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Abstract

The article describes a study on the role of vitamin C as a protective agent for the teeth, gum,
and implants using quantum chemical calculations and polarization tests. The Density
Functional Theory (DFT) at 6-311G (d, p) basis set is used to estimate the ability of vitamin C
to inhibit the corrosion of the abovementioned parts. The experimental study was performed in
a at human body media simulator (Hank’s balanced salt solution) at a temperature of 37°C. The
compound was optimized for its ground state, physical properties, and corrosion parameters.
Further, HOMO, LUMO, energy gap, dipole moment, and other parameters were used to predict
the inhibitor’s efficiency. Gaussian 09, UCA-FUKUI, MGL tools, DSV, and LigPlus software
was used. According to electron density, Electrostatic Surface (ESP), Total Electron Density
(TED), FUKUI function, and dual descriptor were used to show the active sites of adsorption.
Also, docking studies were applied to predict the effect of vitamin C on A. ferrooxidans bacteria,
which causes eroding the implants. The Ti6AI4V alloy was tested at three concentrations of the
VC inhibitor using the polarization method. A concentration of 55 mg/L is the best in terms of
inhibitor efficiency (99.62%).
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1. Introduction

Diverse diseases have shortened mankind’s efficiency and lifespan in recent decades.
Replacement or implantation of damaged tissues, blood vessels, organs, bones, etc. can
accelerate this decline. Increasingly complex implantation procedures and materials have
reduced surgical risks. Sadly, homogeneous or traditional autogenous prosthetic elements
are still scarce [1-3].

Due to restricted material choices, new synthetic implant materials must be developed.
These materials should be easier to apply and function well in the body, especially when in
touch with bodily fluids. The human body may comprise polymers, ceramics, composites,
and metallic implants [4].

Metallic implants may replace skeleton elements [5]. Some of the purposes they were
utilized for were bone plates and artificial joints as well as dental implants and spinal
fixations. Metallic materials have higher fatigue, tensile, and fracture toughness than other
materials (polymers and ceramics). Metallic biomaterials such as 316L stainless steel are
frequently utilized. It is very resistant to corrosion and releases little toxins when exposed to
bodily fluids [6-8].

Nevertheless, the human body is hard on metals and alloys. So most implanted metallic
materials may react chemically or electrochemically. Each of these ions has a specific
function in the body. Stainless steel 316L of surgical grade is utilized in many nations. It
corrodes in the body, releasing iron and other metallic ions, known irritants and toxins [10].
Implants of stainless steel fail because of pitting and crevice corrosion [11-13].

Human metal corrosion research is vital. Humans using implant materials may utilize
vitamins, especially Vitamin C, for a long period. There is little study on Vitamin C’s impact
on implant materials. The present study investigated the potential effect of vitamin C as a
corrosion inhibitor for implants in the human body and provided experimental proof.

2. Calculation Models

To conduct quantum chemical calculations at 37°C, Gaussian 09 software was used to
perform density functional theory (DFT) calculations using a hybrid Becke three-parameter
Lee, Yang, and Parr function (B3LYP). For the VC structure, we chose the 6-311G (d,p)
basis set since it provides precise electrical characteristics and geometries (Figure 1). Fukui
function and Dual descriptor were also calculated and discussed using Gaussian 09 and
UCA-FUKUI programs. Further, docking calculations and Molecular Graphics Laboratory
(MGL) program were used to simulate protein-ligand interactions and other biomolecular
systems. All the above-mentioned calculations were used to predict the effect of the inhibitor
molecule on inhibition of corrosion due to A. ferrooxidans bacteria [14]. The protein
structure of A. ferrooxidans (3f9s) was downloaded from the Research Collaboratory for
Structural Bioinformatics (RCSB) [15]. The protein and inhibitor structures were tested
using the ADT tool in the Molecular Graphics Laboratory program [16]. Using DSV
software to identify the molecule’s root, the Autodock was performed automatically [17].
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Figure 1. The geometry of the inhibitor (VC) in the ground state, calculated at equilibrium
using DFT (B3LYP/6-311+G (d, p)) methods.

3. Results and Discussion

3.1. Inhibition parameters

In this study, the 6-311G (d,p) basis set was utilized, which provides precise electrical
characteristics, geometries, and statistics (Figure 1) [18]. The calculations were performed
in a vacuum at 37°C [19, 20]. Limit orbital theory was used to predict the interaction of the
inhibitor molecule with the surface of the metal [21]. It involves the frontier molecular
orbital (FMOQO) which gives very significant evidence for the stability by means of the
difference in energy of the frontier orbitals as AE = E, umo—Enowmo.

Inhibitors with high Exomo values have a propensity to donate electrons. When it comes
to the LUMO energy (ELumo), the lower the value, the greater the molecule’s propensity to
accept electrons. Chemical guantum parameters are related to the inhibition efficiency of the
molecule, such as the energies of highest occupied and lowest unoccupied molecular orbitals
(Enomo and ELumo), the energy gap (AE = ELumo—Enomo), electronegativity (y), dipole
moment (W), ionization potential (IP), electron affinity (EA), and the global softness (S) as
shown in Table 1. When the energy gap (AE) of the border orbitals reduces, the inhibitor’s
efficiency increases [22]. According to Koopman’s hypothesis, the ionization potential (IP)
and electron affinity (EA) are related to the negative of both HOMO and LUMO energy,
respectively [23]:

IP = —EHOMO (1)

The energy needed to remove an electron from an atom is denoted by IP. A low value
of ionization energy refers to high inhibition efficiency.

EA = —ELumo (2)
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Electron affinity (EA) is defined as the released energy when an electron is introduced
to a neutral atom. The higher the value of electron affinity, the less stable the system and the
greater the inhibition efficiency. Hardness () is defined as the second derivative of E, which
predicts both stability and reactivity of the molecule [24].

_IP-EA

== ©)
IP+ EA

== @

Electronegativity () is an atom’s capacity to remove shared electrons to its side. Low
electronegativity value refers to high inhibition efficiency.

The inverse of the global hardness (H) is the global softness (S) [25]. It is a critical
characteristic for determining the stability and reactivity of molecules:

s=1 (5)

n
The global electrophilicity index (®) developed by Parr [26, 27] is a measure of a
molecule’s stabilization energy after accepting extra electrons. The low value of this index
refers to good inhibitors.
(=Xx)’

- 6)

The results presented in Table 1 refer to the ability of VC to inhibit the corrosion that
implants undergo. The optimized geometries of the investigated molecule in the gas phase,
including the LUMO and HOMO density distributions, are shown in Figure 2. The red color
refers to high electron density sites, while the green color shows low electron density ones
[28]. High electron density is a region that donates electrons to the metal surface, while green
IS an area that accepts electrons from the metal surface [29]. As a result, the distribution of
these two regions is critical. VC has high electron density on the acceptor site, which is
caused by the conjugation in the C=C-C=0 structure. Oxygen atoms in OH groups
represent the donating region.

W=

Table 1. The results of DFT calculation of a number of physical characteristics of the inhibitor molecule in
vacuum at equilibrium geometry for the ground and protonated states.

Comp. Enowmo (eV) ELumo (eV) AEHoMo-Lumo (EV) n (Debye)
VC —6.60544088 —-0.979632 5.625809 5.6059
o (eV) S (eV) n (eV) 1 (eV) EA (eV) IE (eV)

2.556669 0.355504 2.812904 3.792536 0.979632 6.605441
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Figure 2. HOMO and LUMO orbital energy levels in the ground state.

3.2. Electron density maps

The strength of adsorption can be predicted based on the electron density of the donor atom.
The total electron density (TED) represents the molecule’s electron density. The red color in
Figure 3 refers to the high electronegativity sites, such as the O atoms of (OH) and carbonyl
groups in investigated compounds, which may aid in electrophilic attack. Furthermore,
atoms having a moderate electronegativity are represented by yellow color. The blue region
refers to the most favorable positive area, which accepts electrons from donor atoms [30].
The electrostatic surface potential (ESP) depicts the adsorption orientation of the molecule
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on the metal surface (Figure 3), which is in same orientation with the carbonyl and hydroxyl
groups [31].
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Figure 3. TED, ESP maps of VC at the 6-311G (d,p) basis set.

3.3. Fukui function

The Fukui function (fy) is defined as the derivative of the electron density in terms of
the number of electrons N at a constant external potential. It permits the identification of the
most active locations within the optimized structures’ functional groupings. The Fukui
functions [18, 32] dependent on the direction of electron transport were estimated using finite
difference approximations obtained from population analysis of atoms in molecules or
compounds. To show the location that accepts or donates electrons, the dual descriptor is
essential [33].
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Fukui and Dual function were calculated using the DFT method at (6-311G/d, p) basis
set with Gaussian 09 and USA FUKUI software. The inhibitor’s three-dimensional structure
with atom numbering is showing in Figure 1. The (f.) of the atom represents the ability to
accept an electron, and (f ) represents the ability to donate an electron, while (f) is the state
of the free radical Table 2. According to Dual Descriptor, the electrophilic atoms are C1, C2,
C4, 05, H12, H15, H17, and H19, while the nucleophilic ones are C3, 06, 07, 08, 09, 011,
013, H14, H16, and H18. Fukui function presents the more active atoms (Figure 4) in the
electrophilic state (C2, C4) and nucleophilic state (C2, C3, 06, O7, O8) as shown in Table 2.

Table 2. The inhibitor atoms in f+, f_, and f states, and Dual descriptor.

Atoms f+ f- f Dual Descriptor
Cl 0.0129 0.0120 0.0125 0.0009
C2 0.2469 0.1700 0.2084 0.0770
C3 0.0730 0.1881 0.1306 —0.1150
C4 0.1231 0.0051 0.0641 0.1180
05 0.0282 0.0124 0.0203 0.0158
06 0.1019 0.1053 0.1036 —-0.0034
o7 0.0161 0.2066 0.1113 —0.1905
08 0.0509 0.1696 0.1102 -0.1186
C9 0.0270 0.0580 0.0425 —-0.0310
C10 0.0037 0.0004 0.0021 0.0033
011 0.0005 0.0012 0.0009 —0.0007
H12 0.0566 0.0260 0.0413 0.0306
013 0.0030 0.0038 0.0034 —0.0008
H14 0.0000 0.0003 0.0001 -0.0002
H15 0.0008 0.0002 0.0005 0.0006
H16 0.0002 0.0010 0.0006 —0.0009
H17 0.0055 0.0000 0.0027 0.0054
H18 0.0001 0.0002 0.0002 —0.0001

H19 0.0005 0.0000 0.0002 0.0004
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Figure 4. Ground state Fukui functions of the inhibitor.
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3.4. Docking studies

To create a stable complex, docking studies could predict the preferred orientation of a
molecule with respect to another. The degree of binding between two molecules may be
predicted using information about preferred orientation. Acidithiobacillus ferrooxidans has
been implicated in bacterial corrosion, and the VC compound was examined as a possible
inhibitor of A. ferrooxidans. Because hydrogen is a receptor for electrons, Acidithiobacillus
ferrooxidans bacteria induce corrosion.

The binding energy E, assesses the affinity of the chemical to the receptor protein,
whereas the binding efficiency LE describes the capacity of the ligand to reach the receptor
protein [35]. According to its Ey, value (—2.5 kcal/mol), VC has high probability to inhibit
A. ferrooxidans bacteria (Table 3). It has different sites on the receptor, and the favorite one
was number 10 (Figure 5). In addition, DSV and LigPlus simulations revealed the active site
and linkage with amino acids of A. ferrooxidans structure (Figure 5). Vitamin C showed four
hydrogen bonds with amino acids, two of them with serine (SER) and one with each of
leucine (LEU) and lysine (LYS). The bond length Oc)~NHsery is 3.01 A, Oc)~HOser)
15 2.91 A, O(VC)—NH(LEU) 1s 3.12 A, and O(VC)—NH(LYS) is 2.62 A (Figure 6) [36]

Table 3. Inhibitor’s binding energy and ligand efficiency.

Compound Eb (kcal/mol) LE Eb range Best site number

VC -2.5 -0.21 -1.18t0-25 10
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Figure 5. Vitamin C with AF protein bacteria by (MGL tool and DSV software).
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Figure 6. 2D interactions of VC with AF bacteria amino acids.
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4. Experimental

4.1. Corrosion Test

Hank’s balanced salt solution was used to measure the corrosion behavior of Ti6AI4V
samples (HBSS). Table 4 presents the composition of Hank’s solution, which has pH 7.4 at
37+1°C [37]. Working electrodes were made from as received Ti6AI4V samples with an
exposed area of 1 cm. SCE and platinum were the reference and counter electrodes,
respectively. Electrodes were placed into a 1 L corrosion cell with Hank’s solution at 37°C.
After an initial delay of 900 sec at open circuit conditions, the Ti6Al4V samples were
polarized in anodic direction.

Table 4. The composition of Hank’s solution.

Component Amount per liter Concentration

NaCl (mw: 58.44 g/mol) 8¢ 0.14 M

KCI (mw: 74.55 g/mol) 400 mg 0.005 M

CaClz (mw: 110.98 g/mol) 140 mg 0.001 M
MgSO4—7H20 (mw: 246.47 g/mol) 100 mg 0.0004 M
MgCl,—6H20 (mw: 203.303 g/mol) 100 mg 0.0005 M
Na:HPO4—2H,0 (mw: 177.99 g/mol) 60 mg 0.0003 M
KH2PO4 (mw: 136.086 g/mol) 60 mg 0.0004 M
D-Glucose (Dextrose) (mw: 180.156 g/mol) 1g 0.006 M
NaHCO3 (mw: 84.01 g/mol) 350 mg 0.004 M

4.2. Polarization Results

The corrosion parameters at 310 K (37°C) obtained from the polarization curves were
calculated, recorded and listed in Table 5. None of the values of either b, or b, differed
significantly. In this experiment, it was shown that ascorbic acid acted as both anodic and
cathodic inhibitor. This indicates that adsorption of the inhibitor on a Ti6Al4V surface
impeded the metal-to-corrosive medium interaction, leading to reduced icor Values [38].

The percentage inhibition efficiency from Tafel polarization (%IE) is listed in Table 5.
These values were calculated using the following equation [39, 40]:

0

%IE = Lo oo, 709 (7)

ICO”’

Where i, and i, are the corrosion rates without and in the presence of ascorbic acid,
respectively. Ascorbic acid was an excellent inhibitor for Ti6Al4V in Hank’s Balanced Salt
Solution (HBSS).
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As one can see in Figure 7, the inhibitory efficiency of ascorbic acid does not have a
direct correlation with its concentration and has a maximum at a concentration of 55 mg/L.
The primary cause of this is that ascorbic acid is adsorbed onto the titanium surface and
produces a barrier that blocks the development of a reaction environment on the titanium
surface. Under the influence of ascorbic acid, the corrosion potential changed negatively,
though the inhibitor concentration did not change. It is therefore evident that ascorbic acid
Is an effective inhibitor of corrosion of Ti6Al4V in Hank’s solution that affects both anodic
and cathodic reactions [41].

Table 5. Corrosion kinetic parameters for Ti6Al4V alloys in Hank’s solution at 310 K without and with
different concentration of ascorbic acid.

Conc. mg/L Ecorr/ MV icor/pA-cm?  be/mV-dec ba/mV-dec? Rp/kQ-cm? %IE
0 -515.9 3.800 158.0 400.2 12.94394 —
45 —-862.5 0.0292 218.9 337.5 4003.833 99.23
55 -896.9 0.0144 294.2 430.0 2597.621 99.62
65 —980.7 0.0232 204.0 3211 2334.783 99.39
2700 —— Ti6Al4V in Hanks' solution without ascorbic acid at 310K
———— Ti6Al4V in Hanks' solution with 45mg/L ascorbic acid at 310K
2200 ——— Ti6AIl4V in Hanks' solution with 55mg/L ascorbic acid at 310K

Ti6Al4V in Hanks' solution with 65mg/L ascorbic acid at 3
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Figure 7. Polarization plots of Ti6Al4V alloy in Hank’s solution at 310 K without and with
different concentrations of ascorbic acid.

The SEM micrographs of Ti6Al4V after corrosion tests without and with 55 mg/L
ascorbic acid are shown in Figure 8. Figure 8a shows the surface of titanium after conducting
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the corrosion test. While no ascorbic acid was present, the corrosion of titanium increased
because of the titanium’s rapid dissolution rate. However, the coating was shown to be
durable after conducting the corrosion test in Hank’s solution in the presence of ascorbic
acid [42]. Dehydration of the surface, which occurs before the SEM photography, causes
fractures to appear in the film. A test that verifies the presence of ascorbic acid in a solution
on a titanium surface indicates that ascorbic acid has been absorbed by the titanium surface
and insulated the surface from the extracellular fluid based on Hank’s solution.

ignal ser Level = Expert
WD = 7.6 mm Mag= 10.00KX User= GSI

o f g e 9 ; 3 k.
2 pm EHT = 10.00 kV Signa xpert ZEIXN
— WD = 7.4 mm Mag= 2.00KX User= GSI

Figure 8. Scanning electron micrographs of Ti6Al4V surface after corrosion tests: a) without
ascorbic acid and b) with 55 mg/L ascorbic acid.

5. Conclusions

To investigate the activity of VC as a corrosion inhibitor in its ground state at 37°C, quantum
mechanical calculations and DFT were employed. Tafel polarization curves were recorded
in Hank’s solution with Ti6AI4V used in implants. According to the tested parameters and
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adsorption characteristics, the results show that favorable suppression of corrosion occurs.
Docking study refers to the ability of VC to reduce the activity of A. ferrooxidans bacteria,
depending on E, (—2.5 kcal/mol)) and LE (—0.21) values. The experimental part proved the
theoretical investigation. The inhibitor efficiency (%IE) of the studied concentrations (45,

55

and 65 mg/L) amounts to 99.23, 99.62 and 99.39%.
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