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Abstract

:

Laponite is an artificial nanoclay available in large quantities and at low cost. This marterial represents an efficient and suitable way of delivering hydrophobic vital dyes without the need for chemical functionalization. Laponite is available in large quantities and at low cost, then it would be an efficient way of delivering hydrophobic vital dyes without the need for chemical functionalization. The hydrodynamic diameter of laponite extrapolated to infinite dilution indicates that this clay is completely exfoliated. Furthermore, the hydrodynamic diameter in the laponite-Indocyanine green-water ternary system, at a fixed laponite concentration (2% (m/m)) exhibits a saturation curve. It was found that the extrapolated diameter at dye zero concentration is smaller than in pure water. Absorption spectra with fixed concentration of dye exhibit a red shift of 10–13 nm. On the contrary, the spectra acquired at a constant concentration of laponite do not undergo any displacement. The deconvolution of the spectra with two Gaussian peaks allows to calculate the concentration of the monomeric and dimeric species. The results were interpreted as a synergy between the dye dimerization balance and the dye-laponite binding.
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1. Introduction


Laponite (LAP) is an artificial clay, consisting of a three-dimensional network containing two tetrahedral silica interspersed with one octahedral magnesia. This structure gives the LAP molecule the ability to form gel-like structures in aqueous media [1]. In recent years, there has been great demand to use LAP, also khown as artificial hectorite, in biomedical field [2]. The choice of LAP is crucial for in-vitro and in-vivo bio-imaging analyses. In this regard, the research has focused on the study of LAP-dye interactions in order to solubilize a hydrophobic dye without the need for chemical functionalizations [3]. Very recently, chemometric methods are being considered as potential systems in preparing dye biosorption from ternary system for diagnostic and environmental sectors [4,5,6,7]. Due to their ability of absorbing light in the visible and near-infrared regions, cyanine dyes are used to color images of biological systems. Among the vital dyes [8], indocyanine green (ICG) is widely used to stain epiretinal membranes during microsurgery. Indeed, this dye exhibits a marked absorption around 800 nm where blood and other biological tissues are transparent. Such molecule has to be administered as salt solution, however ICG aqueous solutions give rise to side reactions of aggregation and degradation which reduce the performance of the dye [9]. This implies that it must be used quickly, otherwise it loses its effectiveness. Pre-clinical studies performed on animals have shown that ICG molecules are potentially toxic to pre-retinal membranes [10].



Although, several studies accounts for many of the physical properties of ICG solutions, a number of phenomena remains unexplained. For example, the correlation between associative ability of dye and its toxicity observed in-vivo experiments. Obviously, if one reduces the dye dosage the success of surgery may be compromised. Alternatively, a nanocarrier may be used for the transportation of the dye to the target site. Recently, we proposed to administer the vital dyes in the form of liposomal dispersions [11]. It was suggested that smectic clays in general and LAP in particular have the characteristics of suitable drug-carriers. It was suggested that smectic clays in general have the characteristics of suitable drug-carriers [12,13,14]. Particularly, LAP was found to be a good nano-carrier for effectively delivering cancer drugs such as doxorubicin [15]. The particular LAP form consisting of an octahedral magnesia sheet sandwiched between two tetrahedral silica sheets may be exploited for delivering of ICG to a specific tissue. In order to understand the dye delivery mechanism, some properties such as the dielectric constant [16] of the medium, the partial molar volumes [17] or more generally the LAP-ICG-water interactions have to be known. Herein, the LAP-ICG-water interactions are investigated both by dynamic ligth scattering and UV.Vis spectroscopy. The deconvolution of the absorption spectra is used to determine the concentration of the monomeric and dimeric species. To rationalize the results, a model, where the dimerization and binding equilibria cooperate, is suggested.




2. Materials and Methods


2.1. Chemicals


Laponite (RD) powder identified by the chemical formula Na+0.7[Si8Mg5.5O20(OH)4]-0.7 was kindly offered by Rockwood Additives BYK. Indocyanine green (ICG) was purchased from Patheon Italia S.p.a., Italy. The commercial product, ICG-PULSION was medical grade compound, i.e., injectable commercial solution and was used without purification.




2.2. Uv-Vis Spectroscopy


Spectra, in the 200–900 nm wavelength range, were recorded at room temperature on a Cary 100 Varian UV-Vis equipped with a thermostated cell of 1 cm ligth-path.




2.3. Samples Preparations


Freshly ultrapure water was used to prepare all the solutions. LAP suspensions were prepared by dispensing LAP powder in milli-pore water and subsequent by stirring for 24 h. ICG solutions were prepared by dilution from a stock solution. The final LAP-IGC-Water ternary system were prepared by adding IGC solutions to LAP dispersions at a fixed concentration of 0.25, 1%, 2% and 3%. IGC (CICG) concentrations were used in the rage of 2.45–24.5  μ M.




2.4. Dynamic Light Scattering


The average hydrodynamic diameter values of the ternary systems were determined at 25    ∘  C by means of dynamic light scattering (DLS) and electrophoretic mobility measurements using a Malvern UK Zetasizer-Nano ZS90 commercial instrument operating with a 4 mW He-Ne laser (633 nm wavelength). DLS records were collected leaving the instrument free to optimize the instrumental parameters. The size distribution by intensity of scattered light was recovered, using the software implemented by the manufacturer, by taking the inverse Laplace transform of the ACF and subsequent application of Stokes-Einstein equation, assuming the viscosity of the water solution at 25    ∘  C.





3. Results and Discussion


3.1. Z-Average Measurements


Plate-like particles of sodium laponite consist of an octahedral magnesia sheet sandwiched between two tetrahedral silica sheets. In the tetrahedral sheet, few magnesium atoms are substituted with lithium atoms. This replacement is usually referred to as isomorphic substitution, i.e., an atom of higher valency is replaced by one of lower valency. This results in a deficit of positive charge or an excess of negative charge. Thus, the faces of the clay platelets become negatively charged and these negative charges are compensated by counterions Na+. As schematically illustrated in Figure 1 the replacement of Mg2+ with Li+ results in an excess of negative charge in the faces of LAP-platelet.



Although the shape of LAP particles is not spherical, the quantity Z-average, measured by DLS provide the size of the dynamic solvated particles. In other words, Z-average, is the diameter of a sphere that has the same translational diffusion coefficient as the particle being measured. Such a parameter is experimentally calculated as harmonic intensity weighted arithmetic average particle diameter, i.e.,


   d z  =    ∑ i   I i     ∑ i    I i   d i      



(1)




where   I i   and i and   d i   are the scattered intensity and diameter of particle i.



In Figure 2,   d z   vs. LAP mass fraction,   W  L A P   , is plotted for the binary system LAP-water. It is apparent that the diameter is directly proportional to LAP concentration for mass fraction below 0.03. This behavior with concentration can be considered as a compromise between those forces which pull molecules together and those which push them apart. To determine the structural propensity of the LAP, it is necessary to have the system where only LAP-solvent interactions exist. This situation is possible at infinite dilution where the LAP-LAP interactions are negligible and predominate LAP-solvent interactions. Since the particles of such a state are separated by an infinite distance, the simplification introduced by assumption of infinite dilution is that the disturbance of the flow of the solvent by given particle does not overlap with the disturbance of flow caused by the presence of a second suspended particle.



Experimental data of Figure 2 show a linear relationship between   d z   and   W  L A P   , then the extrapolation is easily done by fitting the data to a polynomial of degree 1. The fitting provides    d  z  ∞  = 34 ± 7   nm. This value, practically identical to the diameter of a single LAP disc, indicates that the synthetic clay in the state of infinite dilution is completely exfoliated.



If a small amount of ICG is added the resulting ternary system has a rather different and peculiar hydrodynamic behavior.



Figure 3 shows   d z   vs. ICG concentration, (  C  I C G   ), for the ternary system with LAP mass fraction fixed at   0.02  . As one can see, for    C  I C G   > 12  μ  M,   d z = 176   nm remains practically constant, furthermore such value is greater than the corresponding,   d z = 109   nm, measured in the binary system LAP-water. For    C  I C G   < 13  μ  M,   d z   decreases. Interestingly the diameter extrapolated to zero-  C  I C G     d  z  ∞   is significantly lower than the   d z   measured in the binary system containing 2% (w/w) of LAP.



In order to correctly interpret results of Figure 3, we recall that the experiments were performed with commercial ICG, surgically used for tissue perfusion. This is a saline solution for infusion, therefore an increase in the concentration of dye induces an increase in ionic strength. A higher ionic strength causes an aggregation of ICG via  π – π  stacking, hence an increase in   d z   is observed [18].




3.2. Absorption Spectra


A ICG molecule contains conjugated system with alternating double bonds. Accordingly, electrons in the  π -bonds are delocalized on the entire conjugated chain. Depending on the length of conjugated chain, absorption bands appear in the different energy of the UV-Visible spectral region.



Since ICG molecules are predict to be planar molecule owing to the extensive conjugation throughout the molecules, it is possible to stack them on top of each other [19,20]. Upon the formation of dimer, molecular orbitals interact and a new peak is created. Thus, in pure water ICG absorption spectrum essentially presents two peaks. The first centered at 780 nm attributable to the monomer (M-band), the second centered at 715 nm constitutes the dimer band (D-Band) [21]. In Figure 4, ICG absorption spectra, recorded both in binary systems ICG-water and in ternary system LAP-ICG-water with 1, 2 or 3%, are plotted for each ICG concentration investigated.



The aspects emerging from the spectra are essentially two. First, at each concentration of dye, the spectra acquired in the presence of 1, 2 or 3% of LAP are superimposable. Second, the spectra in the ternary system undergo a marked red-shift of about 13–15 nm with respect to the corresponding spectrum in pure water (blue curves in Figure 4).



Generally, the absorption spectra are analyzed by monitoring the maximum absorption. Recently, some of us showed that this procedure can hardly capture information about the molecular structure and they defined the integral absorbance which allows us to generalize Beer’s law. Mathematically it assume the following form


   A ¯   ( C )  =  ∫   λ 1    λ 2   A  ( λ , C )  d λ  



(2)




where  λ  is a wavelength (in nm) within the experimental interval   [  λ 1  ,  λ 2  ]   and C is the molar concentration of the dye. Theì integral absorbance is proportional to the concentration of the absorbent species. It is intuitive that whenever solvation occurs in solution it has a marked effect on the thermodynamic properties of the solution. It is not quite so obvious that association effects, when occur, are also pf major importance. The reason for this is that the extent of association is a strong function of the composition, especially in the range which is dilute with respect to the associating component. On the other hand, Figure 4 highlights that absorption profiles overlap two spectra. This was confirmed by deconvolving the absorption profiles with two Gaussian peaks, as shown in Figure 5. The same procedure was applied to all measured absorption profiles.



The total ICG concentration the dye-water system and in the ternary LAP-ICG-water system was the same, therefore by applying Equation (2) to all peaks, the monomer and dimer concentration in the individual systems is evaluated. The results are collected in Table 1.



Table 1 shows that, for a fixed ICG concentration, the monomer concentration in the ternary system is greater than in the corresponding binary system containing the same dye concentration. Correspondingly, the concentration of the dimeric species is reduced.



The ability of a molecule associate is closely related to its electronic structure. An ICG molecule has two nitrogen atoms, one positive, the other partially positive. As a result, the ICG molecule can anchor itself to the negatively charged LAP disk. Thus, a reasonable way to explain results of Table 1 is that association and binding equilibria take place in solution. Association refers to formation of dimers


  ICG + ICG ⇄  ICG 2   



(3)







Binding refers to formation of a chemical aggregate of two or more molecules which at least two are ICG and LAP


  LAP + ICG ⇄ LAP − ICG  



(4)




In the binary system ICG-water only equilibrium (3) can occur, on the contrary in the ternary system LAP-ICG-water both equilibria take place. This implies that equilibrium (4) removes monomer from the dimerization process and, by virtue of Le Chatelier’s principle, part of the dimer breaks down to form monomer. In other words, the total amount of dimer is reduced.



The empirical formula of the LAP-RD is known to be Na+0.7[Si8Mg5.5O20(OH)4]-0.7 [1]. Based on this formula, the molecular mass of the LAP is 762 g·mol    − 1    while the molecular mass of the ICG is 776 g·mol    − 1   .



As it is seen, the molecular masses are very similar so that 1% of LAP represents a large excess in molecular terms. Moreover, equilibrium establishes that, in the presence of large LAP excess, the amount of complex produced depends only on ICG concentration. Hence, if ICG concentration is kept fixed in the experiment, the absorption spectra acquired at 1, 2 and 3% of LAP overlap.



The positive charge on the nitrogen atoms makes the LAP-ICG interaction stable enough to hold the molecules close together. Accordingly, their molecular orbitals split into bonding and anti-bonding pairs. Thus, the molecule is more stable and the resulting transition energy red shifted.



In Figure 6 absorption spectra of ICG are displayed, for a fixed LAP concentration. As it is immediately seen, maxima of absorption bands do not undergo shifts, reiterating that it depends on the LAP concentration. Furthermore, the area subtended by each spectrum depends not only on ICG concentration, but also on constants of equilibria (3) and (4).



We proved that integral absorbance is given by following expression


   A ¯   ( C )  =   ϵ 1  ¯  ℓ  [  ICG  ]  +   ϵ 2  ¯  ℓ   [  ICG  ]  2  +   ϵ 3  ¯  ℓ  [  ICG − LAP  ]   



(5)




where [...] is the molar concentration,    ϵ i  ¯   is the integral molar extinction coefficient and ℓ is the light path length.


      [       ICG 2       ]  =  K 1  ·   [ I C G ]  2      



(6)






      [ L A P − I C G ]  =  K 2  ·  [      LAP      ]   [      ICG      ]      



(7)







Using the method described in detail in reference [21], the dye concentration is given by


  C =   − Γ +    Γ 2  + 8  K 1  C     4  K 1     



(8)




where   Γ = 1 +  K 2   [      LAP      ]    has been used.



We assume     8  K 1    Γ 2   C ≪ 1  , so that Equation (8) can be developed into Taylor series, obtaining


   [  ICG  ]  =  C Γ  + . . .  



(9)






   A ¯  =     ϵ 1  ¯  +   ϵ 3  ¯   K 3   [  LAP  ]   Γ  C +   2  K 1    ϵ 1  ¯   Γ   C 2   



(10)







If the LAP concentration is kept constant in the experiment, the Equation (10) predicts a parabolic relationship between   A ¯   the dye concentration. It is worth noting that the quadratic term in Equation (10) is positive, i.e.,


  2    K 1    ϵ ¯  1   Γ  > 0  



(11)




Equation (11) means that the function    A ¯   ( C )    turns its concavity upward. Experimental results, plotted in Figure 7, seem confirm the model prediction. Moreover, the fitting parameters of each curve of Figure 7, i.e., for each LAP concentration, allow to estimate   K 1  .





4. Conclusions


The problem of delivering a vital dye toward a particular cells with a nano-carrier, is identical in certain respect to deliver cancer-drug. To address this problem, it is necessary to know which interactions are involved in the association/aggregation process to create the carrier nanocavities. The LAP ability to associate in water was monitored by dz measurements. The plot of   d z   vs. WLAP shows that LAP aggregates, however up to 3% (m/m) does not give rise to three-dimensional networks. The experimental results extrapolated to    W  L A P   = 0   provide a value of dz very close to the diameter of the single LAP disk. Thus, in conditions of high dilution the LAP is completely exfoliated. The plot of   d z   vs.   C  I C G   , in the LAP-ICG-water ternary system with fixed    W  L A P   = 2 %  , shows a saturation trend. Interestingly, dz extrpolated to    C  I C G   = 0   is significantly smaller than in pure water at the same mass percentage. The absorption spectra of ICG in the ternary system LAP-ICG-water, acquired, at a fixed concentration of ICG, and for    W  L A P   =   1, 2, and 3% are perfectly superimposable. Furthermore the absorption peaks, with respect to the spectrum in water, shift in the red of about 10–13 nm. Furthermore, if   W  L A P    is fixed and the   C  I C G    is varied, the absorption spectra do not undergo any spectral shift, but only decrease in intensity due to a decrease in   C  I C G   . It was shown that IGG in water exists predominantly as monomeric and dimeric specie. With this in view, the deconvolution of the absorption spectra by two Gaussian peaks, was applied for determining both the monomer and dimer concentration. Results show that, in the ternary system, increasing the ICG concentration reduces the dimer amount and increases that of the monomer. These experimental evidences are interpreted by means of synergy between the dimerization equilibrium and a LAP-ICG binding equilibrium. Obviously, in the ICG-water binary system only the dimerization equilibrium can exist, then the monomer and dimer concentration is uniquely determined by its equilibrium constant. In the ternary system, both equilibria exist and the concentrations of the dimer and the monomer are regulated by their simultaneous presence. By virtue of the Le Chatelier principle, if the monomer binds to the LAP discs, a certain dimer amount must be broken to restore a new dimerization equilibrium. Therefore the dimer concentration is reduced.
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Figure 1. Illustration of the LAP nanoscystal geometry (disk shape) and chemical structure. The circular surfaces of the crystal posses a negative charge due to substitution of Mg2+ by Li+ in octahedral layer of the crystal. The edges have a positive charge depending on the protonation of the exposed hydroxyl groups. 
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Figure 2. LAP Hydrodynamic diameter in binary mixtures at 25    ∘  C. The extrapolated value at infinite dilution is very close to the diameter of a single LAP disk. 
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Figure 3. Hydrodynamic LAP diameter in ternary LAP-IGG-water system with fixed mass fraction of LAP   W  L A P    = 0.02. (the curve is a guide for the eyes). 
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Figure 4. Absorption spectra of ICG in ternary systems LAP-ICG-water. In the presence of the clay absorption peaks are shifted towards right of about 13 nm (red shift). The number in the each plot is the ICG concentration expressed in  μ M. 
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Figure 5. Monomer and dimer concentration calculated by the deconvolution of absorption spectra with two Gaussian peaks. 
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Figure 6. Absorptionspectrum in ternary LAP-ICG-water system with constant LAP mass fraction. By varying the ICG concentration, the absorption peaks do not shift, they only decrease in intensity. The number in the plot indicates the percentage (m/m) of LAP. 
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Figure 7. Integral absorbance as a function of ICG concentration for three fixed LAP concentrations (1%, 2% and 3%). Numerical analysis reveals that experimental data are best-fitted by a polynomial of degree 2. This confirm the prediction of Equation (10). 
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Table 1. Concentration of the monomer and of the dimer calculated with the deconvolution of the spectra with two Gaussian peaks.
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    C ICG    

	
    W LAP    

	
    C M    

	
    C D    




	
(  μ  M)

	
(%)

	
(  μ  M)

	
(  μ  M)






	
67.1

	
0

	
33.9

	
16.6




	
16.8

	
0

	
5.90

	
5.40




	
3.68

	
0

	
1.28

	
1.20




	
67.1

	
1

	
34.8

	
16.2




	
16.8

	
1

	
9.40

	
3.70




	
3.68

	
1

	
2.6

	
0.54




	
67.1

	
2

	
34.8

	
16.2




	
16.8

	
2

	
9.50

	
3.70




	
3.68

	
2

	
2.70

	
0.49




	
67.1

	
3

	
34.9

	
16.1
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