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Abstract

The host-guest complexation of cone-shaped calix[4]arene-hydroxymethylphosphonic acid (CPA) and calix[4]arene-hydroxymethyl-
dimethylphosphine oxide (CPO) with active pharmaceutical ingredients of antiviral drugs Remdesivir, Nevirapine, Vesatolimod,
and Bictegravir in the aqueous-organic mobile phase on a Zorbax CN column has been studied using RP HPLC method.
By analyzing the dependence of the drug capacity values on the concentration of calixarene in the mobile phase, the stabil-
ity constants (K, = 3672—-6884 M™) of the complexes formed have been determined. Quantum-chemical calculations show
that the drugs studied form supramolecular exo-complexes with CPA and CPO molecules. These complexes are stabilized
by intermolecular hydrogen bonds of proton donor groups P(O)(OH), CPA and proton acceptor groups Me,P=0 CPO with
the amino group of Remdesivir, the amide group of Nevirapine, the amino group and amide group of Vesatolimod, and the
amide group of Bictegravir.
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O. I. KanbueHko?, C. 0. YepeHok?, A. |. Cenixosa?, IN. /lonec-KopHexo?, A. b. Opanaiino?, B. |I. KanbueHko!
T I[Hcmumym opeaHiyHoi ximil HauioHaneHOi akademii HayK YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02094, YkpaiHa
2YHisepcumem Cesinbi, XimiyHuli pakynemem, BiddineHHA ¢izuyHoi Ximi,

syn. lMpogecopa lapcis loH3anec, 1, m. Cesinba, 41012, IcnaHia
[ocnig:keHHA KOMNIEKCOYTBOPEHHSA Kanikc[4]apeH-rigpokcumeTnndpocdoHOBOT KUCNOTHU
Ta Kanikc[4]apeH-rigpokcumetungumetundocdiHokcuay 3 aHTUBIPYCHMMU NpenapaTtamm
AHoTauin
MeTogamn O® BEPX y BogHO-opraHiyHili pyxomiit ¢pasi Ha KosoHLui Zorbax CN gocnigeHo KOMM/eKCOYTBOPEHHA KOHYCO-
noaibHux Kanikc[4lapeH-rigpokcumetundochoHoBoi Kucnotu (CPA) Ta Kanikc[4]apeH-rigpokcumeTnngumeTnndocdiHokcum-
Ay (CPO) 3 akTMBHUMM papMaLLeBTUYHMMM iHTpeLieHTaMKn aHTUBIPYCHUX NpenapaTiB Pemaecusip, HesipaniH, Becatonimog
Ta bikTerpasip. AHani30m 3an1eKHOCTi 3Ha4YeHb EMHOCTI NpenaparTiB Big, KOHLEHTPAL,T KanikcapeHy B pyxoMili ¢asi BU3HayeHo
KOHCTaHTW CTiMKOCTi yTBOPEHWUX CYyNPaMOoNERYNAPHUX KOMNAeKCB (K, = 3672—-6884 M™). KBaHTOBO-XiMiYHi po3paxyHKu Ao-
BOAATD, WO AOCANIAMXKEHI npenapaTy yTBOPIOTL 3 monekynamu CPA ta CPO cynpamonekynapHi eksokomnneKkcu. Ui komn-
NeKkcu cTabinizoBaHi MiXKMONEKYNAPHUMU BOAHEBUMMU 3B’A3KaMK NPOTOHOA0HOPHUX rpyn P(O)(OH), CPA Ta npoToHOaKLen-
TopHUX rpyn Me,P=0 CPO 3 amiHorpynoto Pemaecusipy, amigHoto rpynoto HesipaniHy, amiHOrpynoto ta amiHoo rpynoto
Becatnnimoay, amigHoto rpynoto bikterpasipy.
Kntouoesi cnoea: KanikcapeHw; aHTUBIPYCHI NpenapaTv; CynpamoneKynsapHi KOMMAEeKcU; XxpomaTtorpadia; monerkynspHe
MOAENtoBaHHA
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B Introduction

Cup-shaped calixarenes [1, 2] and their self-
assembled supramolecular aggregates [3], form-
ing host-guest supramolecular complexes with ac-
tive pharmaceutical ingredients (APIs) of drugs
are considered as promising objects in design of
the drug delivery vectors [4—11]. Advantages of
the calixarene vectors are low cytotoxicity [12—16]
and the absence of immune reactions [17]. Among
the variety of calixarenes, water-soluble calixarene
sulfonic acids are the best studied vectors [18].
They are capable of forming supramolecular
complexes with the known APIs — 3-phenyl-
1H[1]benzofuro[3,2-c]pyrazole (tyrosine kinase
III inhibitor) [19], Carvediol (treatment of hyper-
tension) [20], Paclitaxel (ovarian, breast, lung and
colon cancer treatment) [21], Tramadol (analge-
sic) [22], Irinotecan (colon cancer treatment) [23],
Nifedipine (calcium channel blocker) [24], Teno-
fovir (antiretroviral drug) [25].

The water-soluble cup-shaped calixarenes func-
tionalized on the upper or lower rim of the mac-
rocycle with hydrophilic organophosphorus groups
are also used in the creation of drug delivery
systems. It should be noted that phosphorus is
a biologically friendly element, and a number of
drugs for medicine have been created on the ba-
sis of natural and synthetic organophosphorus
compounds [26, 27].

Phosphorus-containing calixarenes are char-
acterized by a high biological activity and low cy-
totoxicity [28—30]. The calixarene and thiacalix-
arene-phosphonic acids effectively and selectively
inhibit ATP-hydrolase systems of smooth muscle
cells [31] and therapeutically important phos-
phatases of various origins [32—36]. It has been
shown that the lower-rim calixarene-diphosphoric
acid, which forms supramolecular complexes with
water-insoluble APIs in aqueous solutions, 1s ap-
propriate for drug formulation and delivery [37].
This acid also activates the transfer of polyargi-
nine cell-penetrating peptides through biological
membranes [38].

The upper rim modification of the cup-shaped
calix[4]arene with hydrophilic phosphine oxide
groups and phosphonic or phosphinic acid groups
yielded water-soluble derivatives that form su-
pramolecular complexes with APIs of 5-Fluoro-
uracil and 5-Methyluracil anticancer drugs [39]
as well as with antiretroviral drugs Tenofovir
and Emtricitabin [40]. Stability constants of the
complexes were determined by the HPLC method
in the aqueous-organic medium. The most favo-
red structures of the calixarene complexes with
the APIs were optimized at the DFT level of ap-
proximation. In the most favored structures, APIs
coordinate via hydrogen bonding with the phos-
phorus groups at the upper rim of the calixarene
ligands.

Micelles of amphiphilic alkoxycalixarene-
methylphosphonic acid form three-component na-
noparticles with the antitumor drugs Carbopla-
tin and Taxol in the aqueous medium [41]. In such
a three-component nanocomplex, Carboplatin en-
ters the molecular cavity of calixarene, and Ta-
xol is located among the alkyl substituents of the
micellar structure. These nanocomposites showed
higher cytotoxicity compared to a simple mixtu-
re of the two drugs on HT-29 and Caco-2 colon
tumor cells.

Micellar alkoxycalixarene-hydroxymethylene-
bisphosphonic acids form nanoscale supramole-
cular complexes with fluorescently labeled poly-
lysine and HIV-1 nucleocapsid due to electrosta-
tic interactions. Such nanocomplexes cross bio-
logical membranes and deliver the therapeuti-
cally important proteins into cells [42].

In this article, within the context of further re-
search on the drug formulation and delivery, the
host-guest complexation of the cup-shaped ca-
lix[4]arene-bis-hydroxymethylphosphonic acid CPA
and calix[4]arene-bis-hydroxymethyl-dimethyl-
phosphine oxide CPO with the antiviral drugs Ne-
virapine, Remdesivir, Vesatolimod, and Bicte-
gravir (Figure 1) in the aqueous-organic medi-
um was studied using RP HPLC and molecular
modeling methods.
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Figure 1. Calixarene-hydroxymethylphosphonic acid CPA (RS meso-form) and calixarene-hydroxymethyldimethylphosphine oxide CPO
(RS meso-form) (hosts, A); and antiviral drugs Remdesivir, Nevirapine, Vesatolimod, Bictegravir (guests, B)

B Materials and methods

Reagents and Materials

Calixarenes CPA and CPO were synthesized
according to the methods [43, 44], respectively.
Nevirapine, Vesatolimod and Bictegravir were
purchased from Sigma-Aldrich (St. Louis, MO,
USA) or Abcam (Cambridge, UK). Remdesivir was
obtained from UOSLAB (Kyiv, Ukraine).

HPLC analysis

The RP HPLC analysis of CPA, CPO, and
antiviral drugs was performed on a Hitachi high-
pressure liquid chromatography equipment (Hi-
tachi, Litd., Tokyo, Japan) under isocratic condi-
tions using a Zorbax CN chromatographic column
(250 x 4.6 mm) (supplier — Agilent) and the mobi-
le phase of MeCN/H,0/MeOH (79:20:1 by volume).
The choice of a three-component mobile phase was
driven by the need to solubilize calixarenes and
antiretroviral drugs of different natures simul-
taneously. The concentration of CPA and CPO
in the mobile phase varied within the range of
0.1X107*-1.4x10~* M. Samples of the antiviral drugs
for analysis were prepared in a solvent identical
to the mobile phase (C = 1X10° M) and injected in
amounts of 20 pL. All chromatograms were ob-
tained at 28 °C. The UV detector wavelength was
254 nm. Each sample was analyzed in triplicate.

Molecular modeling

CPA and CPO, as well as their complexes
with antiviral drugs, were simulated in vacuum
(PM3, software package — evaluation version 8.0.10
of Hyper Chem program) [45]. The RMS gradi-
ent was 0.01 kcal mol .

B Results and discussion

Antiviral drugs are widely used to prevent and
treat many infectious diseases [46, 47]. However,
such drugs may have low bioavailability and cause
side effects [48, 49]. Therefore, in some cases they
are used in the form of prodrugs or supramole-
cular complexes with cyclodextrins. To search
supramolecular complexing agents for Remdesi-
vir, Nevirapine, Vesatolimod, and Bictegravir,
we studied water-soluble calixarenes CPA pos-
sessing anionic P(O)(OH), groups and calixare-
ne CPO possessing neutral Me,P=0 groups.

It is known that the highly polar Me,P=0
group [50] is currently used in medicinal che-
mistry to improve the water solubility of drug mo-
lecules and optimize their pharmacokinetic pro-
file [27, 51]. It was taken into account that the
proton-accepting property of the oxygen atom of
dimethylphosphine oxide derivatives exceeded the
proton-accepting property of the oxygen atoms
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of phosphates, phosphonates, sulfones, and car-
bonyl compounds [52]. A clear example of the ef-
fective use of the dimethylphosphine oxide group
in medicinal chemistry is the recent creation of
the drug Brigatinib [53, 54] and a number of cli-
nical candidates [55]. The proton acceptor group
Me,P(O) determines water solubility and ensures
an effective interaction of Brigatinib with the bio-
logical target through the formation of strong hyd-
rogen bonds. As a result, the medicinal efficacy
of Brigatinib increases by 70 times compared to
the corresponding non-phosphorylated analog.

The presence of hydrophilic proton-donating
P(O)(OH), or proton-accepting Me,P=0 groups
on the upper rim of CPA and CPO determines
the water solubility of calixarenes. On the other
hand, these groups stabilize supramolecular host-
guest complexes by forming intermolecular hy-
drogen bonds P-OH-X or P=0-H-X (X = O, N)
with amine, amide, hydroxyl, and other groups
of the antiviral drugs.

The main criterion for assessing the com-
plexing properties of a host molecule is the value
of the stability constant of the supramolecular
complex with a guest molecule. To determine the
stability constants of the calixarene complexes,
various physical methods are used: microcalori-
metry [56], nuclear magnetic resonance [57], UV
and fluorescence spectroscopy [68—60], selective
transport through liquid membranes [61], mass
spectrometry [62, 63], surface plasmon resonan-
ce [64], etc. However, the application of these me-
thods may be limited by the unsatisfactory solu-
bility of calixarene receptors or substrate mole-
cules, or the high cost of the methods.

A convenient and rapid method for determin-
ing the stability constants of complexes is re-
versed-phase high-performance liquid chromato-
graphy [65, 66]. This method has been used to
determine the stability constants of calixarene
complexes with organic substrates of various na-
tures in aqueous or aqueous-organic solutions
[67—T70]. According to this method, stability con-
stants are determined from the dependence of
the substrate’s retention time or capacity factor
on the calixarene concentration in the mobile
phase. The addition of calixarenes to the mobile
phase reduces the retention time of analytes due
to the formation of supramolecular host-guest
complexes and the increased polarity of the chro-
matographic column surface upon calixarene
sorption. The inverse sorption of calixarenes by
the column surface and the linear dependence
of the capacity value 1/k’ of the analyte on the

calixarene concentration indicate 1:1 stoichiometry
complexes in the mobile phase flow. This allows
to use equation (1) [68, 69] to calculate the sta-
bility constants of the host-guest complexes:

1/k'=1/k,+ K, x [CA] Ik, 1)

where k," and k' are the capacity factors of the
analyte determined before and after the addition
of calixarene to the mobile phase; [CA] is the con-
centration of calixarene in the mobile phase.

Under the analysis conditions, antiviral drugs
and calixarenes have retention times ¢;: 6.735 min
(Remdesivir), 6.915 min (Nevirapine), 7.327 min
(Vesatolimod), 5.873 (Bictegravir), 7.382 min (CPA),
and 6.958 min (CPO) (Figure 2).

Calixarenes CPA and CPO were characte-
rized by linear adsorption isotherms (Figures 3
and 4), which indicated their reverse adsorption
on the surface of the Zorbax CN column.

The addition of calixarenes to the mobile
phase reduces the retention time ¢, of antiviral
drugs. The linear nature of the dependences of
their parameters 1/k’ on the concentration of ca-
lixarenes in the mobile phase (Figures 5 and 6)
indicates the formation of supramolecular host-
guest complexes with a stoichiometry of 1:1.

The stability constants of the complexes K,
(3672—6884 M) calculated by formula (1),
and the values of the Gibbs free energies -AG
(4.852—-5.224 kJ-mol™) calculated by the equation
AG =-RTXInK, are given in Table 1. The stability
constants K, are rather close to the stability con-
stant of the 1:1 complex of the calix[4]arene-sul-
fonic acid with the antiretroviral drug Tenofovir
disoproxil fumarate determined by UV/Vis spec-
troscopy in the DMSO solution [42]. This calix[4]-
arene-sulfonic acid complex was further studied
for antimicrobial applications against methicil-
lin resistant Staphylococcus aureus (MRSA).

The values of the stability constants K, and
Gibbs free energies AG depend on the structure
of the calixarene host and the antiviral drug guest
and increase in the following order

Bictegravir < Vesatolimod <
< Nevirapine < Remdesivir

for complexes with CPA, and

Nevirapine < Vesatolimod <
< Remdesivir < Bictegravir

for complexes with CPO.
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Table 1. Stability constants K, and Gibbs free energies AG of the complexes of CPA and CPO with antiviral drugs

Antiviral drug CPA cPo
K,, M (RSD, %) AG, ki-mol* K,, M~ (RSD, %) AG, ki-mol™
Remdesivir 6884 (19) 5.224 4695 (15) 4.998
Nevirapine 5305 (27) 5.070 3672 (25) 4.852
Vesatolimod 4875 (21) 5.020 4015 (18) 4.905
Bictegravir 4850 (20) 5.017 5328 (27) 5.072

The dependence of the stability constants on
the structure of the calixarene and the antiviral
agent is complicated and can be determined by
hydrogen bonds, van der Waals forces, solvato-
phobic and other non-covalent interactions.

To understand the nature of complex formation,
the structures of calixarenes and their complexes
with molecules of antiviral agents were energeti-
cally minimized. According to energy minimization

data, CPA and CPO molecules exist in a flat-
tened cone conformation, in which the phospho-
rylated benzene rings are oriented “coplanarly”
and the unsubstituted rings are oriented “per-
pendicularly” to the main plane of the molecule
formed by the methylene groups of the macrocy-
clic backbone. This conformation is stabilized by
two intramolecular hydrogen bonds Ar-OH~0O-Alk
on the lower rim of the macrocycle (Figure 7).
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Figure 7. Energy-minimized molecular structures of CPA (a) and CPO (b)

Figure 8. Energy-minimized molecular structures of supramolecular exo-complexes CPA@Remdesivir (a), CPO@Remdesivir (b),
CPA@Nevirapine (c), CPCO@Nevirapine (d), CPA@Vesatolimod (e), CPO@Vesatolimod (f) CPA@Bictegravir (g), CPO@Bictegravir (h)
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According to the calculations, calixarenes form
exo-complexes with large and branched molecu-
les Remdesivir, Nevirapine, Vesatolimod, and Bic-
tegravir, which “hang” over the upper rim of the
macrocycle (Figure 8). The complexes are sta-
bilized by intermolecular hydrogen bonds of pro-
ton donor groups P(O)(OH), of CPA and proton
acceptor groups Me,P=0 of CPO with the amino
group and nitrile group of Remdesivir, the ami-
de group of Nevirapine, the amino group and amide
group of Vesatilimod, and the amide group of
Bictegravir.

It should be noted that among the drugs
studied, the most compact Nevirapine molecule
is directed by a nonmethylated pyridine fragment
into the lipophilic macrocyclic cavity of calixare-
nes (Figures 8c,d). In this case, the complexes,
in addition to hydrogen bonds of the amide group
of Nevirapine with the phosphorus groups of CPA
and CPO, can also be stabilized by van der Waals
forces, or solvatophobic interactions.

H® Conclusions

The wvalue of stability constants K,
(3672—-6884 M™) of supramolecular host-guest
complexes between water-soluble calix[4]arene-
hydroxymethylphosphonic acid CPA and ca-
lix[4]arenehydroxymethyldimethylphosphine oxi-
de CPO with active pharmaceutical ingredients
of antiviral drugs Remdesivir, Nevirapine, Vesa-
tolimod and Bictegravir depends on the structu-
res of the calixarene and the antiviral drug and
increases in the following order

Bictegravir < Vesatolimod <
< Nevirapine < Remdesivir

for complexes with CPA and
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