fitted to the first order Langmuir equation using Mathematica 9.0 software (Wolfram Research, USA):
Viability = (100% - Max_Inhibition) + IC50 × Max_Inhibition)/(IC50+[Zn]),
where Max_Inhibition is the maximal efficacy of inhibition and [Zn] is the concentration of Zn2+. In all fittings, the obtained estimated value of the maximal efficacy was close to 100%; thus, the experimental data could be adequately described by the simplified equation:
          Viability = IC50/(IC50+[Zn]) × 100%
MSN-ZnO-AuNS uptake by breast cancer cells using laser scanning confocal microscopy
Cells were grown on glass-bottom petri dishes (µ-Dish 35mm, ibidi GmbH, UK) in complete media until reaching confluence and rinsed twice with serum-free medium before exposure to the nanostructures (2h or 4 h). Following the exposure, the cells were rinsed with PBS (x2), fixed with 4% paraformaldehyde, permeabilized with 0.1% triton X-100 with 0.5% FCS in PBS, and blocked with 1% BSA in PBS for 40 min before incubating with primary antibody for LAMP1 (1:100, Invitrogen, U.K.) in 1% BSA overnight at 4 °C. The next day cells were rinsed (×3) and incubated with secondary antibody (1:200; Alex Fluor 488 goat anti-rabbit IgG from Invitrogen, U.K.) in 1% PBS/BSA for 1 h at RT. Cell nuclei were then counter stained with Hoechst 33342 (1:1000, Invitrogen, UK).  Imaging was conducted on a Zeiss 780 inverted confocal microscope (Carl Zeiss, Germany) with an oil immersion 63×1.4NA objective (Carl Zeiss). The AuNS were imaged in reflectance mode and images were analyzed as described previously [35]. 
For the quantitative analysis of cellular uptake, three separate experiments were carried out with 40 cells surveyed in each group (n=3) and quantification was conducted by adapting method previously published in our group [35]. Briefly, the cells were randomly surveyed using the laser scanning confocal microscope and each cell was analyzed using an oil immersion lens 63x. The percentage of cells which had internalized the nanostructures was calculated and averaged from 3 experiments, 40 to 50 cells per experiments were surveyed. The data was analyzed using a Paired t-test and plotted as bar chart with standard deviation values (Figure 6g).

Preparation of cells for TEM
Following the same treatment as described in the section “Cell Viability”, cells were rinsed with fresh DMEM culture medium and then fixed with 2.5% glutaraldehyde in 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  (HEPES) buffer, pH 7.2, for 1 h at 4 oC. The fixatives were removed by washing the cells with 0.1 M HEPES buffer 3 times. Cells were scraped, transferred to 1.5 mL Eppendorf tubes and centrifuged at 1000 g for 20 minutes to obtain cell pellets. The cell pellets were dehydrated in graded solutions of ethanol (50%, 70%, 95%, and 100%), for 5 minutes three times in each, and then washed three times, for 10 minutes each, in acetronitrile (Sigma). After dehydration, samples were progressively infiltrated with a Quetol-based resin, produced by combining quetol (8.75 g), nonenyl succinic anhydride (13.75 g), methyl acid anhydride (2.5 g), and benzyl dimethylamine (0.62 g) (all from Agar Scientific). Samples were infiltrated in a 50% resin acetonitrile solution for 2 h, in a 75% resin:acetonitrile solution overnight and in 100% resin for 4 days, with fresh resin being replaced daily. The embedded samples were cured at 60oC for 24 h. Thin sections (90 nm) were cut from the resin blocks directly into a water bath using an ultramicrotome and a diamond knife with a wedge angle of 35o. Sections were immediately collected on lacey carbon coated 300 mesh gold TEM grids (Agar Scientific), dried and stored under vacuum until TEM analysis.  Multiple cells were imaged from each sample.

Statistics 
Cell-free dissolution, DLS and zeta potential experiments (nanoparticle characterization) were performed in triplicated. Values are shown as mean ± SD. Statistical analyses were carried out using one-way analysis of variance (ANOVA) in GraphPad Prism® 5.0. Differences were considered statistically significant at *p<0.05. Toxicity data were analyzed using two-way ANOVA with a Post-Hoc (Bonferroni) test to confirm differences between ZnCl2, ZnONP and MSN-ZnO-AuNS. A similar analysis was applied to determine the difference in different nanoparticle treatments (MSN-ZnO-AuNS, FZD7- and IgG-MSN-ZnO-AuNS) at different Zn ion concentrations. For the RNA expression and western blotting analysis the statistical comparisons were performed using t-test and one-way ANOVA with Tukey’s least significant difference test to identify statistically significant groups. Results are expressed as mean ± SD (Figure 3 and 7) or mean± SE (Figures 6a,b). Statistical significance was defined as: *p < 0.05; **p < 0.01; ***p < 0.001.
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