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Abstract

:

The cationic platinum(II) organometallic complex [Pt(terpy)Me]+ (terpy = 2,2′:6′,2″-terpyridine) at mild acidic pH interacts with poly(L-glutamic acid) (L-PGA) in its α-helix conformation, affording chiral supramolecular adducts. Their kinetics of formation have been investigated in detail as a function of the concentrations of both reagents and changing pH, ionic strength, the length of the polymeric scaffold and temperature. After a very fast early stage, the kinetic traces have been analyzed as three consecutive steps, suggesting a mechanism based on the electrostatic fast formation of a not-organized aggregate that subsequently evolves through different rearrangements to form the eventual supramolecular adduct. A model for this species has been proposed based on (i) the attractive electrostatic interaction of the cationic platinum(II) complexes and the polyelectrolyte and (ii) the π-stacking interactions acting among the [Pt(terpy)Me]+ units.
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1. Introduction


Molecular building blocks can lead to complex supramolecular architectures through their organization mediated by a variety of non-covalent forces, e.g., electrostatic, hydrogen bonding and van der Waals dispersive interactions [1,2,3,4,5,6,7]. Chirality is a property that can be expressed in supramolecular chemistry in different ways, and it is a highly investigated topic for its fundamental importance and for its manifold applications [8]. Generally, a proper functionalization of the starting monomer with chiral substituent groups is an easy method to introduce chirality in the overall structure [9,10,11,12,13]. Alternatively, chirality can be transferred through a chiral chemical or a physical bias to achiral building components. In the first case, the chiral inducer can be a simple chiral compound [14,15,16,17,18,19] or even a more complex chiral scaffold, such as a biopolymer, i.e., DNA [20,21,22], RNA [23,24] or proteins [25]. In the second case, a combination of physical fields arranged in a chiral way could imprint a specific handedness to the growing supramolecular structure [26,27,28,29,30,31,32,33,34]. Among the plethora of compounds exploited to access these kinds of sophisticated nanostructures, mainly organometallic platinum(II) complexes containing aromatic ligands such as terpy (2,2′:6′,2″-terpyridine) and similar compounds have been largely investigated for their interesting electronic and luminescence properties [35]. Despite the large number of reports on the formation of well-organized nano-systems [36,37,38,39] and their kinetic behavior [40,41] and potential applications [42,43], not many investigations have addressed the formation of chiral supramolecular systems [44]. In the past, we reported that the cationic complex [Pt(terpy)Me]+ (Scheme 1) is able to intercalate or aggregate with double-stranded DNA [45], single-stranded RNA and charged polymers such as poly(vinyl sulfonate) [46]. An interesting model scaffold is poly(glutamic acid) (PGA) that depending on the experimental conditions, in terms of pH, ionic strength and temperature, undergoes a conformational transition from random coil at a neutral pH to α-helix in mild acidic conditions [47]. This polymer has been widely exploited to organize various dyes, including acridine orange [48] and porphyrins [25,49,50], in a chiral way. We showed that [Pt(terpy)Me]+ is able to form a chiral supramolecular aggregate using the polypeptide as a scaffold through a rather complex multiphasic mechanism [51]. Considering the growing interest for self-assembled chiral nanostructure based on metal complexes, we thought it would be worthwhile to perform a detailed kinetic investigation of the formation of such aggregated species as a function of the relative concentrations of the two components, the medium conditions (pH and ionic strength) and temperature. The growth of the supramolecular adduct has been monitored essentially through circular dichroism (CD), as chirality is a property that occurs since the initial interaction between the achiral cationic metal complex and the negatively charged chiral polymeric scaffold. Even if the system is quite complex, we anticipate that knowing how the various experimental parameters impact the kinetic behavior of the supramolecular assembling process allows to control the stoichiometry of the final adduct.




2. Results and Discussion


The UV/Vis spectrum of the cationic complex [Pt(terpy)Me]+ in an acetate buffer is dominated by strong absorption bands in the UV region at 267, 313 and 331 nm, accompanied by a weaker band in the visible region at 397 nm (Figure 1, black line) [45]. The addition of the metal complex to a solution of L-PGA at pH 4.5 leads to a fast and slight shift to the lower energy (<2 nm) of the UV bands, associated with a time-dependent marked increase in the baseline due to Rayleigh light scattering (Figure 1, blue line). The amount of scattered light masks any change occurring in the visible region and makes it difficult to assess the occurrence of hypochromicity in the spectra of the adduct. The small bathochromic shift of the main UV bands could be ascribed to stacking phenomena occurring among the aromatic moieties of the terpy ligands. After 1 h, most of the visible region of the spectrum is dominated by a significantly strong scattered light component (Figure 1, red line). The formation of extended aggregated species is proved by the significantly strong enhancement of the resonance light scattering (RLS) [52] observed in the samples during the process.



Figure 2 displays that, in comparison to the RLS profile of the simple L-PGA solution (black line), upon mixing the reagents, the intensity profile increases rapidly and reaches its maximum value at the end of the aggregation process (red line).



The circular dichroism (CD) spectra show the almost instantaneous formation of quite strong induced CD bands in the region where the complex absorbs (Figure 3a, black line), followed by a slower spectral change. The analysis of the intensity of the CD spectra at 280 nm allows the calculation of the value for the dissymmetry factor, g = ∆ε/ε = 0.025. This value is in line with the efficient electronic coupling occurring among the chromophores in the chiral assembly. A typical kinetic trace collected at 280 nm proves a multiphasic behavior (Figure 3b) that results from three distinct steps: an initial fast process that leads to an increase in the negative component, followed by two slower consecutive steps characterized by a decrease in the negative band. All the observed steps can be treated as irreversible first-order kinetics, and the observed first-order rate constants kobs1, kobs2 and kobs3 can be determined with a best fitting procedure applied to the CD data versus time (Equations (1) and (2) in Section 3).



The dependence of the rate constants on various parameters, including the concentrations of both [L-PGA] and [Pt] and on the medium properties (pH and ionic strength), has been investigated in detail. Figure 4 reports the trend of the observed rate constants for the three steps with an increase in the biopolymer concentration at a fixed platinum(II) complex concentration and pH = 4.5 (kobs1, black circles; kobs2, red squares; kobs3, blue triangles). The values decrease at least by an order of magnitude passing from the initial step to the following ones. All the data display a bell-shaped behavior with the maxima centered at a ratio of [Pt]/[L-PGA] ≈ 0.5. The rate constants kobs3 for the third step at higher L-PGA loads become very slow and are not easy to determine. These experimental findings can be explained by taking into account two different processes occurring at low and high L-PGA concentrations: (i) when the ratio [Pt]/[L-PGA] is higher than 0.5, an increase in the polypeptide concentration offers more binding sites and forces the close proximity of the platinum(II) complex with L-PGA, thus favoring the formation of the supramolecular adduct and (ii) when the ratio [Pt]/[L-PGA] is below 0.5, the increased availability of binding sites and the increased distance among the metal complexes reduce the rates of aggregation. Indeed, at the pH of these experiments, the L-PGA is half-protonated, and only half of its carboxylate residues are ionized. This observation suggests that a unit of cationic metal complex has neutralized a carboxylate residue. The inset of Figure 4 shows that the intensity of the CD band also reaches its maximum intensity for a ratio of [Pt]/[L-PGA] = 0.5. Therefore, the apparent stoichiometry of the adduct is 1:2 (actually 1:1 in charge), and this ratio is retained even when the pH is changed.



Figure 5 shows the profiles for the observed rate constants of the second step, kobs2, together with the intensity of the CD band on changing the pH (inset), at a fixed ratio [Pt]/[L-PGA] = 0.5. The rate constants of the other two kinetic steps display a similar behavior. It is possible to observe that the position of the maxima in the two profiles is different, at pH 4.8 for the CD intensity and at 4.5 for the rate constants. These values are lower with respect to those reported in the literature for the conformational transition of L-PGA from α-helix to random coil at a low ionic strength (pH ≈ 6.0) [47]. This result suggests a substantial destabilization of the α-helix upon the binding of the metal complex that is partially compensated by a decrease in pH. The helicity degree of the biopolymer is an important factor for the formation of the supramolecular aggregated system. The bell-shaped profiles indicate that two concurring factors are operative. On decreasing pH, the hydrogen ion competes with the cationic metal complex for the carboxylate binding sites, thus leading to a reduction in both the CD intensity and the aggregation rates. On the contrary, increasing pH destabilizes the α-helix conformation, i.e., its percentage concentration in solution is reduced, thus causing a decrease in CD signals and hampering the rate of the aggregation process.



Further evidence on the role of the α-helix in the formation of the supramolecular adduct has been provided by pH-jump experiments. When [Pt(terpy)Me]+ is bound to PGA at pH 7 in a ratio of [Pt]/[L-PGA] = 0.5, CD spectra are almost nonexistent, and the light scattering from the solutions is low, suggesting the absence of large clusters in these solution. By rapidly changing pH to 4.5, CD spectra slowly evolve towards the final species reported in Figure 3 (blue trace), thus confirming that the highly charged random coil conformation of L-PGA is able to interact with the metal complex, but it does not foster the formation of the chiral supramolecular adduct. The electrostatic nature of the interaction between the negatively charged polymer and the cationic metal complex is supported by the effect of the ionic strength. All the previous kinetic experiments have been performed at a low concentration of acetate buffer (5 mM).



Figure 6a shows that on increasing the concentration of sodium chloride, the observed rate constants for the second step monotonically decrease. At the same time, the amount of chiral adduct is reduced to almost zero at a total ionic strength I = 0.2 M (see the inset of Figure 6a). These experimental findings suggest that two different factors could contribute to the reduced ability of the platinum(II) complex to self-organize onto the polymeric matrix on increasing the ionic strength: (i) a stabilization of the α-helix [47], as a consequence of the shift of the conformational transition of the biopolymer towards lower pH values, and (ii) a screening effect of the electrostatic interactions acting among species with opposite charges. The strong reduction in the aggregation extent is also clearly detectable from the decrease in the light scattered from these samples on increasing the concentration of the added salt (Figure 6b).



The molecular weight of the polypeptide dramatically influences the spectral features of the supramolecular adduct and the corresponding values of the rate constants for the self-assembling process. On passing from L-PGA with MW 1.0 kD to 13.6 kD, it is possible to observe a relevant increase in the intensity of the scattered light at the initial mixing of the two reagents, I0 (black line), and at the time corresponding to the formation of the various intermediate stages of the aggregation process (I1 (red line), I2 (green line) and I3 (blue line)) (Figure 7a). The same behavior is exhibited by the observed rate constants for the three different steps of the overall kinetic process (Figure 7b). These results suggest that the coupling of the electronic transition moments of the bound chromophores becomes more effective and intense passing from the short chain to the longer one. Furthermore, the α-helix conformation should be less stable in the low-molecular-weight L-PGA (1 kD, ~7 glutamate residues per chain) and even more destabilized in the presence of the interacting metal complex. In the case of the high-molecular-weight L-PGA (36.2 kD and 81.5 kD), it was not possible to obtain the reliable kinetic data due to the low intensity of the CD bands. This experimental evidence could be explained by the tendency of these longer and flexible chains to assume a more globular shape, thus reducing the extent of self-aggregation of the [Pt(terpy)Me]+ units.



At fixed concentration of the polymeric scaffold, the progressive increase in the metal complex concentration leads to a monotonically non-linear increase in the aggregation rates. Figure 8 displays the behavior of the rate constant values for the second step. An inspection of the data reveals that at high [Pt(terpy)Me]+ loads an inflection begins to be apparent. Concomitantly, the negative CD band at 280 nm becomes steadily more intense. This result is unexpected, since the formation of the stoichiometric adduct 1:2 should lead to a gradual leveling of the observed CD intensity. The supramolecular chiral assembly should be stabilized by two different kinds of forces: (i) electrostatic attractive forces acting between the anionic carboxylate groups and the cationic metal complexes and (ii) stacking interactions operating among the terpy moieties of the metal complexes. Self-aggregation propensity of the [Pt(terpy)Me]+ units could explain the observed increase in the ellipticity for the supramolecular adduct well beyond the 1:2 molar ratio. According to a model proposed by Blout and Stryer [48] for the aggregation of acridine orange on helical L-PGA, the chromophores can organize in a helicoidal conformation using the chiral surface of the biopolymer as initial templating scaffold. The growing supramolecular structure can elongate in solution tangentially to the polymer.



Actually, in our case we are inclined to think that an increasing load of platinum(II) complex leads to a lengthening of the aggregate along the rotational axis of the α-helix or to an increase in its diameter. Above the stoichiometric ratio, we suppose that the main stabilizing forces are stacking interactions among the neighboring aromatic regions of the terpy ligands. An experimental support to this hypothesis is based on the observation that after shaking or stirring a solution containing the formed aggregate in excess of metal complex, the ellipticity value returns back to that of the stoichiometric adduct. Therefore, it is evident that (i) mechanical stirring is able to prevent or even destroy the formation of such labile nano-architecture and (ii) only the L-PGA is able to afford a stable chiral assembly.



Further support for the importance of the α-helix is provided by aggregation experiments performed at different temperatures. Figure 9 shows a bell-shaped profile for the observed rate constant values, kobs2, as function of the temperature. The sudden decrease in the rates after 310 K could be explained in terms of the loss of helicity for L-PGA with increasing the temperature and with the reported reduced aggregation of [Pt(terpy)Me]+ at high temperatures [45].



As already mentioned, at pH 4.5, the α-helix is half-protonated, and only half of the carboxylate groups are ionized and available to interact with [Pt(terpy)Me]+ cations. All the kinetic evidence points to a maximum of the aggregation rate for the ratio of [Pt]/[L-PGA] = 0.5, implying that in terms of charges, every metal complex neutralizes a carboxylate group. Assuming that in a polypeptide with an α-helix conformation the increase in pitch for every amino acid residue is 1.5 Å [53], we expect to have a succession of negative charges at a distance of ~3 Å. This separation is very close to that usually reported for π-stacking interactions in species containing terpy as a ligand or related molecules [54]. In particular, 3.42 Å is the distance between the best planes in the crystal X-ray diffraction structure of the complex investigated here [55]. All the experimental evidence points to the formation of an α-helix of [Pt(terpy)Me]+ cations stabilized through the interplay of favorable electrostatic contacts with the charged biopolymer and van der Waals interactions among the aromatic moieties of the terpy ligands (Figure 10).



On the basis of all the kinetic evidence, we can suggest a mechanistic model, according to Scheme 2. As reported above, all the steps observed along the progressive growth of the final supramolecular aggregate obey first-order kinetics, and the extrapolation of the kinetic traces at t = 0 allow the detection of an instantaneous CD spectral change after the mixing. This finding points to a very fast equilibrium in the early stage, whose rates are not measurable through normal mixing techniques, leading to the formation of an initial and elusive electrostatic species (Pt@L-PGAelectr). Considering the low intensity of the initial CD spectra, this species should not be well organized as it results from stochastic electrostatic contacts among the polyelectrolyte and the cationic metal complexes. Pt@L-PGAelectr evolves with time through a series of intermediate species (Pt@L-PGA1 and Pt@L-PGA2), eventually affording the final supramolecular adduct Pt@L-PGA3.



The exact knowledge of the kinetic behavior of this system has allowed the detection of the CD spectral features of the intermediate aggregates Pt@L-PGA1 and Pt@L-PGA2. Taking advantage of the observed decrease in the rates by increasing the L-PGA concentration, operating with a large excess of the biopolymer, it is possible to quickly obtain the species Pt@L-PGA1 (blue line in Figure 11), slowing down its consecutive rearrangement into Pt@L-PGA2. This latter species is a transient in the evolution of CD spectra (black line in Figure 11). All the solutions equilibrated after a proper time afford the final supramolecular adduct Pt@L-PGA3 (red line in Figure 11). On the one hand, the intensity of the ellipticity measured in these spectra points to a strong electronic coupling among the chromophores in the various aggregates as also proven by the enhancement of the light scattering close to the absorption bands (RLS). On the other hand, the difference in the CD spectra of these species suggests a substantial rearrangement of the orientation of the relative electronic transition moments along the helicoidal structure.




3. Materials and Methods


3.1. Materials


The platinum complex [Pt(terpy)Me]Cl has been prepared according to literature [45]. All the reagents and solvents were of the best available grade and purchased from Sigma-Aldrich (Milan, Italy). Poly(L-glutamic acid) (L-PGA) as sodium salt (MW 1.0 kD, 13.6 kD, 36 kD and 81 kD) were acquired from Sigma (Milan, Italy). All the aqueous solutions were prepared in high-purity doubly distilled water (HPLC grade, Fluka, Milan, Italy). Stock aqueous solution of [Pt(terpy)Me]Cl complex were prepared and their concentration was determined spectrophotometrically using ε313 = 8150 M−1 cm−1 [45]. Stock solutions of L-PGA were prepared by dissolving the powder directly in water and their concentration was calculated by measuring the absorbance of the α-helix conformation in acetate buffer at 205 nm (ε205 = 2150 M−1 cm−1 at pH = 4.5) [53].




3.2. Methods


UV/Vis absorption measurements were performed on a Jasco V 550 spectrophotometer. Resonance light scattering experiments (RLS) were performed on a Jasco FP-750 spectrofluorimeter, Jasco-Europe, adopting a synchronous scan protocol and a right angle set-up [52]. Circular dichroism (CD) experiments were carried out on a Jasco J-710 spectropolarimeter Jasco-Europe equipped with a Peltier apparatus to control the temperature. Ellipticity values were reported in mdeg.



The kinetic experiments were conducted in 3 mL quartz cells (Hellma) by adding an aliquot of the stock solution of [Pt(terpy)Me]Cl to an aqueous solution of L-PGA containing 5 mM acetate buffer at the selected pH. The reaction mixture was inverted twice and placed in the thermostatic compartment of the CD spectropolarimeter, controlling the temperature and the accuracy of 0.1 K. The CD kinetic traces acquired at 280 nm were analyzed (i) by examining the data for the first process by applying a non-linear fit to a first-order kinetic equation:


CDt = CD∞ + (CD0 − CD∞) exp(−kobs1 t)



(1)




where CD0, CD∞ and kobs1 are the parameters to be optimized (CD0 = the initial CD intensity at t = 0 soon after mixing reagents; CDt = CD intensity at time t; and CD∞ = the final CD intensity at the end of the first reaction step) and (ii) by analyzing the second portion of the data set using a non-linear best-fit to a consecutive two first-order kinetic equation:


CDt = CD∞,2 + (CD0 − CD∞,2) exp(−kobs2 t) + (CD∞,1 − CD∞,2) × [exp(−kobs2 t) − exp(−kobs3 t)] × (kobs2/(kobs3 − kobs2))



(2)




where CD0, CD∞,1, CD∞,2, kobs2 and kobs3 are the parameters to be optimized (CD0 = the initial CD intensity at the beginning of the second step, corresponding to the negative minimum of the CD trace; CDt = CD intensity at time t; CD∞,1 = CD intensity at the end of the second reaction step; and CD∞,2 = CD intensity at the end of the third and final reaction steps).



It is worth remarking that due to the nature of the investigated system, small changes in the stock solutions in different sets of experiments lead to a difficulty in exactly reproducing the same values for the final observed CD intensity. For this reasons, all the dependences on the experimental parameters (concentration, pH, ionic strength and temperature) have been evaluated using exactly the same stock solutions of the platinum(II) complex and L-PGA.





4. Conclusions


The formation of chiral supramolecular assemblies starting from achiral building blocks and chiral scaffolds is an intriguing phenomenon. The exact knowledge of all the factors controlling the rates and the extent of aggregation is of paramount interest in order to develop nano-systems with tailored properties. In this particular example, we have been able to follow the kinetic evolution during the supramolecular organization of the chromophores on the polymeric scaffold. The proper choice of the experimental conditions has allowed to detect the various intermediates in the aggregation pathway leading to the eventual adduct. Considering the hydrophobicity of the [Pt(terpy)Me]+ cation and its tendency to self-aggregate or to intercalate into double-stranded DNA [45], we think that these systems could be interesting in the development of potential systems that can interact and interfere with single- and double-stranded nucleic acids or to access new hybrid materials.







Author Contributions


R.Z. and M.A.C. equally contributed to this work; conceptualization, L.M.S.; investigation, A.M., A.R., M.A.C. and R.Z.; formal analysis, A.M., R.Z. and M.A.C.; data curation, M.A.C. and A.R.; writing—original draft preparation, L.M.S.; writing—review and editing, all authors. All authors have read and agreed to the published version of the manuscript.




Funding


The authors thank MUR-FFABR and Next Generation EU, PNRR Samothrace Project (ECS00000022), for their financial support.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data are available upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Badjic, J.D.; Nelson, A.; Cantrill, S.J.; Turnbull, W.B.; Stoddart, J.F. Multivalency and cooperativity in supramolecular chemistry. Acc. Chem. Res. 2005, 38, 723–732. [Google Scholar] [CrossRef] [PubMed]

	



Lehn, J.M. Perspectives in Chemistry—Steps towards Complex Matter. Angew. Chem. Int. Ed. 2013, 52, 2836–2850. [Google Scholar] [CrossRef]

	



Oshovsky, G.V.; Reinhoudt, D.N.; Verboom, W. Supramolecular chemistry in water. Angew. Chem. Int. Ed. 2007, 46, 2366–2393. [Google Scholar] [CrossRef] [PubMed]

	



Cao, S.; Zhang, H.; Zhao, Y.; Zhao, Y. Pillararene/Calixarene-based systems for battery and supercapacitor applications. eScience 2021, 1, 28–43. [Google Scholar] [CrossRef]

	



Tong, F.; Zhou, Y.; Xu, Y.; Chen, Y.; Yudintceva, N.; Shevtsov, M.; Gao, H. Supramolecular nanomedicines based on host–guest interactions of cyclodextrins. Exploration 2023, 3, 20210111. [Google Scholar] [CrossRef]

	



Yan, M.; Wang, Y.; Chen, J.; Zhou, J. Potential of nonporous adaptive crystals for hydrocarbon separation. Chem. Soc. Rev. 2023, 52, 6075–6119. [Google Scholar] [CrossRef]

	



Yan, M.; Wu, S.; Wang, Y.; Liang, M.; Wang, M.; Hu, W.; Yu, G.; Mao, Z.; Huang, F.; Zhou, J. Recent Progress of Supramolecular Chemotherapy Based on Host–Guest Interactions. Adv. Mat. 2023, 35, 2304249. [Google Scholar] [CrossRef] [PubMed]

	



Liu, M.; Zhang, L.; Wang, T. Supramolecular Chirality in Self-Assembled Systems. Chem. Rev. 2015, 115, 7304–7397. [Google Scholar] [CrossRef]

	



Mateos-Timoneda, M.A.; Crego-Calama, M.; Reinhoudt, D.N. Supramolecular chirality of self-assembled systems in solution. Chem. Soc. Rev. 2004, 33, 363–372. [Google Scholar] [CrossRef]

	



Sommerdijk, N.; Buynsters, P.; Akdemir, H.; Geurts, D.G.; Pistorius, A.M.A.; Feiters, M.C.; Nolte, R.J.M.; Zwanenburg, B. Expression of supramolecular chirality in aggregates of chiral amide-containing surfactants. Chem. Eur. J. 1998, 4, 127–136. [Google Scholar] [CrossRef]

	



Besenius, P.; Portale, G.; Bomans, P.H.H.; Janssen, H.M.; Palmans, A.R.A.; Meijer, E.W. Controlling the growth and shape of chiral supramolecular polymers in water. Proc. Natl. Acad. Sci. USA 2010, 107, 17888–17893. [Google Scholar] [CrossRef]

	



Akeroyd, N.; Nolte, R.J.M.; Rowan, A.E. Polyisocyanides. In Isocyanide Chemistry; Wiley-VCH Verlag: Weinheim, Germany; GmbH Co. KGaA: Frankfurt, Germany, 2012; pp. 551–585. [Google Scholar]

	



Castriciano, M.A.; Zagami, R.; Trapani, M.; Romeo, A.; Patane, S.; Scolaro, L.M. Investigation of the Aggregation Properties of a Chiral Porphyrin Bearing Citronellal Meso Substituent Groups. Chirality 2015, 27, 900–906. [Google Scholar] [CrossRef]

	



Palmans, A.R.A.; Meijer, E.W. Amplification of Chirality in Dynamic Supramolecular Aggregates. Angew. Chem. Int. Ed. 2007, 46, 8948–8968. [Google Scholar] [CrossRef] [PubMed]

	



Jia, S.Z.; Tao, T.T.; Xie, Y.J.; Yu, L.Y.; Kang, X.; Zhang, Y.; Tang, W.W.; Gong, J.B. Chirality Supramolecular Systems: Helical Assemblies, Structure Designs, and Functions. Small 2023, 2307874. [Google Scholar] [CrossRef]

	



Dou, X.Q.; Mehwish, N.; Zhao, C.L.; Liu, J.Y.; Xing, C.; Feng, C.L. Supramolecular Hydrogels with Tunable Chirality for Promising Biomedical Applications. Acc. Chem. Res. 2020, 53, 852–862. [Google Scholar] [CrossRef] [PubMed]

	



Xing, P.Y.; Zhao, Y.L. Controlling Supramolecular Chirality in Multicomponent Self-Assembled Systems. Acc. Chem. Res. 2018, 51, 2324–2334. [Google Scholar] [CrossRef]

	



Lv, Z.Y.; Chen, Z.H.; Shao, K.N.; Qing, G.Y.; Sun, T.L. Stimuli-Directed Helical Chirality Inversion and Bio-Applications. Polymers 2016, 8, 310. [Google Scholar] [CrossRef] [PubMed]

	



Travagliante, G.; Gaeta, M.; Purrello, R.; D’Urso, A. Supramolecular Chirality in Porphyrin Self-Assembly Systems in Aqueous Solution. Curr. Org. Chem. 2022, 26, 563–579. [Google Scholar] [CrossRef]

	



Pasternack, R.F.; Bustamante, C.; Collings, P.J.; Giannetto, A.; Gibbs, E.J. Porphyrin Assemblies on DNA as Studied by a Resonance Light-Scattering Technique. J. Am. Chem. Soc. 1993, 115, 5393–5399. [Google Scholar] [CrossRef]

	



D’Urso, A.; Nardis, S.; Pomarico, G.; Fragalà, M.E.; Paolesse, R.; Purrello, R. Interaction of Tricationic Corroles with Single/Double Helix of Homopolymeric Nucleic Acids and DNA. J. Am. Chem. Soc. 2013, 135, 8632–8638. [Google Scholar] [CrossRef]

	



Scolaro, L.M.; Romeo, A.; Pasternack, R.F. Tuning porphyrin/DNA supramolecular assemblies by competitive binding. J. Am. Chem. Soc. 2004, 126, 7178–7179. [Google Scholar] [CrossRef]

	



Ghazaryan, A.A.; Dalyan, Y.B.; Haroutiunian, S.G.; Tikhomirova, A.; Taulier, N.; Wells, J.W.; Chalikian, T.V. Thermodynamics of interactions of water-soluble porphyrins with RNA duplexes. J. Am. Chem. Soc. 2006, 128, 1914–1921. [Google Scholar] [CrossRef] [PubMed]

	



Bustamante, C.; Gurrieri, S.; Pasternack, R.F.; Purrello, R.; Rizzarelli, E. Interaction of Water-Soluble Porphyrins with Single-Stranded And Double-Stranded Polyribonucleotides. Biopolymers 1994, 340, 1099–1104. [Google Scholar] [CrossRef] [PubMed]

	



Pasternack, R.F.; Giannetto, A.; Pagano, P.; Gibbs, E.J. Self-Assembly of Porphyrins on Nucleic-Acids and Polypeptides. J. Am. Chem. Soc. 1991, 113, 7799–7800. [Google Scholar] [CrossRef]

	



Ribo, J.M.; Crusats, J.; Sagues, F.; Claret, J.; Rubires, R. Chiral Sign Induction by Vortices During the Formation of Mesophases in Stirred Solutions. Science 2001, 292, 2063. [Google Scholar] [CrossRef] [PubMed]

	



Escudero, C.; Crusat, J.; Diez-Perez, I.; El-Hachemi, Z.; Ribo, J.M. Folding and hydrodynamic forces in J-aggregates of 5-phenyl-10,15,20-tris-(4-sulfo-phenyl)porphyrin. Angew. Chem. Int. Ed. 2006, 45, 8032–8035. [Google Scholar] [CrossRef] [PubMed]

	



Arteaga, O.; Canillas, A.; Purrello, R.; Ribo, J.M. Evidence of induced chirality in stirred solutions of supramolecular nanofibers. Opt. Lett. 2009, 34, 2177–2179. [Google Scholar] [CrossRef]

	



El-Hachemi, Z.; Balaban, T.S.; Campos, J.L.; Cespedes, S.; Crusats, J.; Escudero, C.; Kamma-Lorger, C.S.; Llorens, J.; Malfois, M.; Mitchell, G.R.; et al. Effect of Hydrodynamic Forces on meso-(4-Sulfonatophenyl)-Substituted Porphyrin J-Aggregate Nanoparticles: Elasticity, Plasticity and Breaking. Chem. Eur. J. 2016, 22, 9740–9749. [Google Scholar] [CrossRef]

	



Crusats, J.; El-Hachemi, Z.; Ribo, J.M. Hydrodynamic effects on chiral induction. Chem. Soc. Rev. 2010, 39, 569. [Google Scholar] [CrossRef] [PubMed]

	



D’Urso, A.; Randazzo, R.; Lo Faro, L.; Purrello, R. Vortexes and Nanoscale Chirality. Angew. Chem. Int. Ed. 2010, 49, 108–112. [Google Scholar] [CrossRef]

	



Sun, J.S.; Li, Y.K.; Yan, F.S.; Liu, C.; Sang, Y.T.; Tian, F.; Feng, Q.; Duan, P.F.; Zhang, L.; Shi, X.H.; et al. Control over the emerging chirality in supramolecular gels and solutions by chiral microvortices in milliseconds. Nat. Commun. 2018, 9, 2599. [Google Scholar] [CrossRef]

	



Nicosia, A.; Vento, F.; Marletta, G.; Messina, G.M.L.; Satriano, C.; Villari, V.; Micali, N.; De Martino, M.T.; Schotman, M.J.G.; Mineo, P.G. Porphyrin-Based Supramolecular Flags in the Thermal Gradients’ Wind: What Breaks the Symmetry, How and Why. Nanomaterials 2021, 11, 1673. [Google Scholar] [CrossRef]

	



Mineo, P.; Villari, V.; Scamporrino, E.; Micali, N. New Evidence about the Spontaneous Symmetry Breaking: Action of an Asymmetric Weak Heat Source. J. Phys. Chem. B 2015, 119, 12345–12353. [Google Scholar] [CrossRef] [PubMed]

	



Po, C.; Tam, A.Y.Y.; Wong, K.M.C.; Yam, V.W.W. Supramolecular Self-Assembly of Amphiphilic Anionic Platinum(II) Complexes: A Correlation between Spectroscopic and Morphological Properties. J. Am. Chem. Soc. 2011, 133, 12136–12143. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.F.; Gao, Z.C.; Wang, C.; Zhong, R.L.; Wang, F. Recent progress on supramolecular assembly of organoplatinum(II) complexes into long-range ordered nanostructures. Coord. Chem. Rev. 2020, 414, 213300. [Google Scholar] [CrossRef]

	



Zhang, K.K.; Yeung, M.C.L.; Leung, S.Y.L.; Yam, V.W.W. Living supramolecular polymerization achieved by collaborative assembly of platinum(II) complexes and block copolymers. Proc. Natl. Acad. Sci. USA 2017, 114, 11844–11849. [Google Scholar] [CrossRef] [PubMed]

	



Leung, S.Y.L.; Wong, K.M.C.; Yam, V.W.W. Self-assembly of alkynylplatinum(II) terpyridine amphiphiles into nanostructures via steric control and metal-metal interactions. Proc. Natl. Acad. Sci. USA 2016, 113, 2845–2850. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, K.; Ching-LamYeung, M.; Yu-LutLeung, S.; Yam, V.-W. Manipulation of Nanostructures in the Coassembly of Platinum(II) Complexes and Block Copolymers. Chem 2017, 2, 825–839. [Google Scholar] [CrossRef]

	



Zheng, X.Y.; Chan, M.H.Y.; Chan, A.K.W.; Cao, S.Q.; Ng, M.; Sheong, F.K.; Li, C.; Goonetilleke, E.C.; Lam, W.W.Y.; Lau, T.C.; et al. Elucidation of the key role of Pt-Pt interactions in the directional self-assembly of platinum(II) complexes. Proc. Natl. Acad. Sci. USA 2022, 119, 2307874. [Google Scholar] [CrossRef]

	



Zhang, K.K.; Yeung, M.C.L.; Leung, S.Y.L.; Yam, V.W.W. Energy Landscape in Supramolecular Coassembly of Platinum(II) Complexes and Polymers: Morphological Diversity, Transformation, and Dilution Stability of Nanostructures. J. Am. Chem. Soc. 2018, 140, 9594–9605. [Google Scholar] [CrossRef]

	



Eryazici, I.; Moorefield, C.N.; Newkome, G.R. Square-planar Pd(II), Pt(II), and Au(III) terpyridine complexes: Their syntheses, physical properties, supramolecular constructs, and biomedical activities. Chem. Rev. 2008, 108, 1834–1895. [Google Scholar] [CrossRef]

	



Cummings, S.D. Platinum complexes of terpyridine: Interaction and reactivity with biomolecules. Coord. Chem. Rev. 2009, 253, 1495–1516. [Google Scholar] [CrossRef]

	



Kang, H.W.; Lee, J.H.; Seo, M.L.; Jung, S.H. Platinum(II) terpyridine-based supramolecular polymer gels with induced chirality. Soft Matter 2023, 19, 9365–9368. [Google Scholar] [CrossRef]

	



Arena, G.; Monsù Scolaro, L.; Pasternack, R.F.; Romeo, R. Synthesis, Characterization, and Interaction with DNA of the Novel Metallointercalator Cationic Complex (2,2′6′,2″-Terpyridine)Methylplatinum(II). Inorg. Chem. 1995, 34, 2994–3002. [Google Scholar] [CrossRef]

	



Casamento, M.; Arena, G.E.; Lo Passo, C.; Pernice, I.; Romeo, A.; Scolaro, L.M. Interaction of organometallic cationic complex ions containing terpyridine ligands with nucleic acids: An investigation on aggregative phenomena. Inorgica Chim. Acta 1998, 276, 242–249. [Google Scholar] [CrossRef]

	



Sato, Y.; Hatano, M.; Yoneyama, M. Neutral Salt Effect on Interaction of Poly-Alpha, L-Glutamic Acid With Acridine-Orange. Bull. Chem. Soc. Jpn. 1973, 46, 1980–1983. [Google Scholar] [CrossRef]

	



Stryer, L.; Blout, E.R. Optical Rotatory Dispersion of Dyes Bound to Macromolecules. Cationic Dyes: Polyglutamic Acid Complexes. J. Am. Chem. Soc. 1961, 83, 1411–1418. [Google Scholar] [CrossRef]

	



De Luca, G.; Romeo, A.; Scolaro, L.M.; Pasternack, R.F. Conformations of a model protein revealed by an aggregating Cu(II) porphyrin: Sensing the difference. Chem. Commun. 2010, 46, 389–391. [Google Scholar] [CrossRef] [PubMed]

	



Occhiuto, I.; De Luca, G.; Villari, V.; Romeo, A.; Micali, N.; Pasternack, R.F.; Scolaro, L.M. Supramolecular chirality transfer to large random aggregates of porphyrins. Chem. Commun. 2011, 47, 6045–6047. [Google Scholar] [CrossRef]

	



Scolaro, L.M.; Romeo, A.; Terracina, A. Supramolecular assembling of the cationic complex (2,2′:6′,2″-terpyridine)methylplatinum(II) ion on alpha-helical poly(L-glutamic acid). Chem. Commun. 1997, 1451–1452. [Google Scholar] [CrossRef]

	



Pasternack, R.F.; Collings, P.J. Resonance Light-Scattering—A New Technique for Studying Chromophore Aggregation. Science 1995, 269, 935–939. [Google Scholar] [CrossRef] [PubMed]

	



Cantor, C.R.; Schimmel, P.R. Biophysical Chemistry Part I; W.H.F.A. Co.: New York, NY, USA, 1980. [Google Scholar]

	



Bailey, J.A.; Hill, M.G.; Marsh, R.E.; Miskowski, V.M.; Schaefer, W.P.; Gray, H.B. Electronic Spectroscopy of Chloro(terpyridine)platinum(II). Inorg. Chem. 1995, 34, 4591–4599. [Google Scholar] [CrossRef]

	



Romeo, R.; Scolaro, L.M.; Plutino, M.R.; Albinati, A. Structural properties of the metallointercalator cationic complex (2,2′:6′,2″-terpyridine)methylplatinum(II) ion. J. Organomet. Chem. 2000, 593, 403–408. [Google Scholar] [CrossRef]








[image: Ijms 25 01176 sch001] 





Scheme 1. Molecular structure of (A) the metal complex [Pt(terpy)Me]+ and (B) stick model for the α-helix of L-PGA. 






Scheme 1. Molecular structure of (A) the metal complex [Pt(terpy)Me]+ and (B) stick model for the α-helix of L-PGA.



[image: Ijms 25 01176 sch001]







[image: Ijms 25 01176 g001] 





Figure 1. UV/Vis extinction spectra of the cationic complex [Pt(terpy)Me]Cl in acetate buffer (black line), after 5 min of mixing with L-PGA (blue line) and after 1 h (red line). Experimental conditions: [Pt] = 25 μM; [L-PGA] = 50 μM (MW 13.6 kD); acetate buffer 5 mM, pH = 4.5; T = 298 K; and cell path length of 1 cm. 
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Figure 2. RLS spectra following the interaction of the cationic complex [Pt(terpy)Me]Cl with L-PGA. The bold black line refers to a net sample of L-PGA, while the red line is the RLS profile of the final aggregated species. Experimental conditions: [Pt] = 25 μM; [L-PGA] = 50 μM (MW 13.6 kD); acetate buffer 5 mM, pH = 4.5; T = 298 K; and cell path length of 1 cm. 
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Figure 3. (a) CD spectral changes (upper panel) and (b) kinetic trace collected at 280 nm (lower panel) following the interaction of the cationic complex [Pt(terpy)Me]Cl with L-PGA. Experimental conditions: [Pt] = 25 μM; [L-PGA] = 50 μM (MW: 13.6 kD); acetate buffer 5 mM, pH = 4.5; T = 298 K; and cell path length of 1 cm. 
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Figure 4. Dependence of the observed rate constants (kobs1, black circles; kobs2, red squares; kobs3, blue triangles) for the three first-order consecutive steps following the interaction of the cationic complex [Pt(terpy)Me]Cl with L-PGA as a function of the L-PGA concentration (MW 13.6 kD). Experimental conditions: [Pt] = 25 μM; acetate buffer 5 mM, pH = 4.5; and T = 298 K. The inset reports the intensity of the ellipticity measured at 280 nm as a function of [L-PGA]. 
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Figure 5. Dependence of the observed rate constants for the second first-order step relative to the interaction of the cationic complex [Pt(terpy)Me]Cl with L-PGA as a function of pH. Experimental conditions: [Pt] = 18 μM; [L-PGA] = 36 μM (MW: 13.6 kD); acetate buffer 5 mM; and T = 298 K. The inset reports the intensity of the ellipticity measured at 280 nm as a function of pH, under the same experimental conditions. 
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Figure 6. (a) Dependence of the observed rate constants for the second first-order step relative to the interaction of the cationic complex [Pt(terpy)Me]Cl with L-PGA as a function of [NaCl] (upper panel). The inset displays the corresponding changes in the intensity of the CD band at 280 nm. (b) Dependence of the light scatting intensity on the increase in the ionic strength (lower panel). Experimental conditions: [Pt] = 25 μM; [L-PGA] = 50 μM (MW: 13.6 kD); acetate buffer 5 mM, pH 4.5; and T = 298 K. 
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Figure 7. (a) Dependence of the light scattered intensity at t = 0 (I0, (black line)) and at the end of the three consecutive steps (I1 (red line), I2 (green line) and I3 (blue line)) (upper panel), and (b) the observed rate constants for the three consecutive first-order steps (kobs1, blue line; kobs2; red line; kobs3, black line) after mixing the cationic complex [Pt(terpy)Me]Cl with L-PGA as function of the molecular weight of L-PGA (lower panel). Experimental conditions: [Pt] = 25 μM; [L-PGA] = 50 μM; acetate buffer 5 mM pH 4.5, T = 298 K. 
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Figure 8. Dependence of the observed rate constants for the second first-order step relative to the interaction of the cationic complex [Pt(terpy)Me]Cl with L-PGA as function of [Pt]. The inset displays the corresponding changes in the intensity of the CD band at 280 nm. Experimental conditions: [L-PGA] = 50 µM (PGA, MW 13.6 kD); acetate buffer 5 mM pH 4.5, T = 298 K. 
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Figure 9. Dependence of the observed rate constants for the second first-order step relative to the interaction of the cationic complex [Pt(terpy)Me]Cl with L-PGA as a function of temperature. The inset displays the corresponding changes in the intensity of the CD band at 280 nm. Experimental conditions: [Pt] = 25 μM; [L-PGA] = 50 μM (L-PGA, MW: 13.6 kD); and acetate buffer 5 mM, pH 4.5. 
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Figure 10. Schematic model for the supramolecular adduct formed by the cationic complex [Pt(terpy)Me]Cl (light blue boxes) with L-PGA’s α-helix (black lines). The indexes and the colored (red and green) circles mark the succession of the charged carboxylate groups on the polymer backbone. 
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Scheme 2. Proposed mechanistic pathway for the formation of the supramolecular adduct of [Pt(terpy)Me]Cl on L-PGA. 
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Figure 11. CD spectra for the various intermediate species formed in the aggregation process of [Pt(terpy)Me]Cl on L-PGA: Pt@L-PGA1 (blue line), Pt@L-PGA2 (black line) and Pt@L-PGA3 (red line). 
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