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Abstract—Single-walled carbon nanotube (SWCNT) joint to some ligands of bisphosphonate agents includ-
ing SAEL, 5AFX, 4QPF, 3DYG, 2F92, 2119 chelated to metal cations of Mg2", Ca2*, Sr2* has been investi-
gated due to the direct electron transfer principle using density functional theory (DFT) methods. Bisphos-
phonate medications can be applied in prohibition the damage of bone density and the remedy of bone ill-
nesses such as osteoporosis. As the metal chelating of phosphonate groups are nearby large with six O atoms
possessing the high negative charge, these compounds are active towards producing the chelated complexes
through drug design method. In this work, it has been accomplished the B3LYP/6-311+G(d, p)/LANL2DZ
to estimate the susceptibility of SWCNT for adsorbing SAEL, SAFX, 4QPF, 3DYG, 2F92, 2119 chelated to
metal cations of Mg?", Ca?*, Sr2* through nuclear magnetic resonance and thermodynamic parameters.
Therefore, the data explained that the feasibility of using SWCNT and bisphosphonate agents becomes the
norm in metal chelating of delivery system which has been selected through SAEL-Mg2*, 5AEL-Ca?",
5AEL-Sr*"; SAFX-Mg?", SAFX-Ca®", SAFX-Sr?*; 4QPF-Mg?", 4QPF-Ca’", 4QPF-Sr’*; 3DYG-Mg?",
3DYG-Ca®", 3DYG -Sr*"; 2F92-Mg?*, 2F92-Ca?*, 2F92-Sr?*; 2119-Mg?*, 2119-Ca?*, 2119-Sr** using
DFT method due to physico-chemical properties of NMR and IR methodologies.

Keywords: (5,5) armchair SWCNT, protein—bisphosphonate, SAEL, SAFX, 4QPF, 3DYG, 2F92, 2119,

metal chelating, Mg?*, Ca?*, Sr>*, IR, NMR, DFT
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INTRODUCTION

Bone tissue tolerates constant rebuilding and
achieves the equilibrium by osteoblasts producing
bone and osteoclasts destroying bone. The com-
pounds of bisphosphonates keep from the digestion of
bone by pushing osteoclasts to bear cell death or the
apoptosis which diminish the velocity of bone
destroying [1]. The principal impact of the active bis-
phosphonates is to prevent bone resorption. In fact,
these structures manifest to be really strong inhibitors
of resorption when experimented in various condi-
tions of in vivo and in vitro. Bisphosphonate com-
pounds stop bone resorption produced by different
reasons in cell and organ. They prevent forming the
holes by isolated osteoclasts on mineral layers [2].

Generally, the physicochemical impacts of bis-
phosphonates are very close to those of pyrophos-
phate. Therefore, they prevent the formation, post-
pone the association, and decrease the dissolution of
calcium phosphate compounds. All these impacts
depend on the identified intention of these structures
for solid-phase calcium phosphate, on the surface of
which they attach extremely. This notable characteris-
tic is the basis for the employment of these structures
as skeletal markers in nuclear medicine and the foun-
dation for their selective localization in bone when
employed as the drugs. There is an attention to
enhancing the bioavailability and duration of action of
a drug to modify therapeutic consequences. Drug
delivery technique is able to change a drug’s pharma-
cokinetics and specificity by formulating it with vari-
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ous ingredients, drug carriers, and medical equipment
[3—12].

Nanomedicine covers a wide range of therapeutic
applications, from nanoparticulate drug delivery sys-
tems including carbon nanotubes, layered double
hydroxides, to in vitro (biosensor) and in vivo (imag-
ing and implantable devices) diagnostics [13—18].
Nanomedicine in drug delivery is for achieving the
improved delivery of water insoluble drugs, delivery of
large macromolecule drugs to intracellular sites of
action, and codelivery of two or more drugs or thera-
peutic agents for combination remedy [19—21]. Since
the exploring CNTs in 1990s and the progress of their
application in nanomedicine, these compounds are
significant through their properties including rich
electronic and thermal factors, great mechanical
strength, high chemical stability, and extremely light
weight [22—24]. These carriers indicate the capability
for transferring the therapeutic agents such as proteins,
DNA, antibodies and drugs on the external wall or by
trapping in the cavity nanotubes as a capsule [25—27].

Nanotubes with their intrinsic properties have been
considered potential candidates for drug delivery car-
riers. The capped ends of nanotubes may be opened up
by oxidation, allowing for the insertion of molecules of
interest inside the nanotube. Carbon nanotubes
(CNTs) can easily penetrate cells, delivering drugs
directly to the cytoplasm or nucleus [28—32].

CNTs are large molecules which are built by
repeating pattern of sp? hybridized carbon atoms in a
hexagonal composition, rolled into a cylinder of
approximately 2.5—100 nm in diameter. CNTs are
long and tubular fullerene structures which can be
either single-walled (SWCNTs) or multiwalled
(MWCNTs). SWCNTs are formed by a rolling single
layer of graphite cylinder with a tube diameter of
approximately 0.4—2 nm, but MWCNTs are multiple
concentric cylindrical shells of graphite layers with the
distance about 0.36 nm and diameters about 2—
100 nm. Nanotubes conform to a perpendicular posi-
tion with the cell membrane during uptake, perforat-
ing and diffusing through the lipid bilayer to enter the
cytoplasm. Functionalized CNTs are easily internal-
ized by cells through passive and endocytosis-inde-
pendent mechanisms [33—44].

The bone cells in human body are gradually being
continually taken away and substituted with new ones
by osteoblast in the total life. The bisphosphonates
behave by reducing osteoclast activity and then reduc-
ing the overturn of bone or replacement of the old
bone cell. Since we start being old and in particular a
disease, the bone is really being damaged or removed
more quick than our body can substitute it. This makes
the bones weakened, thin and much easily to break
with even a small impact or a fall from a standing
height. Therefore, bisphosphonate medications sup-
port us to keep the bone density and bone strength.
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In fact, the most popular bisphosphonate medica-
tions have a rich tension for metal cations, among
them Ca?*, with which they can produce both soluble
and insoluble compounds and aggregates, depending
on the pH of the solution and the metal exist. The bis-
phosphonates are separated into chemical branches
based on the side chains of R1 and R2. It is seen a cen-
tral carbon in bisphosphonates with two side chains of
R1, R2 and two phosphate branches which are bonded
to Ca?* through O~ of PO, groups for keeping a high

amount of Ca’" in bones of human body cells
(Scheme 1) [45—51].

In this article, we have focused more on some
ligands bisphosphonate agents including {2-[3-(hex-
1-yn-1-yl)pyridinium-1-yl]ethane-1,1-diyl}bis(phos-
phonate) (5AEL), [1-hydroxy-2-(1-nonyl-1H-3A-5-
imid azol-3-yl)ethane-1,1-diyl]is(phosphonic acid)
(5AFX), [1-fluoro-2-(imidazo|1,2-a]pyridinN-3-
yl)ethane-1,1 dyil]bis(phosphonic acid) (4QPF),
3-fluoro-1-(2-hydroxy-2,2-diphosphonoethyl)pyri-
dinium (3DYG), 4-amino-1-hydroxybutane-1,1-
diyldiphosphonate (2F92), [2-(pyridin-2-
ylamino)ethane-1,1-diyl]bis(phosphonic acid) (2119)
which have been chelated with Mg?*, Ca?*, Sr**
adsorbed onto (5,5) armchair SWCNT, respectively
(Scheme 1).

Non N-containing bisphosphonates like clodro-
nate, etidronate and tiludronate are discussed as the
first generation of bisphosphonates which are simple
molecules including single atoms or alkyl groups in
side chains of R1 and R2 side chains having a weak
inhibition impact on bone resorption [52].

Adding an amino group introduced starting the
second generation of bisphosphonates which were
more powerful such as pamidronate as the first one
and other identical pursued where the situation of the
nitrogen in the side chain was the clue to a more effi-
cient medication [53].

Currently, third generation of bisphosphonates
including N-containing of heterocyclic bisphospho-
nates like zoledronate and risedronate have been pre-
sented have displayed the most strong antiresorptive
attributes [54, 55]. During the past years, third gener-
ation of bisphosphonates with enhancing bone affinity
have been brought up for osteoporosis and other bone
diseases treatment [56—58].

Since most patients these days obtain treatment
with more potent N-containing bisphosphonates
instead of the earlier non N-containing bisphospho-
nates [59, 60], we have concentrated on second and
third generations of more recent classes of bisphos-
phonates (Scheme 1).

In this article, it has been investigated bisphospho-
nate agent of 2F92 as the second generation and
5AEL, 5AFX, 4QPF, 3DYG, 2119 as third generation
of bisphosphonates N-containing atoms in side chain
of R2 for promoting osteoclast apoptosis (Scheme 1).
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Scheme 1. Proposed mechanism of bisphosphonate—metal cation chelation of Mg2+/Ca2+/ Sr* through the O~ of two PO;
(phosphonate) groups covalently linked to carbon for six ligands of SAEL, SAFX, 4QPF, 3DYG, 2F92, and 2119.

Moreover, the chelation of bisphosphonate agents of
5AEL, 5AFX, 4QPF, 3DYG, 2F92, 2119 with Mg?*,
Ca?*, Sr?* has been investigated in this study by form-
ing relatively stable drugs for adsorption onto (5,5)
armchair CNT as a drug deliver (Scheme 2).

Thus, a series of quantum theoretical approaches
has been accomplished for finding the optimized
coordination of [bisphosphonate—Mg?*, Ca?*, Sr?*—
(5,5) armchair CNT] chelation with DFT method of
computations using Gaussian09 program package
(Fig. 1) [61].

THEORETICAL BACKGROUND AND
COMPUTATIONAL METHOD

The density functional theory (DFT) is one of the
most employed approximations of Hohenberg, Kohn,
and Sham which permit the theoretical study of mate-
rial properties [62]. DFT theory proves an advanta-
geous method for predicting chemical systems, and in
order to understand its similarities and differences to
other computational methods employed [63—65].

In this study, the geometries were optimized at the
framework of DFT using the three-parameter Becke’s
exchange [66] and Lee—Yang—Parr’s correlation non-
local functional [67], usually known as B3LYP
method and basis sets of Inl2dz for metal cations of
Mg?*, Ca?", Sr** and 6-311+G(2d, p) for other atoms
including H, C, N, O, F, P. Then, it has been
described the electronic structure of adsorbed (5,5)
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armchair SWCNT by bisphosphonate agents of SAEL,
5AFX, 4QPF, 3DYG, 2F92, 2119 chelated with Mg?*,

Ca?*, Sr?* for measuring physico-chemical properties
(Fig. 1).

In this investigation, the Onsager model has been
accomplished that was developed by Frisch, Wong
and Wiberg utilizes spherical cavities. Even though
this implies a less accurate description of the sol-
ute—solvent interface, this approximation simplifies
the evaluation of energy formatives in geometry
optimizations, and frequency analysis. Moreover,
Cramer and Truhlar improved this model at dipole
level [68—72]. In fact, a cavity must have a physical
sense such as Onsager model, and has a mathemati-
cal ability as often happened in other descriptions of
solvent impacts [73]. Specially, the cavity has to
keep out the solvent and including its frontiers as the
biggest probability part of the solute charge distribu-
tion [73].

Then, the gauge including atomic orbitals (GIAO)
has been adopted to solve the gauge problem in the
calculation of nuclear magnetic shielding for the com-
plexes of SAEL, 5AFX, 4QPF, 3DYG, 2F92, 2119
chelated with Mg?*, Ca?", Sr?** adsorbed onto (5,5)
armchair SWCNT using density functional theory
(DFT) calculations. These new drugs have been used
for new lower bone tendency of bisphosphonate drug
design which is sufficient curing diseases identifying
by abnormal bone resorption (4QPF). The progress of
selective protein farnesyl transferase (FTase) and pro-
tein geranylgeranyl transferase (GGTase) inhibitors as
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Scheme 2. Drug delivery of (5,5) armchair-SWCNT jointed with bisphosphonate agents of SAEL, SAFX,4QPF, 3DYG, 2F92,

2119 chelated with Mg2+, Ca2+, Sr¥" in the bone of human body.

anticancer therapeutic agents has explored 3DYG
which is more efficient than current bisphosphonate
drugs [74]. 2119 is a solid-state (13)C, (15)N, and
(31)P magic-angle sample spinning (MAS) NMR and
quantum chemical study of several bisphosphonates as
pure structures and bonded to FPPS for preparing
data collection about side chain and phosphonate
backbone protonation states when bind to the enzyme
[75]. It has been indicated the consequences of many
potential prenyl synthase inhibitors against 7rypano-
soma brucei farnesyl diphosphate synthase (TbFPPS)
and against 7. brucei, the causative agent of human
African trypanosomiasis. SAFX is one of the most
powerful compounds lipophilic analogs of the bone
resorption medication of zoledronate family [76].
Moreover, some researchers have accomplished on
T. brucei farnesyl diphosphate synthase complexed
with bisphosphonate BPH-597 by X-ray diffraction
(5AEL) [77].

2F92 has been attained by solving the crystal struc-
tures of human farnesyl pyrophosphate synthase
(FPPYS) in its unliganded state, in complex with the
nitrogen containing bisphosphonate (N-BP) medica-
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tions of alendronate, ibandronate, pamidronate, zole-
dronate which prepare a new achieving of the mecha-
nism of FPPS catalysis and inhibition [78].

A type of linkage of molecules to metal ions is che-
lation which defines the presence of two or more coor-
dinated bonds between a multiple bonded ligand that
are known chelating or sequestering agents and a sin-
gle central metal atom. Chelation can be used between
drugs and metal ions. For example, antibiotic drugs of
the tetracycline and quinolone families are chelating
agents of Fe?", Ca?*, and Mg?" ions [79, 80].

The chelation of bisphosphonates with cations in
bone cells has been accomplished in this research by
forming relatively stable complexes. Therefore, a
group of quantum theoretical methods has been run
for exploring the optimized structures of [bisphospho-
nate—cations of Mg?*/Ca®"/Sr?*] cluster chelation
adsorbed onto the surface of (5,5) armchair SWCNT
as the drug delivery method in human bone with ther-
modynamic calculations and nuclear magnetic reso-
nance analysis using Gaussian 09 program software
[61, 81].
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110.478°

Fig. 1. Adsorption of (a) SAEL, (b) SAFX, (c) 4QPF, (d) 3DYG, (e) 2F92, (f) 2119 chelated with Ca”* onto surface of (5,5) arm-
chair CNT.

RESULTS AND DISCUSSION pharmacological and therapeutic profile and efficacy
of the drug and lower the occurrence of off-targets

CNTs are representing drug delivery platforms that based on previous investigations [82]

can be functionalized with various biomolecules
including antibodies, proteins, and DNA. This per-

rpits the particular targeted for transferring the spec@al NMR Analysis
tissues, organs, or cells. These compounds can easily ) ) ) )
penetrate cells, delivering drugs directly to the cyto- The NMR data of isotropic (), anisotropic

plasm or nucleus. Drug delivery systems improve the  shielding tensor (0,,;,), and eigenvalues of chemical
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shielding including G,,, 65, O3; for SAEL, 5AFX,
4QPF, 3DYG, 2F92, 2119 adsorbed onto (5,5) arm-
chair SWCNT, respectively, have been estimated
(Table 1). The computed results have indicated the
SCF GIAO magnetic shielding tensor in ppm for oxy-
gen, nitrogen, fluorine, and phosphorus exploring the
active site of SAEL, SAFX, 4QPF, 3DYG, 2F92, 2119

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 97

complexes of bisphosphonate agents as the drugs for
osteoporosis and similar diseases cure. The calcula-
tions have been accomplished based on B3LYP/6-
311+G(2d, p) level of theory using Gaussian 09 pro-
gram software [61] and reported in Table 1.

The agents of SAEL, 4PF, 2F92, 2119 have approx-
imately shown the identical behavior for various atoms

No.5 2023
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Table 1. SCF GIAO Magnetic shielding tensor for SAEL, SAFX, 4QPF, 3DYG, 2F92, 2119 in ppm chelated with cations
at the adsorption site onto (5,5) armchair SWCNT

SAEL
ppm| P2 P3 F4 05 06 07 08 09 010 N12
oy, | 120.7202] 230.1554|435.8378 |—845.9768 |294.3757 | 235.7504| 288.5618 |—865.3928 | 282.1969 |248.4936
0, | 326.5601| 360.4257|500.6499 | —748.7844 | 339.1351| 291.7178 | 343.2284 | —381.6224 | 342.2235|254.9154
033 | 586.9049| 556.1500(504.5664| 315.9052(403.8328| 399.1250| 398.4050| 188.4803| 396.1588|315.8979
O, | 344.7284| 382.2437|480.3514|—426.2854 |345.7812| 308.8644 | 343.3984|—352.8449| 340.1931 |273.1023
Ounico| 363.2648| 260.8594| 36.3226| 1113.2858| 87.0774| 135.3909| 82.5099| 811.9879| 83.9487 | 64.1933
SAFX
ppm| P2 03 P4 05 06 07 08 09 N12 N15
oy | 493.0153| 347.4844(489.2774| 367.7419(355.8661 | 195.7888| 348.2661| 348.5479| 275.3916|252.7710
0y | 535.3338| 352.3542|543.7332| 406.9306 (384.9345| 418.3030| 379.6779| 382.8813| 297.8433(275.4504
O3 | 732.1662| 405.8583(733.5645| 478.7720(452.7585| 452.7278| 451.8487| 459.2721| 308.5416 |280.4190
O, | 586.8385| 368.5656|588.8584| 417.8149397.8530| 355.6065| 393.2642| 396.9004| 293.9255|269.5468
Ounico| 217.9917| 55.9390| 217.0592| 91.4357| 82.3582| 145.6819| 87.8767| 93.5575| 21.9241| 16.3083
4QPF
ppm| NI N9 P12 P13 Fl4 015 016 o17 018 019
oy | 166.6870 (—120.2309 | 371.2924 | 358.5225406.5801| 185.5508| 276.8187| 255.1893| 185.6137 [248.4056
0, | 186.8310] 80.5403|503.9686| 498.5045498.5821| 332.2648| 341.4780| 322.6068| 320.2219|337.7732
03 | 291.5409| 299.1759|577.4020| 574.9991 |567.7987| 413.9534| 417.7479| 396.9123 | 394.3093 |420.6935
Oi, | 215.0196| 86.4951|484.2210| 477.3420(490.9870| 310.5896| 345.3482| 324.9028| 300.0483 |335.6241
Ounico| 114.7819| 319.0212| 139.7714| 146.4856 | 115.2175| 155.0456| 108.5995| 108.0142| 141.3915|127.6041
3DYG
ppm| N3 P9 010 Pil o12 o13 014 015 016 FI8
oy | 272.2813| 468.8130| 307.8918 | 494.3100 |330.5002| 344.9279| 175.2842| 134.7427| 326.4399 |252.6723
0, | 285.0418| 583.9536|335.7405| 574.0939|347.2339| 351.1869| 441.7081| 417.8427| 351.6728 |454.1963
03 | 304.0441| 785.9277|410.4521| 740.6575|428.8972| 427.1516| 497.7941| 502.7569| 456.0036 | 627.1797
O, | 287.1224| 612.8981| 351.3615| 603.0205|368.8771| 374.4222| 371.5955| 351.7808| 378.0388 [444.6828
Ounico|  25.3825| 259.5444| 88.6359| 206.4555| 90.0302| 79.0942| 189.2979| 226.4642| 116.9472|273.7454
2F92
ppm| P2 03 P4 05 06 07 08 09 010 N14
oy | 129.2678| 327.5810| 124.9174| 285.3878 |286.3320|—785.0432| 287.4519| 293.0829 |—819.4334 (273.0277
0, | 324.5278| 354.8863|341.2007 | 349.7245|344.7701| —699.3138 | 340.8483 | 341.6639 [—729.5357 [304.4646
03 | 582.9983| 397.7685|557.8503 | 424.7552|409.7726| 323.2857| 404.3027| 404.4552| 321.4145|317.5097
O, | 345.5979| 360.0786 | 341.3228 | 353.2892 (346.9582|—387.0238| 344.2010| 346.4007 |—409.1849 [298.3340
Ounico| 356.1005| 56.5349|324.7913| 107.1991 | 94.2215|1065.4642|  90.1526|  87.0818 | 1095.8991 | 28.7636
2119
ppm| NI N7 P10 P11 o12 o13 014 015 016 o17
oy |—110.1587| 266.0135| 124.5896 | 317.4599|261.2164 | 277.3089 |—1116.5483 | —804.1879| 294.1071 |293.5133
oy 74.1505| 291.1718 | 337.2575| 380.6968 |325.1630 | 323.4823 | —164.9932 | —716.7470 | 346.6974 | 346.7134
033 | 340.0101| 343.8731|583.1254| 644.4727| 3711527 | 367.3362| 432.5164| 321.0844| 410.5222|415.7349
O, | 101.3340| 300.3528|348.3242| 447.5432| 319.1774| 322.7091 | —283.0084 [—399.9502| 350.4423 |351.9872
Ounico| 358.0142| 65.2805|352.2019| 295.3944| 77.9630| 66.9405| 1073.2871| 1081.5518| 90.1200| 95.6216
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 97 No. 5 2023
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Fig. 2. The '*C-NMR shifts of isotropic (0js0), anisotropic (G,pis0), and eigenvalue shielding tensors (011, O5;, 033) calculated by

level of theory B3LYP/6-311+G(2d, p) for (a) SAEL and similar behavior of 4PF; (b) 3DYG and similar behavior for SAFX in
ppm adsorbed site onto (5,5) armchair SWCNT; (¢) 2F92 and (d) 2119 through electronegative atoms of N, O, P, and F as the
active positions in the structures of bisphosphonate agents.
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Fig. 4. Calculated IR intensity (km/mol) versus frequency (cm’l) through the IR spectra for (a) 2F92-Sr?* and (b) 2119-S2" of
bisphosphonate agents adsorbed onto (5,5) armchair SWCNT using 6-311+G(2d, p) calculations.

in the active sites of these compounds through the
NMR properties (Fig. 2a). The bisphosphonate agents
of 3DYG, 5AFX have also the similar fluctuation in
the magnetic shielding tensor (Fig. 2b). Moreover, the
BC—NMR measurements on 2F92 and 2119 bisphos-
phonate agents have demonstrated the active sites of
these compounds exploring the most electronegative
atoms for adsorbed onto (5,5) armchair SWCNT
which represent the maximal shift in TMS B3LYP/6-
311+G(2d, p) (Figs. 2¢c, 2d).

The CS tensors are yielded by the quantum chem-
ical calculations in principal axes system to estimate
the isotropic chemical-shielding (CSI) and anisotro-
pic chemical-shielding (CSA) [83]:

CSI(ppm) = (G35 + G5, + Gyy) /3, €))
CSA (ppm) = 633 — (05, +0y;) /2. (2)

Besides, the Onsager model has influenced on the
nuclear magnetic resonance data and chemical shield-
ingof H, C, N, O, F, P atoms in SAEL, 5SAFX, 4QPF,
3DYG, 2F92, 2119 (Figs. 2a, 2b). It has been indicated
that oxygen atom in SAEL, 4PF, 2F92, 2119 (Fig. 2a)
and nitrogen atom in 3DYG, 5AFX (Fig. 2b) has the
most effect on the NMR shielding which direct us

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 97

toward the active site for adsorption onto (5,5) arm-
chair SWCNT.

In the next step, the results of 'TH-NMR spectros-
copy in Fig. 3 has shown the fluctuation of chemical
shielding using nuclear magnetic resonance for che-
lated bisphosphonates of SAEL-Mg?*, SAFX-Mg?*,
4QPF-Ca?", 3DYG-Ca?", 2F92-Sr?*, and 2119-Sr?*.
As a matter of fact, the bisphosphonate agent of
5AEL-Mg?" and 5AFX-Mg?* have shown the NMR
shielding between 0—500 ppm with a sharp peak in
30 ppm and several weak peaks between 150—
500 ppm. 4QPF-Ca?" and 3DYG-Ca?" have displayed
the NMR shielding between 0—500 ppm with a sharp
peak in 25 ppm and several weak peaks between 150—
500 ppm. Finally, 2F92-Sr** and 2119-Sr?* have pre-
sented the NMR shielding between 0—400 ppm with a
sharp peak in 25 ppm and several weak peaks between
150—400 ppm.

The perspective of Fig. 3 recommends the reason
for existing observed various results of SAEL-Mg?*,
5AFX-Mg?*, 4QPF-Ca?*, 3DYG-Ca?", 2F92-Sr**,
and 2I19-Sr’>* complexes chelation adsorbed onto
(5,5) armchair SWCNT which present the position of
active cites of labeled nitrogen, phosphorus, oxygen,
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Table 2. Calculated functions of harmonic frequencies (cm™!), IR intensities (km/mol) in different normal modes; ther-
modynamic properties of AG, A H in kcal/mol and AS in cal/(mol K) at 300 K and optimized energy of UV—Vis spectrum

for chelated bisphosphonate agents of 4QPF-Ca?*, 2F92-Sr?", 2119-Sr?*

Normal | IR Intensity, | Frequency, N _ Eyv_vis X 1073,

Compounds mode km /mol om-! AG x 1073 AH % 1073 AS keal/mol
4QPF-Ca%" 26 24.4465 162.0906 —1045.171 —1045.139 107.498 —111.235

31 85.3674 356.5734

34 332.3113 486.0401

35 207.0099 496.4700

38 104.2123 595.6733

45 150.3644 727.1768

66 114.3697 1381.9960

69 83.8321 1520.5128

76 336.2025 1885.8206

79 146.3144 2013.8536

82 154.2183 3602.2892

90 115.0426 4581.3062

92 112.2436 4757.1660
2F92-Sr?* 33 27.6636 740.9208 —879.212 —879.175 125.093 —86.308

34 100.7688 761.2168

37 38.7864 810.6012

41 38.6270 1101.6055

42 36.8377 1115.9542

44 29.6993 1170.0478

58 19.0716 1758.7708
2119-Sr?* 27 28.6466 399.0835 —936.261 —936.225 119.524 —94.414

29 34.5129 500.8238

33 40.0477 652.4504

38 28.0249 789.6133

45 32.7104 1084.1391

47 31.9705 1110.2915

49 38.2129 1142.3353

54 57.6366 1302.2768

62 106.4028 1673.4444

63 75.6871 1681.3981

67 49.6146 1986.3383

68 200.6094 2058.2918

69 126.8656 2742.2821

70 173.2174 3408.0867

76 320.7285 3765.4924

fluorine, and metal cations of magnesium, calcium
and strontium in these molecules which move the
charge of electrons in polar bisphosphonates toward
(5,5) armchair carbon nanotube.

IR Method

The infrared (IR) calculations have been accom-
plished for bisphosphonate agents adsorbed onto (5,5)
armchair SWCNT using B3LYP method and basis sets
of Inl2dz for metal cations and 6-311+G(2d, p) for
other atoms including to obtain the more accurate
equilibrium geometrical parameters, thermodynamic

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 97

properties and data for each of the determined struc-
ture. The IR spectrum for each of two bisphosphonate
agents of 2F92 and 2119 has been seen in the frequency
range about 0—4700 cm~! (Fig. 4). Figure 4a has
shown the strongest allowed peaks about 350, 750,
1100, 4600 cm~! for 2F92-Sr?*" agent and Fig. 4b has
indicated the highest frequency at 1650, 2100, 2750,
3400, 3750 cm~! for 2I119-Sr?**, respectively.

Figure 4 demonstrates the relationship between
intensity and frequency of 2F92-Sr?* and 2119-Sr?*
bisphosphonate agents in different normal modes of
sharp peaks at B3LYP/6-311+G(2d, p) method. The
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Table 3. Thermo-physical characteristics of chelated agents of SAEL, SAFX, 4QPF, 3DYG, 2F92, 2119 with each of metal
cations of Mg?", CaZ", and Sr?", respectively adsorbed onto (5,5) armchair SWCNT at 300 K

. Relative energy x 1074, Virial coefficient Dipole
Agent Metal cation keal/ rﬁil (—V/T) moment, Debye
SAEL Mg?" —96.1388 1.7742 145.3358
Ca’* —121.9901 1.7812 1300.1667
Sr2t —287.8302 1.9532 1493.9256
5AFX Mg?* —95.3258 1.7315 107.7522
Ca’" —125.3981 1.7935 2324.3810
Sr2t —278.3101 1.9021 2167.8034
4QPF Mg?* —111.8961 1.9775 1129.6319
Ca?" —143.1309 1.9718 400.0616
Szt —278.6289 1.9322 996.8129
3DYG Mg?* —97.5459 1.8519 842.3853
Ca®" —128.6732 1.8940 866.5176
Sr2t —292.4445 1.9955 218.6805
2F92 Mg?* —93.4189 1.9444 597.7910
Ca’" —127.7160 1.9794 182.2738
Sr2* —277.3898 1.9909 609.9441
2119 Mg?* —91.2341 1.8483 601.3917
Ca?" —119.3336 1.8754 476.6908
Sr2* —285.0652 1.9994 548.9973

calculations of the relative harmonic frequencies, IR
intensities, and AH, AG, AS for active points of
4QPF-Ca%", 2F92-Sr?*, 2119-Sr** proteins which
have been reported in Table 2 and plotted in Figs. 4, 5.

It has been notable that polarization functions into
the applied basis set in the computations always have a
significant achievement on the simulation and model-
ing methods of theoretical levels. The normal mode of
spectra is exploring of harmonic potential wells by
analytic methods which keep the movement of all
atoms at the same time in the vibration time scale
leading to a natural definition of molecular vibrations
(Fig. 5).

Therefore, the physico-chemical properties of rel-
ative energy (kcal/mol), virial coefficient (—V/T) and
dipole moment (Debye) have determined the stability
of bisphosphonate agents among the chelated bis-
phosphonates including SAEL-Mg?*, SAEL-Ca?",
5AEL-Sr**; 5AFX-Mg?*, 5AFX-Ca?*, 5AFX-Sr**;
4QPF-Mg?*, 4QPF-Ca’", 4QPF-Sr**; 3DYG-Mg?",
3DYG-Ca?", 3DYG -Sr**; 2F92-Mg?", 2F92-Ca?*,
2F92-Sr?*;  2119-Mg?*,  2119-Ca?",  2I19-Sr**
adsorbed onto (5,5) armchair SWCNT as the drugs for
preventing the loss of bone cells, cure osteoporosis and
other related diseases through the chelated bonding of
these compounds with metal cations of Mg>", Ca?",
and Sr>" using the drug design method (Table 3 and
Fig. 6).

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 97

The calculated properties describe solubility and
permeability for selected bisphosphonates through
biological membranes which appear as efficient bio-
availability indicators of investigated bisphospho-
nates which can be a sufficient methodology to con-
sider in biopharmaceutical classification system
(BCS) progress.

Figure 6 has exhibited that the six atoms of oxygen
in each site of the bisphosphonate agents chelated to
metal cations of SAEL-Mg?*, SAEL-Ca?", 5AEL-
Sr?*; 5AFX-Mg?t, 5AFX-Ca?", 5AFX-Sr*"; 4QPF-
Mg?*,  4QPF-Ca?", 4QPF-Sr*"; 3DYG-Mg?*,

400 - 486.0401 cm™!
G

1885.8206 cm™

0 1
0 1000

4000 5000
Frequency

2000 3000

Fig. 5. Calculated IR intensity (km/mol) versus frequency

(cm’l) for 4QPF—Ca2+ bisphosphonate agent adsorbed onto
(5,5) armchair SWCNT using 6-311+G(2d, p) calculations.
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Fig. 6. (a) Relative energy versus virial coefficient (—V/T), (b) dipole moment changes for chelated agents of SAEL, SAFX, 4QPF,
3DYG, 2F92, 2119 with each metal cations of Mg2+, Ca2+, and Sr*" adsorbed onto (5,5)-SWCNT.

3DYG-Ca?", 3DYG -Sr**; 2F92-Mg?*, 2F92-Ca’*,
2F92-Sr?*; 2119-Mg?*, 2119-Ca?", 2119-Sr*" have
been minimized by ab-initio method using DFT level

which includes ECP calculations with theoretical lev-
els of LANL2DZ for metal elements.

Strontium (Sr) is known for its capability to
increase bone and teeth mineralization, osteogenesis,
and angiogenesis and downgrading osteoclast activity.
This element as one of the main compounds of the
bone tissues has a direct impact on metabolism of the

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 97

bone. For improving bone cure, various investigations
have concentrated on the substitution of calcium ions
by strontium ions in the structure of bioactive glasses
which can be used for cure of vertebral complex frac-
tures [84, 85].

The results of the above observations strongly sug-
gest that the different data observed of SAEL-Mg?",
5AEL-Ca?", 5AEL-Sr*"; 5AFX-Mg?*, 5AFX-Ca’*,
5AFX-Sr**; 4QPF-Mg?*, 4QPF-Ca’?", 4QPF-Sr’*;
3DYG-Mg?*, 3DYG-Ca?", 3DYG-Sr?"; 2F92-Mg?*,
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2F92-Ca?*, 2F92-Sr?*; 2119-Mg?*, 2119-Ca?*, 2119-
Sr?" in the solvent is predominantly due to basis set
functions are induced by a change in polarity of the
environment. It is clear that an increase in the dielec-
tric constants increases the stability and efficiency of
these bisphosphonate drugs for preventing the loss of
bone density and osteoporosis remedy.

CONCLUSIONS

Bisphosphonate agents have attracted much atten-
tion for the clinical treatment of some skeletal diseases
depicted by enhancing of osteoclast-mediated bone
resorption. According to this research, by incorpora-
tion of chelated magnesium, calcium and strontium
ions to bisphosphonate drugs adsorbed onto (5,5)
armchair SWCNT, the network compaction would
increase owing the larger atomic radius of strontium
atom rather than calcium and magnesium, respec-
tively.

For improving bone cure, various investigations
have concentrated on the substitution of calcium ions
by strontium ions in the structure of bioactive glasses
which can be used for cure of vertebral complex frac-
tures.
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