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Abstract: In this work, we propose a comprehensive experimental study of the diffusion of nickel
ions in combination with different cyclodextrins as carrier molecules for enhanced solubility and
facilitated transport. For this, ternary mutual diffusion coefficients measured by Taylor dispersion
method are reported for aqueous solutions containing nickel salts and different cyclodextrins (that
is, ®-CD, 3-CD, and y-CD) at 298.15 K. A combination of Taylor dispersion and other methods,
such as UV-vis spectroscopy, will be used to obtain complementary information on these systems.
The determination of the physicochemical properties of these salts with CDs in aqueous solution
provides information that allows us to understand solute—solvent interactions, and gives a significant
contribution to understanding the mechanisms underlying diffusional transport in aqueous solutions,
and, consequently, to mitigating the potential toxicity associated with these metal ions. For example,
using mutual diffusion data, it is possible to estimate the number of moles of each ion transported
per mole of the cyclodextrin driven by its own concentration gradient.

Keywords: cyclodextrins; diffusion; multicomponent systems; nickel ions; transport properties

1. Introduction

Cyclodextrins (CDs) are cyclic oligomers composed of glucopyranose units inter-
connected through «-1,4 glycosidic bonds. Among the most frequently found CDs, the
o-, -, and y-cyclodextrin variants stand out, consisting, respectively, of six, seven, and
eight glucose units. These molecules are soluble in water and have a distinct hydrophobic
cavity [1,2].

The most notable feature of cyclodextrins is their distinct ability to form inclusion
complexes, both in the solution and in the solid state, in which each guest molecule
is enveloped by the hydrophobic environment of the CD cavity. Such complexes are
called guest-host complexes [3]. Cyclodextrins have the ability to form complexes with
inorganic salts and cations, mainly stable metal ions, which makes them beneficial in
several industries, such as pharmaceuticals, cosmetics, textiles, and food [3-5]. In aqueous
solutions, cyclodextrin molecules tend to incorporate water molecules into their molecular
structure, just as metallic salts can adopt the form of neutral hydrates or ionic species.
Cyclodextrins have multiple hydroxyl groups, primary and secondary, which can offer
coordination sites suitable for binding with metal ions, forming covalent bonds in basic pH
environments, where hydroxyl groups can be deprotonated and act as nucleophiles [4].
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Due to the characteristics already described and the versatility of cyclodextrins, this
study evaluates their application in mitigating the potential toxicological effects of nickel
ions released from intra-oral devices.

Dental alloys containing nickel have been widely used for years due to their me-
chanical properties [6]. Ni-Cr alloys have been applied in the manufacture of crowns
and bridges, although nowadays they have fallen into disuse in fixed prosthodontics [7].
Nickel-titanium alloys, also known as Nitinol, are actually widely used in components of
orthodontic appliances due to their effectiveness and durability [8,9]. It is also important
to highlight that due to the longevity of conventional orthodontic treatments, patients are
exposed for many months to the presence of orthodontic metallic components in the oral
cavity, which promotes the occurrence of corrosion and wear [9-11], and is susceptible
to the eventual release of metallic ions from them [8,12,13]. It is essential to note that
prolonged exposure to a small amount of this transition metal can affect various cellular
functions and also trigger cytotoxic and mutagenic effects [14-17]. The genetic effects
induced by nickel have also been reported in the literature, including damage to DNA and
inhibition of enzymes involved in its repair [18,19].

Cyclodextrins have been explored and applied in the production of elixirs and mouth-
washes [20-24]. Their wide use in the pharmaceutical field is due to factors, such as low
toxicity and safety for human use, low immunogenicity, good cost-effectiveness, and avail-
ability. In addition, they are not subject to microbial resistance, increase the stability and
solubility of drugs while improving their absorption, mask unpleasant tastes or unwanted
odors of certain compounds, regulate the controlled release of drugs, mitigate local and
systemic toxicity, improve permeability across biological barriers [3,25-29], and mitigate
local and systemic toxicity [22,30].

The evaluation of the diffusion behavior of nickel, in the form of nickel salts in the
presence of x-, 3-, and y-cyclodextrins using the Taylor dispersion technique, allows for
conclusions to be drawn about the effect of these carbohydrates on the diffusion of this
salt, as well as has the potential to provide the scientific and technological community with
some values of important parameters in transport processes in solutions. These data may
prove useful in the formulations of mouthwashes and mouth rinses.

2. Results
2.1. Diffusion Measurements

Table 1 shows the pH values for 0.001 mol dm 2 NiCl, solutions without and with
cyclodextrins (a-CD, B-CD, or v-CD).

Table 1. pH ®) measurements for 0.001 mol dm 3 NiCl, solutions without and with cyclodextrins
(i.e., a-CD, B-CD, or 1-CD at 0.001 mol dm~3).

Aqueous System pH
NiCl, 6.08
NiCl,,«-CD 6.20
NiCl,,B-CD 5.98
NiCl,,y-CD 6.14
a-CD 6.40

3-CD 6.00
v-CD 5.95

@) From pH meter calibration results with a zero pH of 6.21 & 0.03 and a sensitivity higher than 98.7% at 298.15 K.

From Table 1, it is observed that for solutions containing NiCl, at 0.001 mol dm3,
the pH is around 6.00. At these pH values, we can say that the nickel ion species are
predominantly in the non-hydrolysed form, that is, as free Ni** ions [31].

Table 2 summarizes the average values of the ternary diffusion coefficients Dy (i # k)
for solutions of different compositions and concentrations for three aqueous systems,
involving NiCl, and cyclodextrins («-CD, 3-CD, and y-CD).



Int. J. Mol. Sci. 2024, 25, 4328

30f10

Table 2. Ternary diffusion coefficients (D11, D12, D21, D2y @) of aqueous NiCl, (Cp) + CDs (Cy)
solutions.

C (b) C (b) X (] D11 %+ Sp (d D1 + Sp (d D»; + Sp () Da» + Sp ()

NiCl, (component 1) + o-CD (component 2)

0.000 0.001 0.00 1.376 £+ 0.015 0.069 £ 0.020 —0.002 £ 0.005 0.376 + 0.002
0.0005 0.0005 0.50 1.158 £ 0.001 0.001 £ 0.003 0.020 £ 0.006 0.369 + 0.001
0.001 0.000 1.00 1.103 £ 0.001 —0.169 £ 0.052 0.005 £ 0.002 0.393 £+ 0.000

NiCl, (component 1) + 3-CD (component 2)

0.000 0.001 0.00 1.372 £ 0.036 0.009 & 0.002 —0.028 £ 0.005 0.361 £ 0.001
0.0005 0.0005 0.50 1.123 £+ 0.011 0.086 + 0.005 0.006 £ 0.001 0.324 + 0.003
0.001 0.000 1.00 1.100 £ 0.001 —0.135 + 0.011 0.003 £ 0.001 0.369 £ 0.001

NiCl, (component 1) + y-CD (component 2)

0.000 0.001 0.00 1.312 4+ 0.009 0.096 £ 0.014 —0.017 £ 0.010 0.280 £ 0.011
0.0005 0.0005 0.50 1.192 £ 0.024 —0.013 £ 0.002 0.009 £ 0.005 0.357 £ 0.003
0.001 0.000 1.00 1.106 £ 0.000 —0.101 £ 0.021 0.003 £ 0.002 0.351 + 0.000

@) Average results from 8 tests (n = 8). ®) Cj e Cyinmoldm=2. © X; = C1(Cy + Cy) represents the the mole fraction
of solute NiCl,. @ Dj; +Sp in 107" m? s~ at T =298.15 K.

These parameters were calculated by fitting equation (Equation (1)) to the dispersion
curves; the number of replicas is always greater than four.

At the limiting situations of X; = 0 and X; =1, Dy values correspond, respectively, to
the tracer diffusion coefficient of NiCl, in CDs and the binary mutual diffusion coefficient of
aqueous NiCl, at 0.001 mol dm—3. Regarding the last D17 values of NiCl, for all solutions at
X1 =1, reasonable agreement is observed between them and the binary diffusion coefficients
previously reported in previous studies (that is, D = 1.048 x 10~2 m? s~1) [32,33].

In addition, from Table 2, we can see that the cross-diffusion coefficients D,; values are
close to zero when X; equals one. This means that the salt concentration gradient cannot
produce a coupled flux of CD, and therefore the cross coefficients D1 must be zero. For the
remaining molar fractions (X; = 0 and X; = 0.5), it is also possible to consider them as null,
considering the experimental error. This result is likely since the mobilities of the free CD
species and the potential aggregates of NiCl, and CDs are similar.

However, it is important to highlight that Dy, < 0; that is, the concentration gradient
of cyclodextrins (-CD, 3-CD, and y-CD) produces coupled counter current flows of this
salt, which assume relevance when X; = 1. In other words, the presence of CD in trace
concentration affects the diffusion behavior of nickel ions by the presence of coupled
counter current transport of NiCl, from regions of lower to higher concentration of the
CD solute.

2.2. UV-Vis Spectroscopy Measurements

A calibration curve was initially prepared based on the absorbances at a wavelength of
721 nm, obtaining a linear adjustment up to an Ni-(II) concentration of 350 mmol dm 3, with
an R? value of 0.9991, and a molar absorption coefficient of 2.00 x 10~ mol~! dm3 em™1,
with the statistical parameters of the validated curve in Table 3.

The interaction between NiCl,, and «-CD and y-CD was also evaluated using UV-vis
spectroscopy. Regarding 3-cyclodextrin, due to its low solubility in aqueous solutions, it
was not possible to carry out this study under the present experimental conditions.

Figure 1 shows the absorption spectra of aqueous NiCl, solutions in the presence of

v-CD.
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Table 3. Statistical parameters of the calibration curve based on the absorbances at a wavelength, v,
of 721 nm, for 350 mmol dm 3 NiCl, solutions.

e/mol—1 dm3

A/ b1 (o(bq))/dm3 R? ) LOD/mmol LOQ/mmol
nm mmol—1 @ CI(II:) dm-3© dm-3 @
(0.00200) -6
721 +£(0.00002) 0.9991 2.00 x 10 1.60 4.86

@ Coefficient of determination. ® Molar absorption coefficient. () LOD: detection limit. @ LOQ: limit of
quantification.

0.25

0.2

©

=

w
I

Absorbance / u.a.
(e}
|

——— 0 mmol dm™

10 mmol dm™

20 mmol dm™

30 mmol dm™

40 mmol dm™

50 mmol dm™

400

Wavelength / nm

Figure 1. UV-vis absorption spectra of y-CD in NiCl, (40 mmol dm~3). The range of CD concentra-
tions is 10 to 50 mmol dm 3.

3. Discussion
3.1. Hydrolysis of Nickel Ion and Interactions between Cyclodextrins and Nickel Ion as Seen by
Diffusion Coefficients Measurements

These observations recorded in the present work can be interpreted through two
subsequent phenomena: the hydrolysis of nickel ions and the interaction between NiCl,
and cyclodextrin molecules, resulting in the formation of complexes in solution.

Since aqueous solutions of nickel chloride demonstrate a slightly acidic character (as
recorded in Table 1), when such salts diffuse into water, the H3O" ions resulting from the
hydrolysis of nickel ions must first diffuse into the nickel ions, which presents less mobility.
This results in the generation of a counter current flow of hydrochloric acid in addition to
the main flow of partially hydrolysed nickel chloride. In more explicit terms, given that the
H30" ion (Am = 76.30 x 10~% Q! m? mol~!) has substantially higher mobility than the
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Cl~ ion (A = 349.70 Q! m? mol 1), a strong electric field is generated. This electric field
has the effect of slowing down the H3O" ions that drive the considerable counter current
flows of Ni-(II) species in a free state or associated with CD molecules. Consequently, this
scenario can justify obtaining D1, values below zero.

The formation of supramolecular aggregates between Ni?* ions and CD molecules can
also occur. This process leads to a reduction in free nickel ions. To compensate for this loss,
a counter current flow of this salt occurs.

Considering the hypothesis of the formation of a 1:1 supramolecular complex between
the Ni2* cation and CD (Equation (1)), and taking into account the values recorded in
Table 4 relating to the limiting diffusion coefficients of species in free and complexed
states, it is possible to estimate the values of the equilibrium constant, K, according to the
expression provided by equation (Equation (2)):

Ni** (4q) +CD(aq) = Ni** — CD (aq) (1)
C 2+
(Ni*T— CD)
K=———"" 2
Cniz+ Cep ()

Table 4. Diffusion coefficients of species, Dg, at 298.15 K.

Species Ds (1079 m? s~ 1)
NiCl, 1.150 @
o-CD 0.361 @
p-CD 0.358 @
v-CD 0.239 @

NiCl,—a&-CD 0.367 ®
NiCl,—p-CD 0.354 ()
NiCl,—y-CD 0.238 ()

(@) These values are estimates of the diffusion coefficients of free species in water [34,35]. () Equation (3).

The diffusion coefficients of the Ni?*-CD complexes are estimated using the Stokes—
Einstein approximation. According to this approach, the diffusion coefficient of a species
in solution is inversely proportional to its hydrodynamic radius, and, therefore, inversely
proportional to the cube root of its molecular volume (Equation (3)).

D = (Dyicip > + Dcp %) 713 (3)

The values of the equilibrium constants for the complexed species (Ni?*-a-CD, Ni%*-
B-CD, and Ni?*-y-CD) were calculated, resulting in values equivalent to 270 mol~! dm?,
205 mol~! dm?, and 125 mol~! dm3, respectively. These values suggest a formation of the
complexes between the nickel ion and CDs; thus, it is possible to state that small amounts
of Ni-(II) and CD molecules can be transported as Ni?*-CD complexes.

Information regarding coupled diffusion can also be deduced from the values calcu-
lated for the D15 /Dy; ratio (as shown in Table 5). The negative values of this ratio allow
us to infer that one mole of x-CD (or 3-CD) and y-CD in the diffusion process counter
transports 0.4 and 0.3 moles of NiCl,.

Table 5. Estimation of the moles of NiCl, transported by each mole of x-CD, 3-CD, and y-CD
obtained from Dj; data presented in Table 2.

Aqueous System D12/D2;
NiCl,—«-CD —0.430
NiCl,—B-CD —0.366

NiCl,—y-CD —0.288
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3.2. Interaction of NiCly and Cyclodextrins Analyzed Using UV-Vis Spectroscopy Measurements

Analyzing Figure 1, an isosbestic point at a wavelength of 500 nm appears evident. In
the shorter wavelength range, absorbance increases as the concentration increases, while in
the longer wavelength range, absorbance decreases as the concentration increases. This
pattern culminated in the formation of the isosbestic point at 500 nm.

The presence of an isosbestic point during an assay between a metal ion and a target
molecule constitutes substantial evidence that only two predominant species are present,
having a constant overall concentration. Based on these observations, it appears that the
complex 1:1 Ni**-y-CD is formed (Equation (4)) and has a maximum absorption of 500 nm.

Ni2* (aq) + V-CD (a9 S Ni%* — y-CD (4)

The association constant, Ka, can be estimated according to the Benesi-Hildebrand
equation. (Equation (5)) [36],

11,11
AA; AA  AAKa CiCD

)

where AA = A; — Ao, representing A,, and A; the absorbance of NiCl, in the absence of the
guest (y-CD) and the absorbance recorded in the presence of the added guest, CL, is the
concentration of added cyclodextrin, and Ka is the association constant.

Considering this model (Equation (5)), the association constants between NiCl,
com y-CD and NiCl, with x-CD were estimated (that is, Ka = 77.5 mol™! dm?® and
Ka=4.82mol~! dm?®). This last result indicates that the formation of the complex be-
tween the Ni?* ion and a-cyclodextrin is neither particularly favored nor stable under
the present experimental conditions. The interaction between these species is relatively
weak, suggesting that complex formation may not be as efficient as in cases with higher
association constants.

4. Materials and Methods
4.1. Materials

Table 6 describes all reagents used as received in the present work: a-cyclodextrin,
[-cyclodextrin, and y-cyclodextrin, and nickel chloride. All of these chemicals were used
without further purification, but they were stored under low pressure in a desiccator over
silica gel.

Table 6. Sample description.

Chemical Name Source CAS Number Mass Fraction Purity @

Nﬁiﬁi‘;ﬂfﬂge Panreac 7791-13-1 >0.98
a-cyclodextrin @) Sigma-Aldrich 10016-20-3 >0.98
B-cyclodextrin ®) Sigma-Aldrich @ 7585-39-9 >0.97
y-cyclodextrin ©) Sigma-Aldrich @ 17465-86-0 >0.98

Millipore-Q water
H,O (p=1.82x 10° Qmat 7732-18-5
298.15 K)

@ -cyclodextrin with water mass fraction 0.14. ® B-cyclodextrin with water mass fraction 0.13. ¢©) y-cyclodextrin
with water mass fraction 0.10. (¥ The mass fraction purity is on water-free basis; these data are provided by the
suppliers.

The solutions were prepared in calibrated volumetric glass flasks, using as sol-
vent, ultrapure water (Millipore, Darmstadt, Germany, Milli-Q Advantage A10, specific
resistance = 1.82 x 10° QO m, at 298.15 K). The weighing was done using a Radwag AS
220C2 balance, with an accuracy of £0.0001 g.
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4.2. Methods
4.2.1. pH Measurements

The pH measurements of solutions were carried out with a radiometer pH meter
PHM 240 with an Ingold U457-K7pH conjugated electrode; pH was measured in fresh
solutions, and the electrode was calibrated immediately before each experimental set of
solutions using IUPAC recommended pH 4, 7, and 10 buffers (Table 1). From the pH meter
calibration, a zero pH of 6.11 £ 0.03 and sensitivity higher than 98.7% were obtained. All
solutions were freshly prepared at 298.15 K and degassed by sonication for about 60 min
before each experiment.

4.2.2. Taylor Dispersion Method

The Taylor dispersion technique for measuring mutual diffusion coefficients is well
described in the literature [37,38]; consequently, its details are not included in this manuscript.
We only summarize some relevant points regarding the method and the equipment. Basically,
dispersion profiles were generated by injecting, at the start of each run, 0.063 mL of solution
using a 6-port Teflon injection valve (Rheodyne, Bensheim, Germany, model 5020) into a
laminar carrier stream of slightly different composition at the entrance to a Teflon capillary
dispersion tube of a 3048.0 (-0.1) cm length, and internal radius 0.03220 =+ (0.00003) cm. This
tube and the injection valve were kept at 298.15 (£0.01) K in an air thermostat. This tube
and the injection valve were kept at 298.15 (£0.01) K in an air thermostat chamber. The air
inside the thermostat chamber was circulated with the help of a fan and the temperature
was kept constant by using a relay connected to a digital thermometer. The broadened
distribution of the disperse samples was monitored at the tube outlet by a differential
refractometer (Waters, Milford, MA, USA, model 2410). The refractometer output voltage,
V(t), was measured at 5 s intervals by a digital voltmeter (Agilent, Santa Clara, CA, USA,
34401 A).

The dispersion profiles for these ternary solutions NiCl, plus cyclodextrins were
analyzed by fitting the following equation (Equation (6)).

2 2
V() = Vo+ Vi + Vyax (tr /1) [Wlexp <M> + (1= Wy)exp <12D2(tt12>>] ©)

r2t r2
to obtain the values of the different D; coefficients. In Equation (6), D; (i: 1 or 2) represents
the eigenvalues of the matrix of the ternary Dy, coefficients; Vj, V1, and Vnax are the
baseline voltage, the baseline slope, and the peak high, respectively; and W; and (1 — Wy)
are normalized pre-exponential factors.

Diffusion of mixed aqueous solutions of NiCl, (1) plus different cyclodextrins («, (3, or
v-CDs) can be described by the following ternary diffusion equations (Equations (7) and (8))

Ji=—D11Ve1 — D12V )

Jo=—=D»n Ve — DV (8)

where 1 and |, are the molar fluxes of NiCl, (1) and cyclodextrins (x, 3, v) (2) driven by the
concentration gradients Vc; and V¢, of each solute 1 and 2, respectively. Main diffusion
coefficients D11 and Dy; give each solute’s flux driven by its concentration gradient. Cross-
diffusion coefficients give the coupled flux of each solute driven by a concentration gradient
in the other solute. A positive Dy cross-coefficient (i # k) indicates the co-current coupled
transport of solute I from regions of higher to lower concentrations of solute k. On the
other hand, a negative Dj, coefficient indicates the counter-current coupled transport of
solute i from regions of lower to higher concentration of solute k.

4.2.3. Ultraviolet-Visible Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy measurements were performed using a Shi-
madzu UV-2600i spectrophotometer, covering the wavelength range between 400 and
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800 nm. Analyses were conducted using a quartz cuvette with an optical path length of
1 cm. A concentrated stock solution of nickel chloride hexahydrate in milli-Q water was
prepared to construct the calibration curve. Between 10 and 12 standard solutions were
prepared in a range of intermediate concentrations, by direct dilution of the stock solution
with milli-Q water. The previous solutions were then analyzed using UV-vis spectroscopy.

The desired curve was obtained by representing the absorbances or luminescence in-
tensities read as a function of concentration. It was statistically validated, and its parameters
were used to determine the analytical thresholds.

Studies were conducted on the interactions between nickel chloride and different
analytes («, 3, and y-CD). A similar procedure was followed for each analyte. Initially,
a concentrated stock solution of nickel chloride hexahydrate was prepared, from which
intermediate concentration solutions (usually between 10 mM and 50 mM) were created
by dilution in milli-Q water. Next, each compound was weighed and placed in separate
sample bottles to which 10 mL of the previously prepared stock solution was added. The
calibration curve was obtained by using a set of aqueous nickel chloride solutions prepared
by dilution of a stock solution.

5. Conclusions

The impact of oligosaccharides (x-cyclodextrin, 3-cyclodextrin, and y-cyclodextrin) on
the diffusion of aqueous nickel chloride solutions was investigated. The interaction between
the aforementioned compounds was evaluated by measuring the intermolecular diffusion
coefficients at 298.15 K. The results revealed a significant interaction between the nickel ion
with cyclodextrins, which resulted in obtaining negative values in the secondary diffusion
coefficients D12. It was also possible to conclude that one mole of CD in the diffusion
process transports up to 0.4 moles of NiCl,. Support for this interaction between nickel
ions and y-cyclodextrin comes from UV-vis spectroscopy. The presence of an isosbestic
point in the absorption spectra indicated a possible association between nickel ions and
cyclodextrin (Ka = 77.5 mol~! dm?). In conclusion, this work contributed significantly to
the understanding of the mechanisms underlying diffusion transport in aqueous solutions,
and, consequently, to the mitigation of the potential toxicity associated with these metal
ions. Therefore, it is plausible to propose that incorporating these macrocycle compounds
(CDs) in mouthwash formulation could reduce the inherent toxicity associated with metal
ions. We consider that the results obtained may be of significant use to the scientific and
technological community who are involved in the investigation of these metals, and have
clinical implications inherent to their use.

Author Contributions: Conceptualization, A.C.ER., AJM.V. and A.M.; data curation, SI.G.E,
PM.G.N,, DS.AS, MM.R,, A.CER. and A.J.M.V;; funding acquisition, A.C.ER. and A.M.; investi-
gation, S1.G.F, M.M.R,, D.S.A.S. and A.C.ER.; methodology, SI.G.E, PM.GN.,, MM.R,, DS.AS,,
A.CER.,, AJM.V. and A.M,; project administration, A.C.ER. and A.M.; resources, A.C.ER. and AM,;
supervision, A.C.ER., A]M.V. and A M,; validation, SI1.G.F,, A.CER., AJ.M.V. and A.M,; visualiza-
tion, A.C.ER., A]M.V. and A.M.; writing—original draft, SI1.G.E, A.C.ER. and A.M.; writing—review
and editing, A.C.ER., AJ.M.V. and A.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Fundagao para a Ciéncia e a Tecnologia (FCT) through COMPETE
Programme (Operational Programme for Competitiveness), grant number UIDB/QUI/00313/2020.
CEMMPRE is sponsored by national funds through FCT—Fundagao para a Ciéncia e a Tecnologia,
under the project UIDB/00285/2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.



Int. J. Mol. Sci. 2024, 25, 4328 90f 10

Acknowledgments: We are thankful to Anténio M.C. Ferreira for the technical support for diffusion
technique maintenance. M.M.R. is thankful to the Universidad de Alcala (Spain) for the financial
assistance (Mobility Grants for Researchers—2023).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

Bellia, F.; La Mendola, D.; Pedone, C.; Rizzarelli, E.; Saviano, M.; Vecchio, G. Selectively Functionalized Cyclodextrins and Their
Metal Complexes. Chem. Soc. Rev. 2009, 38, 2756. [CrossRef] [PubMed]

Poulson, B.G.; Alsulami, Q.A.; Sharfalddin, A.; El Agammy, E.F; Mouffouk, F; Emwas, A.-H.; Jaremko, L.; Jaremko, M.
Cyclodextrins: Structural, Chemical, and Physical Properties, and Applications. Polysaccharides 2021, 3, 1-31. [CrossRef]
Sharma, N.; Baldi, A. Exploring Versatile Applications of Cyclodextrins: An Overview. Drug Deliv. 2016, 23, 729-747. [CrossRef]
[PubMed]

Prochowicz, D.; Kornowicz, A.; Lewiriski, J. Interactions of Native Cyclodextrins with Metal Ions and Inorganic Nanoparticles:
Fertile Landscape for Chemistry and Materials Science. Chem. Rev. 2017, 117, 13461-13501. [CrossRef] [PubMed]

Hedges, A.R. Industrial Applications of Cyclodextrins. Chem. Rev. 1998, 98, 2035-2044. [CrossRef] [PubMed]

Anusavice, K.J. (Ed.) Phillip’s Science of Dental Materials, 11th ed.; Saunders: St. Louis, MO, USA, 2003; ISBN 0-7216-9387-3.

Rao, S.B.; Chowdhary, R. Evaluation on the Corrosion of the Three Ni-Cr Alloys with Different Composition. Int. J. Dent. 2011,
2011, 397029. [CrossRef] [PubMed]

Uysal, I; Yilmaz, B.; Atilla, A.O.; Evis, Z. Nickel Titanium Alloys as Orthodontic Archwires: A Narrative Review. Eng. Sci. Technol.
Int. J. 2022, 36, 101277. [CrossRef]

Alipour, S.; Taromian, F.; Ghomi, E.R.; Zare, M,; Singh, S.; Ramakrishna, S. Nitinol: From Historical Milestones to Functional
Properties and Biomedical Applications. Proc. Inst. Mech. Eng. Part H ]. Eng. Med. 2022, 236, 1595-1612. [CrossRef] [PubMed]
Rocha, L.A ; Oliveira, F,; Cruz, H.V,; Sukotjo, C.; Mathew, M.T. Bio-Tribocorrosion in Dental Applications. In Bio-Tribocorrosion in
Biomaterials and Medical Implants; Elsevier Inc.: Amsterdam, The Netherlands, 2013; pp. 223-249, ISBN 9780857095404.

Mathew, M.T;; Srinivasa Pai, P.; Pourzal, R.; Fischer, A.; Wimmer, M. A. Significance of Tribocorrosion in Biomedical Applications:
Overview and Current Status. Adv. Tribol. 2009, 2009, 250986. [CrossRef]

Frois, A.; Mendes, A R;; Pereira, S.A.; Louro, C.S. Metal Release and Surface Degradation of Fixed Orthodontic Appliances during
the Dental Levelling and Aligning Phase: A 12-Week Study. Coatings 2022, 12, 554. [CrossRef]

Jafari, K.; Rahimzadeh, S.; Hekmatfar, S. Nickel Ion Release from Dental Alloys in Two Different Mouthwashes. J. Dent. Res. Dent.
Clin. Dent. Prospect. 2019, 13, 19-23. [CrossRef] [PubMed]

Teschke, R. Aluminum, Arsenic, Beryllium, Cadmium, Chromium, Cobalt, Copper, Iron, Lead, Mercury, Molybdenum, Nickel,
Platinum, Thallium, Titanium, Vanadium, and Zinc: Molecular Aspects in Experimental Liver Injury. Int. . Mol. Sci. 2022, 23,
12213. [CrossRef] [PubMed]

Bellouard, M.; Gasser, M.; Lenglet, S.; Gilardi, F.; Bararpour, N.; Augsburger, M.; Thomas, A.; Alvarez, J.-C. Toxicity and
Metabolomic Impact of Cobalt, Chromium, and Nickel Exposure on HepaRG Hepatocytes. Chem. Res. Toxicol. 2022, 35, 807-816.
[CrossRef] [PubMed]

Reddy, N.R.; Abraham, A.P.; Murugesan, K.; Matsa, V. An Invitro Analysis of Elemental Release and Cytotoxicity of Recast
Nickel-Chromium Dental Casting Alloys. J. Indian Prosthodont. Soc. 2011, 11, 106-112. [CrossRef] [PubMed]

Rincic Mlinaric, M.; Durgo, K.; Katic, V.; Spalj, S. Cytotoxicity and Oxidative Stress Induced by Nickel and Titanium Ions from
Dental Alloys on Cells of Gastrointestinal Tract. Toxicol. Appl. Pharmacol. 2019, 383, 114784. [CrossRef] [PubMed]
Martin-Camean, A.; Jos, A.; Mellado-Garcia, P; Iglesias-Linares, A.; Solano, E.; Camedn, A.M. In Vitro and in Vivo Evidence of
the Cytotoxic and Genotoxic Effects of Metal Ions Released by Orthodontic Appliances: A Review. Environ. Toxicol. Pharmacol.
2015, 40, 86—-113. [CrossRef] [PubMed]

Mulware, S.J. Trace Elements and Carcinogenicity: A Subject in Review. 3 Biotech 2013, 3, 85-96. [CrossRef] [PubMed]
Carrouel, E; Conte, M.P; Fisher, J.; Gongalves, L.S.; Dussart, C.; Llodra, J.C.; Bourgeois, D. COVID-19: A Recommendation to
Examine the Effect of Mouthrinses with 3-Cyclodextrin Combined with Citrox in Preventing Infection and Progression. J. Clin.
Med. 2020, 9, 1126. [CrossRef] [PubMed]

Carrouel, F; Gongalves, L.S.; Conte, M.P.; Campus, G.; Fisher, J.; Fraticelli, L.; Gadea-Deschamps, E.; Ottolenghi, L.; Bourgeois, D.
Antiviral Activity of Reagents in Mouth Rinses against SARS-CoV-2. |. Dent. Res. 2021, 100, 124-132. [CrossRef]

Fangaia, S.I.G.; Cabral, AM.T.D.P.V,; Nicolau, PM.G.; Guerra, EA.D.R.A.; Rodrigo, M.M.; Ribeiro, A.C.E; Valente, A.].M.; Esteso,
M.A. Diffusion of Vanadium Ions in Artificial Saliva and Its Elimination from the Oral Cavity by Pharmacological Compounds
Present in Mouthwashes. Biomolecules 2022, 12, 947. [CrossRef]

Naureen, Z.; Capodicacasa, N.; Paolacci, S.; Anpilogov, K.; Dautaj, A.; Dhuli, K.; Camilleri, G.; Connelly, S.T.; Gasparetto,
A.; Bertelli, M. Prevention of the Proliferation of Oral Pathogens Due to Prolonged Mask Use Based on x-Cyclodextrin and
Hydroxytyrosol Mouthwash. Eur. Rev. Med. Pharmacol. Sci. 2021, 25 (Suppl. S1), 74-80. [CrossRef] [PubMed]

Braga, S.S. Cyclodextrins as Multi-Functional Ingredients in Dentistry. Pharmaceutics 2023, 15, 2251. [CrossRef] [PubMed]


https://doi.org/10.1039/b718436k
https://www.ncbi.nlm.nih.gov/pubmed/19690752
https://doi.org/10.3390/polysaccharides3010001
https://doi.org/10.3109/10717544.2014.938839
https://www.ncbi.nlm.nih.gov/pubmed/25051096
https://doi.org/10.1021/acs.chemrev.7b00231
https://www.ncbi.nlm.nih.gov/pubmed/29048880
https://doi.org/10.1021/cr970014w
https://www.ncbi.nlm.nih.gov/pubmed/11848958
https://doi.org/10.1155/2011/397029
https://www.ncbi.nlm.nih.gov/pubmed/21461232
https://doi.org/10.1016/j.jestch.2022.101277
https://doi.org/10.1177/09544119221123176
https://www.ncbi.nlm.nih.gov/pubmed/36121059
https://doi.org/10.1155/2009/250986
https://doi.org/10.3390/coatings12050554
https://doi.org/10.15171/joddd.2019.003
https://www.ncbi.nlm.nih.gov/pubmed/31217914
https://doi.org/10.3390/ijms232012213
https://www.ncbi.nlm.nih.gov/pubmed/36293069
https://doi.org/10.1021/acs.chemrestox.1c00429
https://www.ncbi.nlm.nih.gov/pubmed/35442019
https://doi.org/10.1007/s13191-011-0075-8
https://www.ncbi.nlm.nih.gov/pubmed/22654350
https://doi.org/10.1016/j.taap.2019.114784
https://www.ncbi.nlm.nih.gov/pubmed/31628918
https://doi.org/10.1016/j.etap.2015.05.007
https://www.ncbi.nlm.nih.gov/pubmed/26093195
https://doi.org/10.1007/s13205-012-0072-6
https://www.ncbi.nlm.nih.gov/pubmed/28324563
https://doi.org/10.3390/jcm9041126
https://www.ncbi.nlm.nih.gov/pubmed/32326426
https://doi.org/10.1177/0022034520967933
https://doi.org/10.3390/biom12070947
https://doi.org/10.26355/eurrev_202112_27336
https://www.ncbi.nlm.nih.gov/pubmed/34890037
https://doi.org/10.3390/pharmaceutics15092251
https://www.ncbi.nlm.nih.gov/pubmed/37765220

Int. J. Mol. Sci. 2024, 25, 4328 10 of 10

25.

26.
27.
28.

29.
30.

31.
32.

33.

34.

35.

36.

37.
38.

Real, D.A; Bolafios, K.; Priotti, J.; Yutronic, N.; Kogan, M.].; Sierpe, R.; Donoso-Gonzalez, O. Cyclodextrin-Modified Nanomaterials
for Drug Delivery: Classification and Advances in Controlled Release and Bioavailability. Pharmaceutics 2021, 13, 2131. [CrossRef]
[PubMed]

Hu, Q.D.; Tang, G.P,; Chu, PK. Cyclodextrin-Based Host-Guest Supramolecular Nanoparticles for Delivery: From Design to
Applications. Acc. Chem. Res. 2014, 47,2017-2025. [CrossRef] [PubMed]

Irie, T.; Uekama, K. Pharmaceutical Applications of Cyclodextrins. III. Toxicological Issues and Safety Evaluation. J. Pharm. Sci.
1997, 86, 147-162. [CrossRef] [PubMed]

Braga, S.S. Cyclodextrins: Emerging Medicines of the New Millennium. Biomolecules 2019, 9, 801. [CrossRef]

Loftsson, T.; Duchene, D. Cyclodextrins and Their Pharmaceutical Applications. Int. J. Pharm. 2007, 329, 1-11. [CrossRef]
Trindade, A.C.V,; Fangaia, S.I.G.; Nicolau, PM.G.; Messias, A.; Ribeiro, A.C.F; Silva, D.S.A.; Valente, A.].M.; Rodrigo, M.M.;
Esteso, M.A. Transport Properties of Carbohydrates: Towards the Minimization Toxicological Risks of Cobalt and Chromium
Tons. Processes 2023, 11, 1701. [CrossRef]

Ji, J.; Cooper, W.C. Nickel Speciation in Aqueous Chloride Solutions. Electrochim. Acta 1996, 41, 1549-1560. [CrossRef]

Ribeiro, A.C.E,; Verissimo, L.V.M.M.; Gomes, J.C.S.; Santos, C.I.A.V.; Barros, M.C.E,; Lobo, V.M.M,; Sobral, A.].LEN.; Esteso, M.A.;
Leaist, D.G. Mutual Diffusion Coefficients in Systems Containing the Nickel Ion. Comptes Rendus Mécanique 2013, 341, 417-420.
[CrossRef]

Ribeiro, A.C.E; Gomes, J.C.S; Santos, C.LA.V.; Lobo, VM.M.; Esteso, M.A; Leaist, D.G. Ternary Mutual Diffusion Coefficients of
Aqueous NiCI2 + NaCl and NiCl2 + HCI Solutions at 298.15 K. |. Chem. Eng. Data 2011, 56, 4696-4699. [CrossRef]

Ribeiro, A.C.E,; Valente, A.].M.; Santos, C.I.LA.V.; Prazeres, PM.R.A.; Lobo, VM.M.; Burrows, H.D.; Esteso, M.A.; Cabral,
AM.T.D.PV,; Veiga, E].B. Binary Mutual Diffusion Coefficients of Aqueous Solutions of x-Cyclodextrin, 2-Hydroxypropyl-«-
Cyclodextrin, and 2-Hydroxypropyl-B-Cyclodextrin at Temperatures from (298.15 to 312.15) K. J. Chem. Eng. Data 2007, 52,
586-590. [CrossRef]

Ribeiro, A.C.F; Leaist, D.G.; Esteso, M.A.; Lobo, V.M.M.; Valente, A.J.M.; Santos, C..A.V.; Cabral, AM.T.D.P.V.; Veiga, FJ.B.
Binary Mutual Diffusion Coefficients of Aqueous Solutions of 3-Cyclodextrin at Temperatures from 298.15 to 312.15 K. J. Chem.
Eng. Data 2006, 51, 1368-1371. [CrossRef]

Aich, K.; Goswami, S.; Das, S.; Mukhopadhyay, C. Das A New ICT and CHEF Based Visible Light Excitable Fluorescent Probe
Easily Detects in vivo Zn%*. RSC Adv. 2015, 5, 31189-31194. [CrossRef]

Tyrrell, H.J.V.; Harris, K.R. Diffusion in Liquids: A Theoretical and Experimental Study; Butterworths: London, UK, 1984.

Loh, W. A Técnica de Dispersao de Taylor Para Estudos de Difusao Em Liquidos e Suas Aplicagoes. Quim. Nova 1997, 20, 541-545.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/pharmaceutics13122131
https://www.ncbi.nlm.nih.gov/pubmed/34959412
https://doi.org/10.1021/ar500055s
https://www.ncbi.nlm.nih.gov/pubmed/24873201
https://doi.org/10.1021/js960213f
https://www.ncbi.nlm.nih.gov/pubmed/9040088
https://doi.org/10.3390/biom9120801
https://doi.org/10.1016/j.ijpharm.2006.10.044
https://doi.org/10.3390/pr11061701
https://doi.org/10.1016/0013-4686(95)00407-6
https://doi.org/10.1016/j.crme.2013.01.017
https://doi.org/10.1021/je2006693
https://doi.org/10.1021/je060474z
https://doi.org/10.1021/je060092t
https://doi.org/10.1039/C5RA03353E
https://doi.org/10.1590/S0100-40421997000500015

	Introduction 
	Results 
	Diffusion Measurements 
	UV-Vis Spectroscopy Measurements 

	Discussion 
	Hydrolysis of Nickel Ion and Interactions between Cyclodextrins and Nickel Ion as Seen by Diffusion Coefficients Measurements 
	Interaction of NiCl2 and Cyclodextrins Analyzed Using UV-Vis Spectroscopy Measurements 

	Materials and Methods 
	Materials 
	Methods 
	pH Measurements 
	Taylor Dispersion Method 
	Ultraviolet-Visible Spectroscopy 


	Conclusions 
	References

