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Abstract
Using dendron chemistry, we developed stability enhanced, carboxylate surface modified (negatively charged dendron) AuNPs (Au-NCD). Since the carboxylate surface of Au-NCD is optimal for complexation with cisplatin (Pt) moieties, we further synthesized Pt loaded Au-NCD (Au-NCD/Pt) to serve as potential therapeutic anticancer agents. The size distribution, zeta potential and surface plasmon resonance of both Au-NCDs and Au-NCD/Pt were characterized via dynamic light scattering, scanning transmission electron microscopy and ultraviolet-visible spectrophotometry.  Surface chemistry, Pt uptake, and Pt release were evaluated using inductively coupled plasma-mass spectrometry and X-ray photoelectron spectroscopy. Colloidal stability in physiological media over a wide pH range (1 to 13) and shelf-life stability (up to 6 months) were also assessed. Finally, the cytotoxicity of both Au-NCD and Au-NCD/Pt to Chinese hamster ovary cells (CHO K1; as a normal cell line) and to human lung epithelial cells (A549; as a cancer cell line) were evaluated. The results of these physicochemical and functional cytotoxicity studies with Au-NCD/Pt demonstrated that the particles exhibited superlative colloidal stability, cisplatin uptake and in vitro anticancer activity despite low amounts of Pt release from the conjugate.  
Keywords: Gold nanoparticles, cisplatin, Pt, dendrons, stability, nanomedicine 
Introduction
During the past two decades, nanoparticle (NP) based drug delivery systems have been widely utilized to improve drug efficacy and efficiency by delivering targeted high drug doses, combined with reduced off-target toxicity to healthy cells.1, 2 Additionally, the use of NP carriers can passively increase the accumulation of the drug in cancer cells, minimizing either kidney excretion or uptake by healthy cells, due to the enhanced permeation and retention (EPR) effect.3, 4 Gold nanoparticles (AuNPs) have been actively studied for their potential use in biological applications5-10 such as drug delivery,6, 11 diagnostics,8 imaging,12 sensors,13 and therapeutics.14 
A well-known antitumor agent, cis-diammineplatinum(II) dichloride, also known as ‘cisplatin’  or ‘Pt’ has been applied in the treatment of various solid tumors such as ovarian and testicular cancer, bladder, lung, head and neck cancers, germ cell tumors, and non-small-cell carcinoma with a cure rate over 90 % for testicular cancer.3, 15, 16 Inside tumor cells, the active Pt drug interacts with purine bases (guanine moiety preferred17) on nucleic acids to produce adducts inhibiting cellular replication and ultimately triggering apoptosis (programmed cell death). Platinum-DNA conjugates in combination with ionizing radiation induces synergistic damage to DNA and reduces cell viability through the production of toxic platinum moieties that lead to extensive DNA damage, e.g., inhibition of DNA repair.18, 19 Cisplatin and its derivatives have frequently been used in combination with nanoscale drug delivery systems.20, 21 Numerous studies of platinum loaded AuNPs22-24 have been reported. Inspired by recent reviews and perspectives on developing AuNP-Pt conjugates, we focused our efforts on optimizing the structural design of the AuNP-Pt conjugate in order to enhance its physicochemical and biofunctional properties. Our end goal was to optimize the use of (1) gold cores, 24, 25 (2) gold core linkers with surface biofunctionality and (3) peripheral platinum drug moieties3, 15, 16, 23, 25, 26 in order to tailor synthesize a potential anticancer nanomedicine with excellent physicochemical stability.  In our estimation, the design of the bioactive gold core linker is a key step in the development of efficacious Au-cisplatin complexes. There have been numerous core anchored linkers reported in the literature such as PEGylated lipoic (thioctic) acids,27, 28 mercaptocarboxylic acids,29, 30 polyacrylic acids,31, 32 oligo/polypeptides,33, 34 polysaccharides,35-37  enzymes,38 nucleotides,39 and even other drug moieties (doxorubicin).40  Many of these gold core linker studies reported significant advantages in comparison to the use of free Pt such as enhancement in drug loading, delivery efficiency, nucleus penetration and DNA targeting.  These studies also reported increased synergistic anticancer effects from AuNP-Pt conjugates through the combination of photothermal induced heat radiation and chemical induced DNA damage to tumor cells. 33, 35 
Even though AuNP-Pt conjugates have been rigorously investigated, it is still unclear which specific physicochemical properties are most relevant for enhancing drug delivery and cellular uptake (i.e., therapeutic activity).  Notably, there exists a lack of fundamental knowledge regarding the colloidal stability of AuNPs (the carrier material) and AuNP-Pt conjugates (the active nanomedicine).  A systematic evaluation of AuNP colloidal stability under physiologically relevant conditions should precede or accompany any investigation of their efficacy and safety in therapeutic applications.41 To address some of the practical issues of nanomedicine design, especially from the nanocarrier standpoint, appropriate nanomaterials formulations must be chosen to satisfy requirements such as water solubility (hydrophilicity), low polydispersity/narrow size distribution, colloidal stability, biocompatibility, non-immunogenicity, and drug release profiles.3 The design, synthesis, and characterization of biocompatible nanocarriers are critical steps in developing effective nanomedicines.
[bookmark: _Hlk67649991][bookmark: _Hlk147389930]Our group developed a series of dendron stabilized AuNP conjugates (Au-dendron) that showed improved colloidal stability (compared to citrate-stabilized AuNPs). These Au-dendrons  were conceived as prototypes for investigations of NP interactions in biological systems.42, 43 We utilized these Au-dendrons to synthesize Pt functionalized AuNPs44 and to provide proof-of-concept case studies for applying hyphenated analytical instrumentation (electrospray-differential mobility analysis-inductively coupled plasma-mass spectrometry – ES-DMA-ICP-MS) to characterize the physicochemical attributes of the Pt functionalized AuNPs.45  Using the ES-DMA-ICP-MS, we quantified the surface density of Pt species on ensemble NPs as a function of particle size including the resolution of discrete AuNP clusters (e.g., dimers, trimers) from the relative quantity of atomic mass (i.e., Au and Pt) per particle. We found that the surface density of Pt on Au-dendron was proportional to the density of carboxylic acid groups present and that the colloidal stability of the conjugate was inversely proportional to the surface loading of Pt. Incorporation of PEG chains (1kDa and 5kDa), as secondary components on the AuNP surface − modified with the short chain dendron moiety − was followed to investigate the relationship between further improving colloidal stability and the capacity for high density loading of Pt.46 It was found that PEG-thiol uptake was inhibited by the pre-attached dendron ligand on the AuNP surface.  However, once the PEG-thiol moiety was conjugated to the AuNP surface, the PEG chains did not significantly impact Pt loading capacity or release performance; the PEG chains did substantially improve colloidal stability in physiologically relevant media. Improved stability of the Au-dendron by combining the dendron moiety and PEG chain together in a single dendron molecule resulted in the synthesis of PEG containing negatively charged dendron molecules (NCD, in Figure 1). The newly developed conjugate, Au-NCD, is composed of a thioctic acid for anchoring to the AuNP core, 1→3 branched dendron building block allowing for more chemical active sites, PEG chains and carboxylic acid terminal groups that provide the reactivity, hydrophilicity, colloidal stability, and negative surface charge required for conjugates use as a delivery platform for Pt. By choosing thiolated dendron ligands with suitable carboxylic functional end-groups, the dendron-AuNP conjugate complexes Pt to form the Au-NCD/Pt structure. The stability enhanced Au-NCD and Au-NCD/Pt molecular structures are excellent particle models for evaluating the structure/property relationships with the expectation that Au-NCD/Pt could potentially function as a platform for designing other AuNP-Pt anti-cancer systems.
Experimental section
1H and 13C nuclear magnetic resonance (NMR), dynamic light scattering (DLS), z-average diameter, zeta potential, UV-Vis spectrophotometry, inductively coupled plasma-mass spectrometry (ICP-MS), x-ray photoelectron spectroscopy (XPS), and scanning transmission electron microscopy (STEM) instrumentation and measurements are provided in the Supporting Information (SI). Details regarding the Pt release study, stability tests, and cell viability assay are also provided in the SI. 
Uncertainty analysis
Error bars and uncertainty intervals expressed in this work, unless otherwise noted, represent one standard deviation of no less than 3 replicate measurements.
Reagents
Gold chloride trihydrate (HAuCl4▪3H2O, ≥ 99.9 %), cis-diammineplatinum(II) dichloride (Pt(NH3)2Cl2, ≥ 99.9 %), silver nitrate (AgNO3, ≥ 99 %), sodium citrate, succinic anhydride (≥ 99 %), sodium sulfate anhydrous (Na2SO4, ≥ 99 %), triethylamine (TEA), and methylene chloride (CH2Cl2) were obtained from Sigma-Aldrich (St. Louis, MO). Phosphate buffered saline (PBS10X) and Dulbecco's modified Eagle’s medium (DMEM) were obtained from HyClone (Logan, Utah). Citrate-stabilized AuNPs were obtained from Ted Pella, Inc., Redding, CA. Deionized (DI) water (18.2 M·cm) was produced by an Aqua Solutions (Jasper, GA) Type I biological grade water purification system.
Synthesis of materials
[bookmark: _Hlk133571174]Thioctic-tri-(PEG[600]-OOCCH2CH2COOH) (NCD): Thioctic-tri-PEG[600] (NeuCD,42 1.0 g, 0.46 mmol) was dissolved in 30 mL of CH2Cl2 and cooled in an ice bath. TEA (1 mL) and succinic anhydride (0.5 g, 4.63 mmol) were added to the solution, then stirred overnight (16 h to 20 h) at ambient temperature under N2. The reaction mixture was diluted with CH2Cl2 and washed with 2 % (volume fraction) HCl (3 times) and water, followed by drying over anhydrous Na2SO4. The organic layer was concentrated in vacuo, and the crude material was dissolved in DI water and dialyzed against DI water (MWCO = 500 to 1 kDa, cellulose ester membrane) for 2 d to give (57 %) NCD as a pale-yellow oil. Final yield was 0.65 g. NMR analyses on NCD are described in the SI (Figure S1). 
AuNP-dendron conjugates (Au-NCD): To an aqueous solution of HAuCl4 (10 mL, 2.5 mmol/L), 1 mL of aqueous NCD (5 mmol/L) and 1 mL of freshly prepared reducing agent (sodium citrate, 120 mmol/L in H2O) were added sequentially at room temperature (r.t.). The reaction mixture was heated to 80 °C and stirred for 2 h then cooled to r.t.  The resulting ruby-red solution was purified by centrifugal filtration (Millipore, MWCO = 100 kDa), resuspended in DI water and filtered through a 0.2 µm nylon filter to remove any large impurities. 
cis-[Pt(NH3)2(H2O)2](NO3)2 (Activated cisplatin  (diaquated) for complexation): An aqueous solution of  AgNO3 (16.9 mg, 0.1 mmol) in water (10 mL) was added drop-wise to a vial containing Pt (15 mg, 0.05 mmol) and stirred in the dark overnight at r.t. A white precipitate (AgCl) was removed by filtration and the filtrate of the activated Pt (5 mmol/L) was used for complexation with surface modified AuNPs.
Pt loaded AuNPs (Au-NCD/Pt): To obtain maximal carboxylate groups, the Au-NCD suspension (5 mL, about 400 mg/L or 2 mmol/L of Au) was deprotonated by adding 50 µmol/L NaOH until the pH was adjusted to approximately 8.029 This step produces Au-NCD-COONa. Then, 200 µL of aqueous solution of activated cisplatin (cis-[Pt(NH3)2(H2O)2](NO3)) (5 mmol/L) was added to Au-NCD-COONa and stirred for 4 h at r.t. in the dark. The reaction mixture then was purified by dialysis (cellulose ester membrane, MWCO ≈ 8 to10 kDa) against DI water for 2 d and filtered through a 0.2 µm nylon filter.
Results and Discussion
Synthesis of dendron and gold nanoparticle-dendron conjugate
[bookmark: _Hlk152249894]In our previous report, TAG1-COOH (thiotic acid (TA) started the first generation (G1) dendron, carboxylic acid (COOH) terminated) and its PEGylated adduct (neutral charge, NeuCD) were introduced for the preparation of positively charged dendrons.42, 43 Presently, NeuCD is reacted with succinic anhydride to produce the desired negatively charged dendron (NCD in Figure 1). The resulting neutral and anionic dendritic ligands (NeuCD and NCD, respectively) are composed of a thioctic acid moiety, PEG chains, and hydroxyl or carboxylic acid terminal groups to provide the reactivity, hydrophilic stability, and characteristic charge effects. 
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Figure 1. Schematic illustration of synthetic route for NCD and Au-dendron conjugates; (i) PEG; Mr 600 Da (number average), DCC, 1-hydroxy benzotriazole, DMF, r.t., overnight (16 to 20 h), (ii) succinic anhydride, TEA, CH2Cl2, r.t., overnight under N2, (iii) HAuCl4, sodium citrate, H2O, 80 °C, 2 h, (iv) 50 µmol/L NaOH; adjust pH to 8 then add activated cisplatin. The preparation method for NeuCD was described in the literature.42 Reproduced from Ref. 42. Copyright 2023 American Chemical Society.


Preparation of Au-NCD and platinum complex (Au-NCD/Pt)
Initially, we optimized the concentration ratio of Pt to Au (Pt/Au) in order to produce a stable colloid of Au-NCD/Pt with a maximized level of Pt loaded onto the Au surface. The concentration of Pt stocks for the study reactions ranged from (1.25 to 500) μmol/L (for Pt to Au mass ratio 0.005 to 2). The pH of the Au-NCD suspension was adjusted to roughly pH 8.0 by addition of NaOH (50 µmol/L) and then mixed with each Pt stock solution for individual tests. The results (Figure S2), show that at a Pt/Au mass ratio of 0.1, the product begins to exhibit unstable behavior, and above 0.1, the trend toward instability continues and becomes more obvious (visual change in color from red to purple). Above a Pt/Au mass ratio of 0.5, the Au-NCD suspensions turned purple then precipitated within a week (Figure S2). The change in colloidal stability for mass fractions ≤ 0.1 was reproducible and consistent. Above 0.1, the change in color and stability was less consistent. From this study, we selected a mass fraction of 0.08 to 0.1 (8 % to 10 %) as the optimal reaction concentration for Pt conjugation with Au-NCD in order to maximize both colloidal stability and Pt loading. Previous work determined that a 2-hour reaction time for complexation of Pt was sufficient; longer times produced a plateau.46 After complexation, any free (unbound) Pt was removed by dialysis against DI water.
Characterization of Au-NCD and Au-NCD/Pt
[bookmark: _Hlk152251157]The physicochemical properties of Au-NCD and Au-NCD/Pt were determined by a combination of orthogonal measurement techniques including DLS, UV-Vis absorbance, and STEM. The z-average diameter (dz; Figure S5 in SI) of the initially purified Au-NCD and Au-NCD/Pt, obtained by DLS, were (18.6 ± 0.3) nm (Figure 2a, circle/solid line) and (21.6 ± 0.1) nm (Figure 2a; square/solid line), indicating a single relatively narrow size distribution with the mean polydispersity index (PI) of 0.18 and 0.23, respectively. The dz of Au-NCD/Pt exhibited a slightly increased size (Δdz ≈ 3 nm) and PI than those of Au-NCD, which could be attributed to the Pt loaded onto the gold surface inducing a low degree of aggregate formation (e.g., x-meric particles such as monomeric-, dimeric-, or trimeric, Figure S3) through ligand bridging as reported previously.27, 44 The zeta potential (Z-P) of Au-NCD was (-38.1 ± 0.5) mV (at pH 6.4, dispersed in DI water), which confirmed a negatively charged corona surrounding the gold core. Au-NCD/Pt had a Z-P of (-30.4 ± 0.3) mV at pH 6.6 which is slightly less negative than Au-NCD and presumed to be due to Pt complexation. UV-Vis absorbance measurements revealed a surface plasmon resonance (SPR) band with maximum wavelengths (λmax) near 522 nm and 525 nm for the initially purified Au-NCD (Figure 2b, solid line) and Au-NCD/Pt (Figure 2b, dotted line), respectively; typical values for AuNPs in this size range. Moreover, the slightly red shifted SPR (Δλmax ≈ 3 nm) for Au-NCD/Pt could be attributed to Pt uptake on the Au-NCD  surface. 
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Figure 2. Characterization of Au-NCD and Au-NCD/Pt; DLS size distributions (a; circle/solid line for Au-NCD, square/solid line for Au-NCD/Pt) and  UV−vis absorbance showing SPR band (b; solid line for Au-NCD, dotted line for Au-NCD/Pt) for the initial products. Error bars in panel (a) represent standard deviation (N=5).  
[bookmark: _Hlk152251289]STEM (images and size distributions shown in Figure 3 ), conducted within a month after synthesis and purification yielded a similar mean diameter (dcore) of (4.6 nm ± 2.6 nm, counted 401 particles) and (5.6 nm ± 2.4 nm, counted 400 particles) for the Au-NCD and Au-NCD/Pt gold cores, respectively. The average diameters of the Au-dendron conjugates measured using STEM are smaller than the diameters obtained by DLS due to differences in the physical principles and in the measurement outputs of each analytical technique.  STEM and DLS are orthogonal measurement techniques.  STEM is based on detection and measurement of the particle’s nuclei density while DLS is based on detection and measurement of the particle’s Brownian motion.47 STEM measures the dry core size of the sample particles while DLS measures the hydrodynamic size of the sample particles which includes the Au core and the dendron corona. 
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Figure 3. STEM images of Au-NPs; left: Au-NCD; middle: Au-NCD/Pt, right: Size distribution for Au-NCD (black) and Au-NCD/Pt (gray) particles.

Surface chemistry
a. Pt uptake
[bookmark: _Hlk152250030]Quantification of loaded Pt on Au-NCD/Pt was evaluated by ICP-MS. The average mass fraction of Pt loaded on Au-NCD/Pt was (5.7 ± 1.3) wt. %. This demonstrated notably improved Pt uptake on AuNPs compared to our previous study with Au-short chain dendron/Pt44 (Pictorially represented in Figure S4) which had an average mass fraction of ≈ (2.2 to 3.1) wt. % Pt. It should be noted that the reaction processes of Au-NCD/Pt and Au-short chain dendron/Pt are not identical but overall mass ratio of Pt to Au in a reaction mixture was at similar as ≈ 1/10. We suggest that this improvement can be attributed to the chemical structure of NCD, which has three inserted PEG chains and three terminal carboxylate end groups in a single NCD ligand molecule (see Figure 1). This structure could facilitate better hydrophilicity (water solubility) compared to Au-(TAG1-COOH)43 (Figure 1; one of Au-short chain dendrons), which has an identical anchoring moiety with Au-NCD but lacks PEG chains (anionic Au-dendron conjugate precursor for PEG addition in this study).  
b. XPS study
[bookmark: _Hlk152250779]XPS data collected for the Pt 4f and N 1s regions are presented in Figure 4 for Au-NCD, and two independently prepared samples of Au-NCD/Pt (A and B). It is important to note that the identification of the lines for Pt2+ and Pt0 are derived from literature references48, 49 and a Pt (cisplatin) control for the peak splitting of 3.3 eV which was used to identify the location of the Pt2+ 4f features (data not shown). While quantification was hindered by the presence of an overlapping Au 5p1 spectral feature, the Pt 4f spectra was clearly detected for both Au-NCD/Pt specimens as compared to the Au-NCD spectrum. Interestingly, the Pt 4f spectra were consistently composed of multiple (2 or more) oxidation states as denoted by the presence of 3 or more local maxima/shoulders in each of the Pt containing samples. As shown in Figure 4, on the high binding energy side, there was a local maximum between (75.8 to 76.5) eV attributed to Pt2+ (Pt 4f5), which was proximate to the literature reference for cisPt.  On the lower binding energy side, a local maximum was detected between (71.1 to 71.5) eV based on the raw spectra, which is proximate to zero valent platinum (Pt 4f7) in the literature. Other peak maxima and oxidation states could not be unambiguously identified from the collected spectra. The N 1s spectra consistently had a peak maximum at (400.4 to 400.6) eV, as demonstrated in the stack plot below, for both the Au-NCD and the Au-NCD/Pt samples, which was slightly higher than previously reported values for amine functionality in Pt.49 There was an additional peak with the Au-NCD-Pt specimens at (407.4 to 407.6) eV attributed to highly oxidized NOx species such as nitrates. For further information on data collection and analysis parameters, please refer to the SI.
A couple of observations/interpretations can be deduced from the data shown in Figure 4. First, the Pt 4f spectra collected from two different samples of Au-NCD/Pt (middle and top; Figure 4) suggest two different distributions of oxidation states in the Pt. This could be interpreted in different ways: as a subtle inconsistency in materials preparation (batch to batch irreproducibility) and/or as a slight shift due to differential charging. The latter case is unlikely as one would expect a shift in the N 1s region as well if differential charging was a significant factor. Second, the XPS study revealed the presence of Pt0 (Figure 4, Pt 4f) as an additional oxidation state of the attached Pt from cisplatin on Au-NCD/Pt, which was unexpected.  Again, the source of the Pt0 could stem from reduction of the PtII during materials preparation or it could be X-ray induced reduction of the cisplatin. However, limited efforts to probe the impact of X-ray exposure on cisplatin’s oxidation state revealed no significant change over the timeframe of the study.  Further work is needed to verify the source of the Pt0. 
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Figure 4. XPS spectra from samples of Au-NCD and Au-NCD/Pt for the Au 4f, Pt 4f, and N 1s regions.

Evaluation of colloidal stability
a. Shelf-life
Colloidal stability in terms of physical and chemical behavior in media is a critical issue for biological applications of AuNPs. The stability of Au-NCD and Au-NCD/Pt was evaluated over a range of relevant conditions utilizing previously established protocols.41, 42 Au-NCD and Au-NCD/Pt aged for 6 months under ambient laboratory conditions yielded almost identical size distributions (from DLS, Figure S5a, c; dotted lines) and SPR band maxima (from UV-Vis, Figure S5b, d; dotted lines) relative to the initially purified samples. These results suggest that Au-NCDs and their optimized Pt complexes are colloidally stable with respect to at least a 6-month shelf-life under ambient conditions. 
b. In physiologically relevant media
Stability in physiologically relevant aqueous media was tested over a 48-hour period to mimic cell-based exposure assays. Au-NCD diluted into phosphate buffered saline (PBS; dilution factor 10) exhibited a remarkable stability based on the monitored SPR spectra (Figure 5a). This behavior is attributed to the hydrophilicity of the PEG chain and steric repulsive interactions of the PEG and dendron coatings that substantially reduce salt sensitivity (screening of electrostatic charge). The colloidal behavior of Au-NCD/Pt in PBS (Figure 5c) was slightly less stabile (≈ 12 % reduced SPR after 48 h) compared to Au-NCD.  It is unclear why the stability loss occurs, but presumably, it is anticipated that the low stability can be attributed to the known Pt-phosphate interaction,50 which can lead to the Pt/dendron-bridged interparticle crosslinking in PBS. Another common biological test medium that is often used as the basis for cell culture is Dulbecco’s Modified Eagle Medium (DMEM1x; dilution factor 10). The colloidal stability of the Au conjugates was distinctly different in DMEM vs PBS.  In the case of Au-NCD (Figure 5b), the SPR band is reduced (about 20 %) with red-shifting (∆λmax ≈ 3 nm) and tail-lifting after crossing over at ≈ 570 nm for 48 h (Figure 5b). These results could be attributed to particle agglomeration followed by partial sedimentation. Interestingly, the behavior of Au-NCD/Pt in DMEM also showed a reduced SPR band intensity (about 20 %) over the same period but no noticeable red-shift (Figure 5d). This suggests that there is an incipient interaction between the Au-NCD/Pt and the DMEM components which leads to Au-NCD/Pt sedimentation and SPR signal loss. Figure 5c shows that Au-NCD/Pt in PBS also exhibits a relatively small loss of intensity (compared with DMEM) over 48 h, but again no red shift. In general, both negatively charged and drug loaded Au-dendron conjugates demonstrated a substantial improvement in stability relative to citrate-stabilized AuNPs,43 which resulted in rapid (seconds) precipitation under identical conditions. The improvement in stability for Au-NCD is attributed to the engineered dendron structure.
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Figure 5. Stability of Au-NCD and Au-NCD/Pt in physiological media over 48 h by UV-Vis; (a) Au-NCD in PBS, (b) Au-NCD in DMEM, (c) Au-NCD/Pt in PBS, and (d) Au-NCD/Pt in DMEM.
Overall, this new functional design results in excellent colloidal stability against agglomeration under isotonic salt conditions, with or without Pt complexation. The colloidal behavior in DMEM culture media is more complicated and requires further study to fully understand the underlying processes, though the present results suggest that the Au cores are not aggregated in the Pt complexed product in either PBS or DMEM over 48 h. 
c. pH stability
The pH stability is another important consideration for biomedical applications of NPs. Since the range of pH values potentially encountered in physiological systems is very broad (pH ≈ 1 to pH ≈ 13), we tested (over a period of 12 h) the pH-dependent stability of the Au-NCD conjugates via UV-Vis absorbance. The colloidal behavior in mildly acidic conditions (≈ pH 4 to pH 5) is particularly relevant for Au-Pt conjugates because of the potential release of Pt,51  induced by protonation-hydrolysis of the carboxylate-Pt coordination. Initially, Au-NCD exhibited stable behavior down to ≈ pH 3 as shown in Figure S6 (in SI), 
[bookmark: _Hlk152251479]Notably, Au-TAG1-COOH (the short chain anionic Au-dendron conjugate precursor for PEG addition in this study) agglomerated at pH 3.43 This difference is clearly due to the loss of electrostatic repulsion in Au-TAG1-COOH samples. Au-NCD conjugates are stable down to ≈ pH 3 due to steric repulsions. However, in strongly acidic conditions (50 mmol/L HCl, pH ≈ 1.3), Au-NCD exhibited rapid and substantial loss of UV-Vis signal intensity along with a large red shift (indicative of SPR band degradation). This suggests NP degradation and/or removal of the surface coating, not simply charge neutralization.  Despite this destabilization of Au-NCD at low pH, the resistance against acid is slightly improved relative to citrate AuNPs or Au-TAG1-COOH, which precipitate immediately in strong acid.43 It is noteworthy that the aggregation of Au-NCD at pH 1.3 is not reversible when the pH is increased back to neutral (pH ≈ 7) but is partially reversible under strongly basic conditions (pH ≈ 12). Citrate-AuNPs are not reversible at all in any pH range.
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Figure 6. Stability of Au-NCD/Pt from pH 3 to pH 10 as determined by UV-Vis spectrophotometry; (a) in pH 3, (b) in pH 4, (c) in pH 7, and (d) in pH 10.

On the other hand, the Pt conjugate exhibited significantly reduced stability in acidic conditions (pH 4; Figure 6b) and complete loss of stability at pH 3 (Figure 6a) over a 12 h study period. It was also observed that Au-NCD/Pt particles produced a thick coating on the inside of the quartz cuvette at pH 3, and a slight yet noticeable coating at pH 4. The coating can be correlated with the release of Pt (cisplatin) produced by protonation of O=CO-Pt coordination bonds on the surface. Overall, Au-NCD exhibits excellent stability from ≈ pH 3 to pH 13. The observed reduction in stability of Au-NCD/Pt under acidic conditions could be a favorable occurrence if the conjugate is used to target tumor cells or tumor cell microenvironments. Disruption of the Au-NCD/Pt conjugate under acidic conditions could potentially release Pt in the tumor microenvironment facilitating an increase in cell death. These stability results warrant further examination of Pt release and functional activity testing (from the prepared Au-dendrons) under in vitro conditions.  
d. In vitro release of cisplatin (Pt)
[bookmark: _Hlk136441895]The quantitative release of Pt from Au-NCD/Pt was evaluated via ICP-MS. Experimental details for this study are described in the SI. The test sample was incubated at pH 4 and pH 5 to bracket the pH of the endo-lysosomal compartment of tumor cells (≈ pH 4.5); pH 5 is also close to the pKa for organic carboxylic acid groups. PBS was selected as a control to mimic pH conditions during blood circulation (pH 7.4), under which Pt release was previously demonstrated to be minimal.46 The experiment results are summarized in Figure 7. In the PBS control, the Au-NCD/Pt yielded ≈ 5 % cisplatin release after 1 d of incubation and exhibited a very gradual  increase in release over the next 13 d (≈ 6 % at day 14). Conversely, release after 1 d at pH 5 exceeded release in PBS after 14 d, and reached a relatively constant value of ≈ 9 % after 2 d. At pH 4, Pt release rose sharply within the first day to ≈  8 %, followed by a small additional increase to ≈ 9 % where it plateaued. The Pt release from Au-NCD/Pt under the studied acidic pH conditions was below expectations based on previous studies.30-32, 34, 35, 38, 46-51 In prior work, the percentage of Pt released from carboxylate ligands ranged from 10 % to 100 %.  Such a wide range suggests that29-31, 34, 35, 39, 51-56 Pt release depends strongly on the chemical composition and structure of the Pt containing nano-conjugates – not simply on the pH and the complexing carboxyls.  Our previous study also showed a relatively low Pt release (9 % to 16 %) from Au-dendron-COOH + PEG)/Pt.46 It should be noted that all Pt complexed AuNPs in this and previous studies included PEG in the Au conjugate/ligand layer. Although Paraskar et al.51 demonstrated that dicarboxylate-Pt complexes could provide improvement for Pt release in conjunction with stability improvement due to PEG, this was not observed in the present work. It is unclear why release is lower than expected, but cellulose-based centrifugal filters to separate the released Pt prior to quantification can induce adsorption of metal cations on the filter membrane which can eventually reduce the amount of Pt quantified.57 Or the morphological change occurring with Au-NCD/Pt under acidic conditions (as suggested by UV-Vis results and the observed pH-dependent coating effects mentioned previously) could interfere with Pt release or trap the released Pt within the material coated on the cell wall). 
[image: ]
Figure 7. Pt release from Au-NCD/Pt under pH 7.4 (PBS), pH 5, and pH 4 (acetate buffers) over 14 d at 37 °C incubation. Release percentages are reported as the means ± SD of three individual experiments.

Such experimental artifacts could explain the wide range of Pt release values reported in the literature. Furthermore, it might prove irrelevant to practical (clinical) application, a hypothesis that would require in vivo testing. Finally, it is worth noting that the appearance of a surface coating (unaggregated AuNPs as indicated by the red color) in the test containers under acidic conditions was also observed during the Pt release study (see Figure S7). 
Cell viability assay
[bookmark: _Hlk127968842]Representative data in Figure 8a shows that both Au-NCD (gray bars) and Au-NCD/Pt (red bars) decrease CHO K1 cell viability in a dose dependent manner, using the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)\PMS (phenazine methosulfate) cell viability assay.  
[bookmark: _Hlk151990317]Table 1. IC50 values of materials to CHO-K1 and A549 cells by MTS viability assay  
	Cells
Toxicants
	CHO-K1
	A549

	Au-NCD
	(119 ± 14) mg/L
	Not Available

	Au-NCD/Pt
	(56 ± 11) mg/L
	(132 ± 22) mg/L

	NCD
	Not Available
	Not Available

	Unbound Pt
	(6.6 ± 0.7) mg/L
	(9.8 ± 0.15) mg/L

	CdSO4
	(9.5 ± 2) mg/L
	(65 ± 5) mg/L



The decrease is substantially greater for the Pt complexed conjugate, with 50 % inhibitory concentration (IC50) values of (119 ± 14) mg/L and (56 ± 11) mg/L for Au-NCD and Au-NCD/Pt, respectively (Table 1).  It is notable that Au-NCD, without Pt, has a measurable dose dependent toxicity, while the free (unbound) NCD conjugate shows no significant toxicity. Typically, negatively charged AuNPs do not exhibit toxicity.58 On the other hand, the cytotoxicity of Au-NCD (gray bars) against A549 cancer cells (Figure 8b) was negligible, while Au-NCD/Pt (red bars) showed a moderate degree of cytotoxicity (IC50 = (132 ± 22) mg/L) albeit measurably less than that against CHO K1 cell. Note that the positive control (CdSO4) also exhibited lower cytotoxicity to cancer cells than to CHO K1 cells (green bars). Unbound Pt had significant effects on cell viability (blue bars; IC50 = (6.6 ± 0.7) mg/L and (9.8 ± 0.15 mg/L for CHO-K1 and A549, respectively). Notably, our in vitro measurements show higher resistance of A549 lung cancer cells to the cytotoxic effects of Au-NCD/Pt compared to the normal CHO K1 cells. Such results may indicate the limited applicability of in vitro tests for predicting in vivo toxicant activity given that cells need a developed vasculature to replicate the tumor microenvironment EPR effect. This highlights the need for a suitable in vivo model for testing the effects of Au-NCD/Pt on both normal and cancerous cells. 
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Figure 8. MTS cell viability assay results for (a) CHO-K1, (b) A549 cell lines after 24 h exposure to (left panels); Au-NCD (gray), Au-NCD/Pt (red), cisplatin (blue), and CdSO4 (green) as a typical positive control. Panels (c; CHO-K1) and (d; A549) represent cell viabilities against soluble ligand NCD up to 500 mg/L which indicated absence of significant toxicity of the free ligand. Values are reported as the means ± SD of three individual experiments. p < 0.01 compared to cell viability in Au-NCD, using post hoc multiple comparison test.

In addition, a more thorough interpretation of the results from this toxicity study may be warranted.  In order to understand our results, we employed two basic assumptions : (i) Pt’s toxicity is only dominated by its  binding to purine bases (N7 reactive center) and (ii) if Au-NCD is non-toxic, the toxic efficacy of Au-NCD/Pt should be due to the release and bioactivity of Pt. In such case, theoretically, toxicity between ‘cisplatin only’ (blue bars in Figure 8) and  ‘Au-NCD/Pt’ need to be assessed by comparing the quantity (in mass units) of Pt for both samples, and not the mass of  ‘cisplatin only’ to the mass of sample Au-NCD/Pt. In this study, the mass ratio of Pt/Au in Au-NCD/Pt is ≈ 6 % (see Surface chemistry) and the released Pt from Au-NCD/Pt at pH 7.4 after 48 h is just ≈ 5 % (see Cisplatin release study, Figure 7). Therefore, for CHO-K1 cells, the total mass of Pt released from 56 mg/L of Au-NCD/Pt (IC50 to CHO-K1) will be subjected to a reducing factor ≈ 333 (from [0.06x0.05]-1), and the resulting Pt IC50 for Au-NCD/Pt would be 56/333 = 0.17 mg/L. When comparing the toxicity of cisplatin only to CHO-K1 cells, there would be ≈ 40 time higher toxicity of Au-NCD/Pt than cisplatin only (IC50; 6.6 mg/L) which may not be realistic. Presumably, the toxicity of Au-NCD/Pt might be attributable to the binding of mono-chelated Pt to purine bases instead of the binding the low amount of released Pt to purine bases (Figure 9).
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Figure 9. Illustrative representation of presumed toxicity expression process of Au-NCD/Pt, cisplatin mono-chelated.
Study considerations
Among the many findings observed through this study, critical issues which will require further study are as follows:
1. Implications of multiple Pt oxidation states in Au-NCD/Pt:
[bookmark: _Hlk136442927][bookmark: _Hlk136443048]Although XPS analysis confirmed the uptake of cisplatin onto the Au-NCD/Pt surface, we also discovered that the surface of Au-NCD/Pt contained metallic platinum (Pt0) and this was a surprising finding. It is well established that PtIV compounds can behave as prodrugs and release clinically effective PtII compounds following intracellular reduction.59 However, to our knowledge, Pt0 has not been reported to exhibit anti-cancer or cell death activity. Further study of the implications of Pt0 derived from cisplatin in Au-NCD/Pt, as well as the source of Pt0 are warranted.
2. Colloidal behavior and release of cisplatin from Au-NCD/Pt under acidic condition (instability vs. low release yield):
From the pH stability study, we found that Au-NCD/Pt showed reduced colloidal stability at pH 3 ~ 4 compared to  Au-NCD. The instability of Au-NCD/Pt could be related to the sustained release of cisplatin from Au-NCD/Pt. The cisplatin release study also exhibited lower yields than reported in previous studies, as we described above. This could potentially be attributable to (i) morphological changes (unstable behavior) of Au-NCD/Pt under acidic conditions and/or to (ii) the trapping of released and protonated cisplatin within the Au-NCD/Pt architecture. In the latter case, the released and protonated cisplatin could be thought of as a type of excipient. 
3. Ambiguous cell viability results:
As noted above, the MTS assay cytotoxicity results for Au-NCD/Pt were surprising. The toxicity level of these gold particles is statistically significant even under the assumption that the precursor (Au-NCD) is non-toxic. However, the IC50 values invalidate the assumption that the  toxicity is due to the released cisplatin alone. Although we have proposed an alternative interpretation, other potential mechanisms should also be considered, i.e.,  no potential toxic effect of Au-NCD/Pt as a Pt based nanomedicine – no meaningful amount of Pt engaged in toxicity due to the low cisplatin release and/or to the unexpected binding of Pt0 in the NP architecture.  An even simpler explanation could be that the Au-NCD/Pt conjugates do not affect cell viability via the traditional Pt based binding to purine bases (induction of DNA damage) but via alternative cell death mechanisms could include cell membrane damage and the resulting apoptosis from the particle itself, induction of autophagy by the AuNPs,60 lipid peroxidation-mediated ferroptosis by cisplatin,61 among many others.  Given the number of possible avenues for cell death when exposed to Au-Pt nanoparticle constructs,62 clarifying the exact mechanism would warrant a further, specifically designed study.  
Conclusion
As a model study on AuNP-Pt conjugated anticancer drugs, we designed and synthesized negatively charged dendrons (NCDs), dendron conjugated AuNPs (Au-NCDs) and their cisplatin complexed product (Au-NCD/Pt). Selected physicochemical properties such as particle size distribution, surface charge, morphology and Pt surface chemistry were characterized in detail. The synthesized particles exhibited narrow particle size distributions in terms of the hydrodynamic and core sizes, negative surface charges, and characteristic SPR bands that corresponded to the expected size ranges.  We also observed increased Pt loading onto the AuNPs compared to Pt loading observed in previous studies. The colloidal stabilities of the AuNPs were assessed in physiologically relevant media over a wide range of pHs and all particles demonstrated excellent stability without substantial agglomeration/aggregation except under acidic pH conditions or in DMEM culture medium. Most importantly, the biological activities of the particles were evaluated by the in vitro MTS assay which revealed that the cytotoxicity of Au-NCD/Pt for a cancer cell line falls short of expectations. This finding emphasizes the need for a follow up in vivo study to evaluate the cytotoxicity of Au-NCD/Pt  under realistic microenvironmental conditions (EPR effect is active). The appropriate design of ligands can improve the colloidal stability of AuNP-based drug delivery platforms resulting in increased loading of the drug cisplatin and an increased degree of biological activity (drug release and tumor cell death). However, scientific challenges remain, including evaluating the oxidation state of Pt and its potential effect on bioactivity and payload release, improved pH-triggered Pt release, decoration of targeting vectors on the surface for improving selective cellular uptake and accumulation in cancer cells, and, if necessary, using alternative Pt-based drugs that might have enhanced biological activity in vivo. 
Supporting Information available: Includes instruments and measurements details, 1H, 13C nmr chemical shifts and spectrum charts, x-ray photoelectron spectroscopy data, stability test results for pH and Pt release, cell culture (in vitro) experiments, and illustrative representations of variable Au-Pt conjugates. This material is available free of charge via the Internet at http://pubs.acs.org.
Note: Certain equipment, instruments, software, or materials are identified in this paper in order to specify the experimental procedure adequately.  Such identification is not intended to imply recommendation or endorsement of any product or service by NIST, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.
Present address†: Core Labs, King Abdullah University of Science and Technology (KAUST), Thuwal, Saudi Arabia, 23955
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